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Abstract

Since the discovery of the Higgs boson, the field of high energy physics has entered a precision era.
The absence of clear deviations from the Standard Model predictions calls for a reassessment and overall
improvement of the frameworks and practical methods used to put models of new physics to the test.
We report in this thesis the development of novel methods and tools dedicated to the study of models
with multiple mass scales. In part I, we demonstrate that, using renormalisation group techniques, the
logarithmic contributions stemming from the regularisation of ultraviolet divergences can be systemat-
ically resummed if one supplements the MS scheme with multiple renormalisation scales. This method
is in principle applicable to any general gauge theory and appears as a powerful tool to enhance the
predictivity and overall insight into the structure of a large class of models of new physics. The only pre-
requisite is the knowledge of the beta-functions of the model, which can be obtained using the computer
tool PyRQTE 3, presented in this thesis. Part II is dedicated to the study of two specific multi-scale
extensions of the Standard Model. First, we develop a framework allowing to describe all interactions
in the general Two-Higgs Doublet model in terms of gauge-invariant quantities. Second, we show that
a novel kind of constraints on the scalar potential of Grand Unified theories can be derived from the
requirement of proper symmetry breaking towards the Standard Model gauge group. These findings are
exemplified in the context of a classically scale-invariant SO(10) model.

Résumé

Depuis la découverte du boson de Higgs, la physique des hautes énergies est entrée dans 1’ere de la
précision. L’absence de nettes déviations par rapport aux prédictions du Modele Standard nous amene
a reconsidérer et perfectionner le cadre théorique et les méthodes utilisés pour mettre a I’épreuve les
modeles de nouvelle physique. Dans cette thése, nous présentons le développement de nouveaux outils et
méthodes dédiés a I’étude de modeles impliquant plusieurs échelles de masse. En partie I, nous démontrons
la possibilité, au travers des propriétés du groupe de renormalisation, de resommer systématiquement
les corrections logarithmiques liées a la régularisation des divergences ultraviolettes en incluant dans le
schéma MS plusieurs échelles de renormalisation. Cette méthode est en principe applicable & toute théorie
de jauge et ouvre la voie a une prédictivité accrue et une compréhension plus fine de la structure d’une
large classe de modeles de nouvelle physique. Il suffit pour cela de disposer des fonctions béta pour les
couplages du modele, calculables en pratique gréace au logiciel PyRQTE 3, présenté dans cette these. La
seconde partie est dédiée a 1’étude de deux extensions spécifiques du Modele Standard. Nous présentons,
dans un premier temps, un nouveau formalisme pour décrire I’ensemble des interactions dans le modele a
deux doublets de Higgs en termes de quantités invariantes de jauge. Enfin, nous introduisons un nouveau
type de contraintes sur le potentiel scalaire des théories de grande unification, résultant d’un schéma de
brisure de symétrie compatible avec le groupe de jauge du Modele Standard. Ces résultats sont illustrés
au travers de exemple d’'un modele SO(10) classiquement invariant d’échelle.
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Introduction

The second half of the past century was a golden age for particle physics. It has been marked by outstand-
ing progress in the development of quantum field theory, together with a largely successful experimental
programme designed to probe the subatomic world at increasingly high precision and energy. The un-
derstanding of fundamental interactions as stemming from local symmetries alongside the study of their
spontaneous breaking has led to the development of a unified theory of electromagnetic and weak in-
teractions. Together with quantum chromodynamics, a consistent description of all three fundamental
interactions based on the gauge group SU(3)c x SU(2)r x U(1l)y constitutes the Standard Model of
particle physics. Among many other achievements, the discovery in the early 80’s of the bosons W and
Z [11 2, Bl 4], followed after decades by the measurement of the Higgs boson at the LHC in 2012 [5] [6]
have proven the robustness and the predictive power of this theoretical framework.

There are, on the other hand, reasons to believe that the Standard Model only provides an effective
description of particle physics phenomena, and emerges as the low-energy limit of a more fundamental
theory: for instance, the absence of neutrino mass terms or the inadequate amount of CP violation needed
to explain the observed asymmetry between matter and antimatter are, in this regard, often put forward.
While the conviction that new physics would lie around the TeV scale has prevailed in the past decades,
the absence of clear deviations from the Standard Model predictions has led the field of particle physics
to a precision era. Beyond the paradigm of TeV-scale supersymmetry, numerous scenarios of new physics
have emerged as many possible solutions to the shortcomings of the Standard Model. The proliferation of
such models and their possibly complicated structure calls for an improvement of the presently available
methods, in a quest for precision and predictivity.

The content of this thesis is overall related to the study of a general class of extensions of the Standard
Model, in which the scalar sector is extended with new degrees of freedom — which we shall refer to as
multi-scalar extensions of the Standard Model. Such models are in many aspects phenomenologically
relevant, yet largely unconstrained by experiment. In this context, it is crucial to predict to the highest
level of precision the phenomenological implications stemming from these additional scalar degrees of
freedom. A promising direction in this regard is the analysis, beyond leading-order, of the perturbative
structure of multi-scalar theories. Besides a valuable increase in precision for quantitative predictions,
some scalar theories may exhibit qualitatively new features beyond tree-level. Classically scale-invariant
theories are such an example, in which spontaneous symmetry breaking is triggered by the quantum
corrections to the scalar potential. In addition, the complexity of the calculations in multi-scalar models,
oftentimes already at tree-level, calls for an overall reassessment and improvement of the methods from
a theoretical, computational and algorithmic point of view. These various aspects are covered in this
thesis, where we present a number of original results.

After providing in chapter [I| an overview of the renormalisation procedure in general scalar theories
and introducing the perturbative renormalisation group, we discuss in chapter [2[ the practical compu-
tation of beta-functions in general gauge theories, their extension to dimensionful couplings [10], and
their implementation in a public computer code, PyYRQTE 3 [9]. In the subsequent chapters, we discuss
one of the most powerful applications of the renormalisation group, allowing to resum — to all orders
in perturbation theory — the logarithmic contributions stemming from the regularisation of ultraviolet
divergences. First, we focus in chapter [3| on theories containing a single scalar field. A number of crucial
results are derived, and a novel formalism is established to perform the resummation of all logarithmic
contributions. These results are extended in chapter [4] to general multi-scalar theories, where we propose
a generalisation of the traditional MS scheme allowing for multiple renormalisation scales. In this frame-
work, we demonstrate that the results previously obtained in single-scale theories can be extended, in
a straightforward manner, to any general theory with interacting scalar fields. This will constitute the
main result of part I of this thesis.



Part [l is based on the publications [7] and [8], where we approach from a novel perspective two
well-motivated extensions of the Standard Model.

o In chapter 5] based on [7], we explore the structure of one of the most studied extensions of the
Standard Model, where a second Higgs doublet is added in the scalar sector — the Two-Higgs Dou-
blet model (THDM). It has been previously shown that the scalar potential in the THDM can be
expressed in terms of gauge invariant operators (the bilinear fields) that transform covariantly under
unitary mixing of the doublets. Based on these bilinear fields, a compact and elegant formalism
has been developed, allowing to carry out in a very efficient manner the study of CP symmetry,
electroweak symmetry breaking and stability of the potential. We show in chapter [5| that such a
formalism can be extended beyond the scalar sector, allowing for a fully gauge invariant descrip-
tion of the interactions among scalars, gauge bosons and fermions, and we derive the full set of
corresponding vertices at leading order.

e In chapter @ based on [§], we study the mechanism of radiative symmetry breaking in a Grand
Unified Theory (GUT) based on the SO(10) gauge group. We show that the consideration of
the breaking patterns of the SO(10) symmetry group which do not lead to the Standard Model
provides a novel kind of constraint on the parameters of the scalar sector. We propose a general
method, applicable in practice to any GUT, allowing to identify regions of the scalar parameter
space which cannot lead to proper breakdown towards the Standard Model, hence restricting the
phenomenologically allowed parameter space. In this study, scale invariance is imposed at the
level of the tree-level scalar potential, so that the mechanism of spontaneous symmetry breaking
is triggered by the renormalisation group evolution of the quartic couplings. Possible extensions of
our results as well as implications in the context of theories of quantum gravity are discussed.
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Part 1

The renormalisation group






Chapter 1

Perturbative renormalisation in multi-scalar
theories

This chapter is an introduction to the elementary concepts of renormalisation in quantum field theory
(QFT), through the application of the dimensional regularisation (DR) procedure [12] 13]. In particular,
sections (1] to |3| consist in a generalisation of the usual textbook approach to dimensional regularisation
(see e.g. [14 [15]), in a general theory with N interacting scalars. In this context, we shall establish a
number of definitions and central results which will allow us to (i) extend the discussion to general gauge
theories in chapter 2 and (ii) explore in a novel approach the perturbative structure of general scalar
theories in chapters [3 and [

We establish in section [1| the formalism and the main definitions on which we shall rely throughout
this thesis. We explicitly carry out in section [2| the regularisation of the theory up to the two-loop
level. The results hence obtained will be useful to illustrate the discussion on the beta-functions and
the renormalisation group (RG) in sections [3|and |4l We discuss in section [5| the physically relevant case
where the ground state of the theory lies away from the origin, giving rise to spontaneous evolution of
scalar fields. We introduce for such theories the notion of effective potential, a central object whose
properties determine the location of the ground state in the field space. Finally, we provide in section [f]
two alternative renormalisation prescriptions, laying the basis for the generalisation of MS renormalisation
to multi-scale theories in chapter [4

1 Definitions

Throughout this chapter, we will consider a 4-dimensional theory with N real scalars, gathered in the
scalar multiplet ¢* (¢ = 1,...,N). Using a Minkowskian metric with signature (+,—,—, —), the La-
grangian density is given by:

1 1 1
£ = 50,0a0"6" = S Mard"9" — 1 Aabead” 066" (L1)
Physical observables such as cross-sections and decay rates can be computed from the one-particle irre-
ducible (1PI) correlation functions (or n-point functions), most easily obtained in a perturbative, dia-

grammatic approach using the Feynman rules

,,,,,, — i[pP1 - M 4ie1] " (1.2)

\>/ = —1abed 5 (13)

where M stands for the N x N matrix with components M,;. Depending on the basis chosen to express the
scalar fields and couplings, the propagator matrix is not necessarily diagonal. It is, however, manifestly
diagonal in the basis where the mass matrix M is, referred to as the mass-basis in the following. Assuming

13
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at this stage that every scalar quantity has been rotated to such a basis, we may write

i
,,,,,, e 1.4
p2 — My, + i€ (1.4)

Beyond leading order, the n-point functions are decomposed as a perturbative series, most easily written
in terms of loop-diagrams. For instance, the amputate(ﬂ 4-point function I';p.q reads

Labea(pis M) = T (s MO + 15 (0 MO+ =i 7+ i Sy |+

(1.5)
and is formally a function of the couplings and external momenta. Loop-contributions such as the one
depicted above may be formally infinite due to the integration over internal four-momenta. For instance,
one encounters a logarithmic divergence when computing

N s
N s

- d*k §ik 5t
oo~ )\a 7,)\ c - ;
ALK bij kld/(27r)4 k? — My, + ie k2 — My, + ie

~logoo. (1.6)

Therefore, with ill-defined correlation functions, the theory is unpredictive beyond leading-order and
must be regularised. The standard approach consists in viewing the couplings and fields in the original
Lagrangian as unphysical quantities. As such, those can be formally infinite as long as the physical
observables computed from them are well-behaved. To insist on the unphysical nature of the original
couplings and fields, we re-parameterise the Lagrangian density as

1 1 1
L= 50,050" 6 — 5 May #6686 — JNabea®3966666 (17)

where ¢, M° and \° denote the bare (i.e. unphysical) fields and couplings. The next step to regularise
the theory is to express the bare quantities as functions of renormalised (i.e. finite) couplings and fields,
noted ¢, M and A. One possible way is to resort to dimensional regularisation (DR) [12] [13], where the
dimension of the spacetime is shifted by a small but finite amount, noted €. In d = 4 — £ dimensions,
loop-integrals such as are finite and scale as O(¢~*) with k some positive integer. With a Lagrangian
density of mass-dimension d = 4 — ¢, the bare coupling and fields must satisfy

€
[po] =1 — 3 [M°] =2, \] =¢, (1.8)
so, in particular, A" is no longer a dimensionless quantity. We first define the field-strength renormalisation
matrix Z relating the bare field multiplet to its renormalised counterpart, such thatﬂ

o =2¢. (1.9)

The formally infinite contributions to the couplings in the 4D theory are absorbed by counterterms, which
are conventionally introduced as

M2y = Moy + 6Map,  Apeq = Nabed + 0Aabed » (1.10)

where M and X stand for the renormalised, finite couplings. Here, we propose a different (yet equivalent)
prescription for the relation between the bare and renormalised quantities that conveniently allows to re-
move any occurrence of the field-strength renormalisation matrix in the non-kinetic Lagrangian. Namely,
defining instead

Mg, = (Mey +6Mey) Z5,' 2! (1.11)

a

Agbcd =pu ()\efgh + 5)‘efgh) Z;zlszlz;:lzfjdl ) (1.12)

LIf not otherwise stated, we will for simplicity use the term n-point function to refer to the amputated n-point functions,
of which the external legs do not receive self-energy loop-corrections.

2For a single scalar field, the renormalisation strength constant is conventionally defined as ALY Here, with ¢ an
N-components multiplet, we rather choose to avoid the introduction of the square root of Z, which is only well defined if
Z is a positive-definite matrix.
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the Lagrangian density reads
1 ab 1 £
L=50,0" (272)" 0"¢" — 5 (May + 6Map) "0 — % (Aabed + GXabea) "¢’ ¢°¢? (1.13)

and the positive-definite matrix product Z*Z is expanded in terms of the counterterm d, according to
ZVZ =1+64. (1.14)

An arbitrary energy scale p has been introduced in Egs. and in order for the renormalised
quartic couplings to remain dimensionless in d dimensions. Having expressed the Lagrangian density
in terms of renormalised couplings and fields, the amputated n-point functions take the same form as
previously (see e.g. ) but are now given as functions of the renormalised couplings and counterterms

U (pis M, A) = Dl (pi; M+ 6M, A + 6X) . (1.15)

The theory can now be renormalised, requiring every I‘[Ifl] to be finite order by order in perturbation
theory. For instance, the renormalised 2-point function (the inverse propagator) is given, at leading
order, by

iTE (p% M) = i [p*1 — M — 6M + p*6, — ie1]™ + (loops) . (1.16)
Gathering the loop contributions in the matrix of scalar self-energies, noted I1(p?), the inverse propagator
reads

iTE (p% M) = i [p*1 — M — iel — TI(p®) — 6M + p54]"" (1.17)
and must be finite order-by-order. Hence, the renormalised scalar self-energy,
Hr(p?) = 1(p*) + 0M — p*dy (1.18)

must be finite, allowing to compute the expression of the field-strength and mass counterterms order-by-
order in perturbation theory. In turn, the renormalised propagator reads

1

iGRr(p~) P21 — M + iel — g (p?) ’ ( )

and is expanded perturbatively as
Te 2y _ —1I1 2 1.20
Gr") = oy arvia T T raa ) ey ara (1:20)

Finally, we note that the field-strength renormalisation matrix can always be made symmetric by first
expressing the polar decomposition of Z,

z=70, 7 =(zz%"=2z"  00T=1, (1.21)

and by performing a re-definition of the renormalised couplings and fields. Namely, if the relation between
the bare and renormalised scalar multiplet is rewritten as

po=2¢=2'06=2"¢', ¢ =09, (1.22)
the Lagrangian density reads
L= % uﬁb/azlib@b/b - % (M + 6M) 6" — % (Naped + ONipea) 60" 00", (1.23)
where the primed couplings and counterterms have been rotated to the basis where the field-strength
renormalisation matrix is Z’ = Z’7. Re-defining the renormalised fields and couplings according to
¢ — o, A=A M — M, A=A (1.24)

proves the above statement that the field-strength renormalisation matrix can always be made symmetric.
In addition, we will make the assumption that the mass matrix M is diagonal in the basis where Z = ZT
without impact on the main results derived in the following. Proper treatment of the case where M is
not diagonal will later be given in section |6.2



16 Chapter 1 — Perturbative renormalisation in multi-scalar theories

2 Renormalisation up to two-loop

We may now proceed with the practical regularisation of the theory. After introducing some useful
results, we successively perform the renormalisation of the 2- and 4-point functions to first and second
order in perturbation theory. For the formulae given in section we refer to [15].

2.1 Technicalities

We first provide some useful results which will allow to compute the relevant one-loop 2- and 4-point
corrections in the following. What is perhaps the most central tool to handle loop-integrals in DR is the
Feynman parameterisation formula:

. 1.25
AB / [2A + 1—:c)B]2 (1.25)
Applying this formula will lead in the following to d-dimensional integrals of the form
d?k 1 — 1
= [ d%k " 1.26
/ (2m)d [k2 — A + ie]” (k2 — A +ie]"’ (1.26)
where we have defined the shortcut notation dik = (2 )d Such integrals can be expressed as
TS 1 , (4m)e?T (n—24 %) 1
IV(A) = /ddki =i(-1)" 2 1.27
n(8) (k2 — A + ie]” i 1672 I'(n) An—2+e/27 (1.27)

with T" the Euler gamma-function. We see that, as expected, the integral is only divergent for n < 2
(quadratically for n = 1, logarithmically for n = 2). It is convenient to define the modified scale i such
that

02 = 4dme Epu? (1.28)
with vz the Euler—Mascheroni constant, appearing in the series expansions of I'. We may then rewrite ([1.27)
as N

1 1 T(n—2+5) /A
IV (A 1) 22— 1.29
with

['(z) = e#</2T (x + %) (1.30)

a modified gamma-function, of which the series expansion in € around integer values no longer involves
the constant yg. In particular, one obtains for n = 1,2 the following e-expansions:

e7(1) _ 0 g _ é _ 1
pel 7 (A) = 167r2A {e (log P 1> + 1
BE A AN
MEI(l)(A) ! { —log =+~ [C2+ (log ~2>
It [t

1672
where ¢ stands for the Riemann zeta-function, with (3 = %2.

A 2
1+C2+<logm—1)

s} +0(¢%), (1.31)

s} +0(e%), (1.32)

2.2 One-loop 2-point function

At one-loop, a single diagram contributes to the scalar self-energy:

S1] £
0 = 2 napii IV (M) - (1.33)

_'Hab 2 :77::‘:;777:_72. €Aa 2/%7_
L (p) 2“ bij k2—Mij+i€ 2
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From Eq. (1.31), we directly obtain

a 1 1 1 M;;
n*(p?) = _167)\abiiMii L —3 (10g = 1)] + O(e)
1 1 1 M
= g2 abii LMi' —3 (MLOE; i M) ; +0(e), (1.34)

where the second equality follows from M (and its logarithm, Log M) being diagonal. We stress that,
here and in the following, repeated indices are systematically summed over. We may now fix the countert-
erms from the definition of the renormalised self-energy ((1.18), by minimally subtracting the divergent
contribution,

1
56 =0 My = ———— Aapii M 1.35
¢ =0, b= cfom2) avisMis (1.35)

We hence obtain the following expression of IIz(p?) at one-loop in the minimal subtraction (MS) scheme

1 1 M Y
ab/, 2\ __

I (p”) = @ikabij [M <log/72 - 1)} . (1.36)
It should be emphasised that the absence of contributions to the field-strength renormalisation constant
comes from the fact that I1(p?) is independent of p? at one-loop.

It is usual to adopt a modified prescription (defining the MS scheme) where the numerical factor
log (4me™7E) is absorbed in the counterterm, effectively replacing iz with p in the argument of the loga-
rithms involved in the finite contributions, yielding

1 1

U Rl T

2 M;;
Aabii M [(6 + logdm — 7E> - (log ;z — 1)} + O(e), (1.37)
o

so that the MS counterterm reads

1

OMay = )\abijMij@

1 1 YE
-+ —logdmr — —| . 1.
L+2og 0 2} (1.38)

In order the remove the explicit occurrence of such numerical factors, it is always possible to either
re-scale the arbitrary parameter y as

2 I
, 1.39
e O P (1.39)
or to introduce the modified quantity &’ such that
1 1 1 Vg
U T P P 2] 1.40
e & + 9 0BT T (1.40)

followed by the re-definition &’ — ¢. Either way, the log (4me™7#) factors no longer explicitly appear in
the expression of the MS renormalised n-point functions and counterterms, and we obtain in particular

11 11 M g 11

SMyp = —— = Aupii M M (p?) = —— ~Aupis | M [log —= — 1 = i A (M
b7 T6m2 g b &)= 1623 *’J{ (Og;ﬂ )] To72 3 et A ( Jz’ |
1.41

where we have defined, following [16],

Alz) =z {log % - 1} . (1.42)



18 Chapter 1 — Perturbative renormalisation in multi-scalar theories

2.3 One-loop 4-point function

We now proceed with the computation of the one-loop contributions to the 4-point function. In that
case, three diagrams should be computed that are related by a crossing symmetry. Hence, we only need
in practice to derive the s-channel diagranﬂ

—iT. = T (1.43)

which is expressed, noting p = p, + pp such that p? = s = (p, + pp)?, as

. 1 . . — 10k 10,1
_1'\(1) :78_)\011__ —i) . /ddk‘ J J
Wapea = 5" (=abiy)(=iAktea) (p— k)2 — My, + ie k> — M, + ie
L Nty Meteddied /1d ik !
=35 abij cdOik0j X
gt Aebia AedBikSIL | o(p — k)2 + (1 — 2)k% — My — (1 — )My + ie]?
1 ! — 1
= = 6)\(11)\516 / dz ddk
gt AabijAkledOikOil | (52 + (1 — 2)p? — e M, — (1 — 2) Mj; + ie]?
= i Aabij Mkted Vijii (p%) (1.44)

where in the two last steps we have successively applied a shift on the integration variable, k — k + zp,
and defined the auxiliary function

, 1
i
Vijkl(pQ) = fi,uaé,;ké'ﬂ/ dx 12(1) (xM,k +(1—2)Mj; —z(1— x)pz) . (1.45)
0
Using Eq. (1.32), we find

diwdj (11 [ xM, + (1 — 2)Mj; — 2(1 — 2)p?
Vijki(p?) = 2 [—/ dx10g<| lt )~2Jz (1 —a)p?|
0

1672 2
(16m=) | = : (1.46)
_ §ikgil T1 1B (M M. 2) +O( /)
- (167T2) o 9 ik, V51, D €)
where, following [16], we have defined the function
1 My + (1 — 2)Ms — 2(1 — z)p?
B(M,, Ma, p?) = —/ dz log 224 + (1 - 2) =z =) (1.47)
0 H
In turn, F&Ld reads, after re-defining ¢’ — ¢,
r L e |+ 2B( M, M, ) +0 1.48
abed = ({2 NabisNied | T3 ii» M5, (pa + )" )| +0(E). (1.48)

The two remaining contributions — namely the ¢- and u-channel counterparts of (1.43) — are obtained
from a permutation of the external indices:

(Lall) _ (1) (1) (1)
Loped” = Lapea + Tacha + Tade - (1.49)
In particular, from the overall one-loop contribution F&)’jgl), we directly find the expression of the 4-leg
counterterm, requiring Agpeq + O Aaped + Labea to be finite at one-loop:

0Aabed = [AabijNijed + AacijAijbd + NadijNijbe] - (1.50)

e(1672)
3We note that, since we are considering the amputated n-point functions, the self-energy corrections to the external lines
need not be considered.
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2.4 Two-loop 2-point function

To the next order in perturbation theory, the self-energy is given by the sum of four contributions

—’L'H(Q)(pQ):,,,l:xil,,, S S S o ,,,J\/,,,\L,,,, (1.51)

= A () — ) () — i) ) — D) ),

where a cross on a vertex or internal line denotes a counterterm insertion. To begin with, the 4-leg-
counterterm diagram (A) can directly be read from the one-loop self-energy (|1.34)):

1> A)( ) (]_6 )5)\(11”] |:3:M” - %A (Mij) + O(&):l .

Since dAgpeqd has a e~ !-pole, the above expression is only sufficient if one is interested in studying the

2-loop pole structure. On the other hand, to capture the O(1) contributions, one would need to expand
the Taylor series up to order O(g), yielding from Eq. (1.31])

1
5A(Mi;) + %Mij

My 0\
5 1+C2+(loguzl>

T (2 >(16 g%w{ﬁ@ }+m¥»aw>

However, we restrict the discussion to the singular parts, allowing us to compute beta-functions up to
the two-loop level in section |3| From the expression of the quartic counterterm in Eq. (L.50]), we obtain

. i 1 1
—ilI4) (p?) = (672)2 (AabkiAktij + 2Xaiki Abjk) LzMij - 2*514 (Mij):| +0(1). (1.53)
For the contribution T1(%5)(p?), we find
) 1 1
ZH(2 B)( ) (16 ) )\asz)\zjklel |:62 + ?EB(M”, ij, 0):| + O(l) . (154)

The third diagram, corresponding to II2:) | contains two separate one-loop subdivergences and is readily
expressed as

1 1 1
72 o5 Aabij Nijkl { [52 + —B(My;, My, 0)] My — %A(Mij)} +0(1). (1.55)

i

—iI(p?) = ~ 6

2e

The fourth diagram (often referred to in the literature as the sunset diagram) involves overlapping
divergences and is less straightforward to compute. Deferring this computation to appendix |B| we obtain

, i 1 1 (p?
_'LH(Q’D)(pQ) = "6 (1672)2 (1672)2 /\azjk)\zjkb{ (Mi; + M;; + Mp) — - (])2 — M;; — Mj; — Mkk)
2
) 1 1 1 1
— N e | =M+ — Mo — = A(M:) — 1.
(1671'2)2 )\aZ]k)AZ]kb |:€2 1 + 2 [ c ( u) 12 :| +O( ) ( 56)

where, in the second equality, we have used the permutation symmetry under internal indices to simplify
the expression. Summing all the above contributions, we get the final result for the two relevant topologies:

‘ o i 1
_’LH(2) < N ) (16 ) >\aln]>\1]klel |:€2 + O(l):| R (157)

(2 o _ 11 p?
—iIl' )<\J ) = (16772)2>‘aijk)\bijk [Mn' <52 - 25) tie T 0(1)] : (1.58)
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We may finally infer the two-loop contributions to the field-strength and mass-counterterms:

1 1
b_
g = —WﬁAaijk/\bijka (1'59)
1 1 1 1
OMeay = 6722 ?Aabij/\ijklel + o AaijkAvijh M | (1.60)

2.5 Two-loop 4-point function

We finally compute the two-loop contributions to the 4-leg vertex in order to derive the corresponding
beta-functions in the next section. As previously, we will restrict the discussion to the singular parts
of the diagrams. In addition, all external momenta will be taken to vanish in order to simplify the
computations. In the s-channel, five diagrams contribute

N s N s N s !

@) e NPT % A, =
“abea = O T N T T el
s = N s =7 =7 N s = N SN0 , S<
7 N 7’ N 7 N 4 N 7 ~
7/ N
_ (2,4) -(2,B) 1(2,0) (2,D) (2,E)
- - Zl_‘abcd - 7'Fabcd - ZI—‘abcd - Zl_‘abcd - Zl_‘abcd (161)
.(2,A7) .~(2,E")
ZI—‘abcd - Zrabcd )

where ng’cél) and Fg’cEd/) stand for the diagrams obtained by mirroring horizontally Fﬁ’c‘z) and ng’cEd).

The expression of the first diagram can directly be read from Eq. (1.48)—(L.49):

(2,4) ) 1 1
_Zrabcd = 7(167T2))\abij(5)\ijcd |:€ + 2B(M“,MJJ,O):| + O(].)
) 1 1
= WAabij (NijriAkicd + 2XickiAkijd) [52 + %B(Mii;ijaO):| +0(), (1.62)
and
DAY Z Tkt 2 doit) Meted | 4 B M, Mi, 0) | + 001 (1.63)
=l ped = (1672)2 abij Nijkl T 2Aaijk Abijl) Akled 2 -1-26 kk, M, + ) - .
Diagram B is expressed without difficulty as
(2,B) _ T 1 1 1 1
=il = —m/\abi]‘/\ukl)\mcd L + §B (Mii;ijaO)] [5 + 53 (Mg, My, 0) | + O(1)
7 1 1
= ————Aapii NiikiMled | = + — [B (My;, M;;,0) + B (M, My, 0 o).
(1672)2 bij Nigkl kld(sz"'%[ ( 5> 0) + B (Mg, My )])+ (1)

Without direct computation, it is easy to see that the poles of T’ l(l%’ccd) and F((I%’CZ) cancel at order O (5‘1).
In turn, as explained in the next section, these diagrams do not contribute to the beta-function of .
Therefore, despite a non-zero contribution at order O (5’2), we will skip for conciseness the computation

of I‘Ej;cg). Finally, the fifth diagram can, in fact, be inferred from the sunset diagram introduced in
the previous section: the former can be constructed from the latter by replacing a mass insertion with
a 4-leg vertex, thereby doubling the corresponding propagator. We show in appendix [A] that any dia-
gram obtained by doubling a propagator can be straightforwardly expressed without the need for direct
computation. For instance, writing Eq. in the form

; 1 1 1 1
D) = — L\ Ak | = M+ 5= My — = A(Mii) — ——p?
! (1672)2 "Rkt | 22 to € (M) 127
)

= W)\aijk)\ijkb I3(M;;) , (1.64)
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the four-leg diagram I‘ﬁ’fl) is in fact equal to
' I3(Mi;) — Is(M;;)
1'\(2 E) _ _ v )\a ; )\w by 17
abed (16 ) big kiN\kljd M, MJ]
i 1 1 A(M—-)—A(M--)
>\a 7, >\lC >\ - I © JJ . 1.
(16 2)2 bij Aickl kl]d|: PO S . M,, — M, (1.65)
It can be shown that A(M;) — A(M;)
“ JJ —B(M;;, M 1.
T (M, My5,0) (1.6)
SO we may write
) 1 1 1
T 2E) = LA Nkt |~ — 5= — = B(My;, M;;,0 1.67
abed = ([Tgpzy2 \abiaNiekAkd | <3 50 7 2 (Mii, Mj;,0) | (1.67)
and ] ) . )
SDZED o A ke | — s — o — = B(Myy, My, 0)| . 1.6
11 iy (1672)2 ikAbijiARled | =25 T 52 T 2 (Mg, My, 0) (1.68)
Gathering all previous results, we finally obtain
. AN ) 1
ZFEfbld( />(\ /Y\ /\<\ ) (16 ) >\ab7.]>\1]kl)\klcd |:€2+O(1):| 5 (169)
IR S e R S S VIS S W L1 oa 1.70
—U bed //><\\,\ —W( abij Aickl Akljd + Aaijk Abijl klcd) ;2—£+ 1, (1.70)
and the two-loop counterterm reads
(2) 1 1
' Xabed = g5 =3 [MabijAijkiAkled + AabijNickiAkijd + Naijk Abiji Akled)
(1672)2 | e (1.71)

1

~ % [AabijNickiAkijd + AaijkAbijiAied] } + (b c)+ (b d).

3 Beta-functions

If all couplings of the theory have been made finite through the process of renormalisation, they can-
not, however, be viewed as physical quantities. In particular, all couplings and fields have acquired a
dependence on the arbitrary scale p introduced in the process of dimensional regularisation. Such a
dependence is governed by a set of differential equations: the renormalisation group equation (RGEs).
We call beta-function of a coupling its derivative with respect to the logarithm of the arbitrary scale p,
in the 4-dimensional regularised theory:

_dX
BX) = M@

(1.72)

e—0

In a single-scale theory, one similarly defines the anomalous dimension of a scalar field with field-strength
renormalisation constant Z, as

o dlog Z¢
dlog p

_ ndZs
_Z¢ d}t

(1.73)

e—0 e—0

As illustrated in the following, both the beta-functions and the anomalous dimensions are computed from
the requirement that the bare couplings and fields are independent of the scale p. In particular, to see
how the definition of the anomalous dimension generalises to the case of a multi-scalar theory, we write

d L

d
M@% =0= Han (Z¢) = *¢ +Z i (1.74)



22 Chapter 1 — Perturbative renormalisation in multi-scalar theories

Multiplying the right-hand side from the left by Z~!, one gets

d¢ 4, dz
— =—Z u— 1.75
" I dﬂfb, (1.75)
so the natural generalisation of the single-scale anomalous dimension 7y, is the matrix « such that
do
T (1.76)
d/L e—0
meaning in turn that
dz
y=Z\p— . (1.77)
dll’ e—0

We note that, in addition, an alternative expression for v can be foundlﬂ starting instead from the relation

¢=27""¢o:

dz—!
b=Z"1py — y=-—p Z (1.78)
dp |0
Finally, it will be useful in the following to define the shortcut notations
dz dz—1 dX
=7 'u—=-pu—-2, X)=p—o1, 1.79
Ve Man = M B:(X) L (1.79)
such that
Y= Yelewsor  BX) = B(X)]0 - (1.80)
Now turning to the computation of the quartic beta-function, we have
Xfoh = 1 (Naved + OAabed) Zao Zyf Zig' Zayt (1.81)

so that taking the logarithmic derivative with respect to the RG-scale on both sides yields, using

Eq. ,
0 = p°|e (Aabed + 0Aabed) + Be(Aabed) + DIAabed
— (Nibed V2 + Aaica V2 + Aavid Ve + AabeiVl?) (1.82)
— (OAibed Ve + OXaicarl + SXavia Ve + ONabeiVl?) | Zai Zof 225 Z o1t

where we have defined the differential operator

d

D=y (1.83)

In order to simplify the expressions, it is convenient to define a generalised anti-commutation operation
between a matrix X and a rank-n tensor T

{X o Ty = X0y o+ Xy (1.84a)
{T « X}artn =T, . anXbal +o T, an,l,bXba" - {XT — T}oan (1.84b)

..........

so that Eq. (1.82]) can be put into the more compact form
0= Ms |:€ (Aabcd + 5Aabcd)+Be()\abcd)+D6)‘abcd_{A — Va}abcd_{é)‘ — ’78}abcd:|Zl;51Zb_f1Z(;]1Zd_h1 . (185)

Since the e-dependent beta-functions and anomalous dimensions are finite in the limit € — 0, those can
generally be expanded in a power series in €:

Be = Blo) + By + 525[2] + ... (1.86)
Ve =0 + e+ + - (1.87)

4Equivalently, we may use the fact that ,u%(Z’lZ) = Z’lu% + udi;l Z =0.
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and we have in particular that
B=Bp, Y=0- (1.88)

In fact, in addition to Bjg), only the O(e) contribution f;; can be non-zero. It is of leading order in
perturbation theory and characterises the anomalous scaling of the renormalised couplings compared to
their bare counterpart in the (4 — )-dimensional theory. The quartic coupling beta-function is then equal
to

Be(Aabed) = B(Aabea) + Buj(Aabed)€ (1.89)
and one can show that ;) = 0 by expanding the relation
0z
Zye=DZ = 55()\ijkl)7a)\ (1.90)
ijkl

in terms of powers of e. That ~ vanishes is thus consistent with ¢¢ and ¢ having the same mass-
dimension. To further express S (Aabed), we define the e-expansion of the counterterm as

o~ O[] Aabed
6>\abcd = Z T ) (191)
k=1
and write from Eq. (1.85)):
aé)‘abcd
0 = e(Aabed + 0Aabed) + Be(Aabed) + Be(Nijki) Do N} aved — 10X 7} apea - (1.92)
ij
At order O(e), we have
eXabed + B[] (Aabed) = 0, (1.93)
and therefore
Bry(Xabed) = —Aabed - (1.94)
At order O(?), one obtains in turn the generic form of the quartic beta-function:
09111 Aabed
Bo\abcd) = _5[1]/\abcd + )\efgh% + {)‘ A ’Y}abcd : (1'95)
efgh

We recover the standard result that the beta-functions are completely determined by the first-order pole
of the counterterms. For negative powers of €, we obtain consistency conditions on the pole structure of
the counterterms. For instance, noting 5[(,:? the n-loop contribution to the counterterm dy;, we have at
two-loop that
1)

1 86[1] Aabed (1
8 Napea = = —o—— 8 e pgn - 1.96

[2] “abed 9 a)\efgh [1] Nefgh ( )
Inserting the expression of the one-loop counterterm (|1.71) in (1.96]) and only considering for simplicity
the s-channel contributions, we find

5[(22]))\abcd D AabijAijki Akled » (1.97)
consistent /in agreement with Eq. (1.71)).

From Eq. (1.95]), we see that the quartic coupling beta-function contains contributions involving the
anomalous dimension matrix, which we now compute. From Eq. (1.77) and the fact that Z can be taken
to be a symmetric matrix without loss of generality (see the discussion at the end of section , we have

Zy=DZ —ZyZ=(DZ)Z = %D (2%) . (1.98)

From the decomposition
5[k]

oo

¢

ZQ:1+5¢:1+ZET, (1.99)
k=1
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we obtain, evaluating Eq. (1.98) at order O(e),
1 \ 86([;]
7= ) abcdm .

We finally turn to the RG-dependence of the mass parameter M. In this regard, it is usual to define
the anomalous mass-dimension,

(1.100)

dlog M

dp
However, such a definition is only appropriate to work with if the masses are renormalised multiplicatively,
which is indeed true for the scalar theory considered in this chapter. Had we included in the Lagrangian
density cubic couplings of the form

™= p (1.101)

LD —Tape P, (1.102)

the mass parameter would have received, already at the one-loop level, contributions of the type

,,,,{/ \r———— X TaijTijb - (1.103)
Hence, in a general scalar theory, the mass parameter is not renormalised multiplicatively and we will
prefer in this discussion the use of the beta-function

dM
M)= p— = M . 1.104
BN = nGr|  =800)] (1.104)
Starting from the relation between the bare and renormalised mass matrices,
My = (May + 6Maw) Z,. 2, (1.105)
one obtains S6M Y
0 = Be(Map) + B (Mij) 77 + Be(Nesgn) p—m — {M =}y (1.106)
8Mij 8>\efgh
Evaluating the above expression at order O(g”), we find
00111 My,
B(Map) Wb (M 4}, - (1.107)

= )\e —_—
Tt a)‘efgh

Using v = 7T, we summarise the main results obtained so far,

1 a4}’
= — = Aabed ——2—, 1.108
Y 2 abcda)\ade ( )
0611 M,
B(Map) = Aefoh o2 4+ {y = M}, , (1.109)
a)‘Efgh
Ao A
B(Aabed) = =611 Aabed + Nefgh —d 4ty 5 M\ e (1.110)
a)\efgh

recalling that the anti-commutation operation between a matrix and a tensor was defined in Eq. (1.84)).
The above expressions can be further simplified by observing that the operator
0

A S s
efg

counts the number of 4-leg vertices in a diagram. As mentioned above, for the scalar theory considered
here, such a number is in fact directly related to the loop-order n, and

()\efgha> D= (’Il+1)5>\, (1111)
OXefgh

/\efghL oM =ndéM , (1.112)
OAefgh

0
Aefgh=——— | 0 =My, 1.113
( fgha)\efgh) ¢ ="ndg ( )
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Hence, perturbatively expanding the beta- and gamma-functions as

B=pM 4@ 4 | =70 4@ (1.114)
we can rewrite Egs. (1.108)—(1.110) in the simpler form
n n [1],(n
A1) — _555)1< ) (1.115)
B™ (M) = né[(ﬁ)Mab + {7“” - M} . (1.116)

B(Aabed) = n5[(ﬁ)>\abcd + {’Y(n) - >\}
At one-loop, applying Eqgs. (1.115)—(1.117)) gives

W =0, BD(M)

. 1.117
abed ( )

XaviiMij,  BY (Napea) = (AabijNijed + AacijNijbd + AadijNijbe) -

(1.118)

~ 1672 1672

At two-loop, we obtain from the expression of the counterterms given in Egs. (1.59), (1.60) and (1.71):
@ 1 1

Tab = (1672)2 ﬁAaijk)\ijkba (1.119)
1 1
B (My) = 1672)? |:_)\aikl)\bjklMij + D (AaijkAijre Mep + Mae)\eijk)\ijkb):| ) (1.120)
1
B (Napea) = (167r2)2{ — [AabijNickiAktid + AaijkAvijidwicd + (b < ¢) + (b <> d)]

(1.121)

1
+ D] [Aaijk)\ijke)\ede + (a > b) + (a > C) + (a A d)] } .

4 The Callan-Symanzik equation

It is remarkable that, despite the unphysical and arbitrary nature of the scale u, all couplings and fields
maintain a residual, non-trivial dependence on this parameter in the 4-dimensional limit of a dimensionally
regularised theory. The transformation properties of the couplings and fields under variations of the scale
1 define the renormalisation group (RG), and p is then referred to as the renormalisation scale (or RG
scale). On the other hand, we have seen that p explicitly appears in the logarithmic contributions to
the renormalised n-point functions. As we shall now demonstrate, the implicit dependence (through
the beta-functions) and the explicit dependence (through the logarithmic contributions) exactly cancel,
so the renormalised (non-amputated) n-point functions are exactly RG-invariant. For instance, the
renormalised, amputated 2-point function, noted FaRb, relates to its bare counterpart according to

TR = [271072]™ . (1.122)
Taking the RG-scale derivative on both sides, and using the independence of I‘gb with respect to p gives

drk
dp

dz
dp

dz 1" ab ia i
= |(u—)T1%2Z + ZTFO(M@)} = [y"TE + TRy]" =i~ + TEA®. (1.123)

This relation is easily generalised to any n-point function Ffi‘l ) using the matrix-tensor anti-commutator
(see Ba. (T59)),
d g R

Decomposing the total RG-derivative in terms of its explicit and implicit components, we may write in
turn

9 R 9 R R
H@F(n) + ;5()\087)\1_11(”) - {F(n) = 7} =0, (1.125)
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where \; generically denotes any coupling of the theory appearing in the expression of ng)' The rela-
tion — together with its expanded form, Eq. — is usually referred to as the Callan-Symanzik
equation [17) [18], and is to be interpreted in the following way: the dependence of the amputated, renor-
malised n-point functions Fﬁl ) on the renormalisation scale only stems from its open indices (legs). This
means in turn that the non-amputated n-point functions — of which the external lines receive self-energy
loop corrections — are exactly RG-invariant. This is a necessary condition to maintain overall physical
consistency in the renormalised theory. This brings us to the conclusion that a consistent theoretical
description of any scalar QFT not only relies on the expression of the renormalised n-point functions,
but also on that of the beta-functions.

Furthermore, the Callan-Symanzik equation reveals in fact an intimate connection between the log-
arithmic structure of the loop contributions and the beta-functions. As such, it is possible, as we shall
illustrate, to recover the expression of the beta-functions in the 4-dimensional regularised theory directly
from that of the renormalised n-point functions. Let us for instance consider the 4-point function, which
is expanded perturbatively as:

2 2
FaRbcd = Aabed + (‘5&))5(1 + Fg;)cd) + (6¢(1b)cd + Fib?:d) oo (1-126)

By construction, the terms in brackets stand for the finite (i.e. minimally subtracted) n-loop contributions.
Hence, we may alternatively rewrite the above perturbative expansion in terms of the n-loop finite
contributions to the renormalised 4-point function:

TR = Aapea + TR 7RO (1.127)

We reiterate that the loop contributions to I‘fbcd thereby defined depend on the RG-scale p in two ways:
(i) explicitly, from the occurrence of p in the logarithms and (ii) implicitly, from their dependence on
the running couplings. A crucial consequence of this property is that the total RG-derivative of Ffb(cz)
always contains two distinct contributions, with perturbative order n — from the explicit dependence —
and (n+ 1)+ (n+2) 4 ... — from the implicit dependence and the beta-functions — respectively. Since
the Callan Symanzik holds order-by order, we may Writeﬂ

d

0 0
p—TE = B Nabea) + M*Ffb(cii) + (B (Ffb(cld)) + 8% (Aabea) + N*Ffb(c? +.oo0y (1128)
du Oy Oy

so the n-loop contributions to the beta-functions can be computed iteratively from the finite part of the
n-loops diagrams. For instance, at one-loop, we have from Egs. (1.48)—(L.50]):

Ffb&) = *%# [NavijAijea B(Mys, Mjj, 8) + NacijNijbaB(Mii, M, ) 4 NadijNijve B(Mys, Mjj, )]
(1.129)
where s, t and u are the Mandelstam variables, describing the kinematics in the s, ¢ and u channels.
The next step is to differentiate Eq. with respect to the renormalisation scale. We remind the
expression of the B function,

! M+ (1— )My — (1 — 2)p?
B(My, M, p?) :—/ dz log <|x 1+ (- 2)My —a(l —o)p |> . (1.130)
0

112
simply giving 5
N%B(Ml,Mg,p% =2. (1.131)

5By a slight abuse of notation, we use 3(") as a shortcut notation for the differential operator

() — )y 2
B 72/3 v

i
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Therefore, from Eq. (1.128]), we obtain at one-loop

4
i

1

r® — g I
abed B ()‘abcd) 1672

(AabijNijed + AacijNijbd + AadijNijbe) | + - -, (1.132)

from which we directly read the pure-vertex contribution to the one-loop beta-function: With v(1) = 0,
Eq.(1.128) simply gives, to first order,

BY Napea) = # (AabijNijed + AacijNijbd + AadijNijbe) - (1.133)
Therefore, we have been able to recover the expression of the one-loop quartic beta-function from that
of the renormalised 4-point function. The same conclusion holds at higher orders in perturbation theory.
However, such a property is not very useful in practice: Deriving the beta-functions is in general a simpler
exercise than obtaining the renormalised n-point functions. On the other hand, one truly remarkable
consequence of Eq. is uncovered adopting the opposite perspective: We will show in chapters
and [4] that the expression of the beta-functions provides information — to all orders in perturbation theory
— on the structure of the logarithmic contributions to the n-point functions.

5 The effective scalar potential

5.1 Ground states away from the origin

In the previous sections, we have considered a scalar theory with a Lagrangian density of the form

L= %au¢aaﬂ¢a - %Mab¢a¢b - %)\abcd(ba(bb(bc(bd = % u¢aau¢a - V(¢)a (1'134)

with V the scalar potential, i.e. the part of the Lagrangian density describing the scalar interactions:

Vig) = % ab®" ¢ + %Aabcd¢a¢b¢c¢d~ (1.135)

In such a description, M is viewed as the leading-order contribution to the mass of the propagating
(physical) fields, and ¢ as the dynamical component of these propagating fields around their expectation
value. In other words, we have implicitly assumed that the potential was minimal (at least locally) and
convex, that is with a positive (semi)definite Hessian matrix — the scalar mass matrix.

If, on the other hand, the mass matrix possesses at least one negative eigenvalue, the scalar potential
is no longer minimal at the stationary point (¢) = 0 which therefore constitutes either a saddle point or
a local maximum. Any variation of the dynamical fields around their expectation value {(¢) = 0 will in
turn trigger spontaneous evolution of the system towards a configuration (¢') which minimises the scalar
potential, i.e. where
oV
= 990
and where the matrix of the second derivatives of V' is positive (semi)definite. In this new configuration,
the classical action is extremal and the ground state is now stable under fluctuations of the scalar fields
around their expectation value. It may still be possible, however, that the scalar potential is only locally
minimal at the point (¢'), i.e. that some (¢") satisfies

_ v
=

2.V ((¢)) ((¢")) =0, a=1,...,N, (1.136)

9V ((¢")) ((¢") =0,  V({¢") <V((¢). (1.137)
In that case, the state (¢') is only meta-stable and can decay, with non-zero probability, to the deeper,
stable state (¢”). For instance, the question of knowing whether the Standard Model vacuum is either
stable or meta-stable constitutes an active field of research [19] 20, 21} 221 23| [24] 25] 26 27].

Most importantly, this mechanism is at the origin of the phenomenon of spontaneous symmetry
breaking in theories satisfying global or gauge symmetries, upon which is based our current understanding
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of fundamental interactions. For these reasons, the in-depth study of the overall structure of the scalar
potential is crucial for many applications. In such cases, one wishes in particular to evaluate with the
highest accuracy the position of the minima of the scalar potential, defining the set of physically accessible
meta-(stable) ground states. The quantity obtained after inclusion of the quantum corrections is referred
to as the effective potential, and coincides with the zero-momentum limit of the 1PI effective action
evaluated at constant field values.

5.2 The renormalised vacuum energy

We have discussed in the previous sections the renormalisation procedure for the 2- and 4-point functions,
describing respectively the propagation and self-interactions of the scalar fields. In fact, one must in
general include a vacuum energy contribution to the Lagrangian at leading order, namely

1 1
V(9) = A+ 5 Mapd" 0" + 5 Aabead” @' 06" (1.138)

As any other n-point function, the vacuum energy (that is, the O-point function) receives loop-contributions
beyond leading order and must be renormalised. Diagrammatically, one has

To=A+T+TP 4= o+ (3 + O 0 4+ L. (1.139)

To compute the one-loop contribution, I‘(()l), can be computed using the formula presented in appendix
for the doubling of propagators. Schematically, we may write

PEN d -~

¢« | = (I 1.140
N // dM” N // 9 ( )
where the dot on the propagator represents an open index ¢. This means in turn that
d (1) 1 /N i
2 (Lr ) e P — 1.141
dM“-( ©o 2 k2 — M;; (1.141)
and hence 1
1 _ dr 2
ry’ = QZ/ddk log (k* — M) + C, (1.142)

where the sum over ¢ is taken to include the contributions of every scalar in the theory. The integration
constant can only vanish in order to obtain a finite result. Alternatively, we may perform integration
with respect to the mass parameter after evaluation of the loop-integral, yielding

RN 1 id 1 1 M;;
¢ = @Mijw {_5 + 3 <log 2z 1)} +0(e), (1.143)
and, in turn,
11 M? M;; 3
ryY = —2—% + M7 (log — — = 1.144
0 4 167‘[’2 € + 11 0g //52 2 + O(E) ) ( )

where the integration constant was taken to vanish consistently with our previous observation. Minimally
subtracting the pole finally gives the expression of the renormalised one-loop vacuum energy:
11 M;; 3}

(1) DA _ 2
Ty 4 4¢ )A_4167T2Mh [loguz—

(1.145)

At two-loop, a direct computation gives
1 1 M;; M;,; 1
gmAiiijiiij |:10g ? — 1:| |:10g 7 — :l = gA”]JA(M”)A(M]]) . (1146)

As previously done for the renormalised 4-point function in Eq. (1.126]), we define at each loop-order an
effective 0-point function, A so the renormalised vacuum energy reads

I +5@A =

PE=A4+AD 4+ A@ (1.147)
with, as shown above,
1 M;; 3 1 1
AN = 21 v_z @) = 2= N\ A(M)AM;;). 1.14
47 og /72 9 ) ) (1671'2)2 37 ( ) ( ]J) ( 8)
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5.3 From the renormalised vacuum energy to the effective potential

Having expressed the renormalised vacuum energy in a theory where the fields have zero expectation
value (where the true vacuum lies at the origin), we may now generalise our results to a scalar theory
with a minimum away from the origin. In this case, the scalar fields can be decomposed in terms of
a background component (the classical field, corresponding to the expectation value) and a dynamical
component ¢:

o=+ . (1.149)
Expressing the Lagrangian density, and in particular the scalar potential in terms of the newly defined
dynamical field ¢, we obtain

1 BV

OV e LV 1
3! 0@ OPpP e

V(¢) = V(o) + Do (¢c) 2 §W

1 64‘/ a b c d
+@W(¢c)¢<ﬁ<ﬂ<ﬂ7

(¢e) " + (¢c) """

(1.150)

Defining background-dependent couplings, the field ¢ is described by a theory with scalar potential

17 e -~ a 1 T a 1 -~ a C 1 Y a C
V(p) = A+ 5ap” + 5 Marp o+ 37 7abe? @l + R Pt (1.151)

As for any scalar theory, every result derived above applies in the shifted-theory (we insist that ¢. is not
a quantum field but only a number). In particular, the renormalised vacuum energy reads

TR=A+TFW4TE® 4 (1.152)

and must be minimal (extremal) to cancel the tadpole term & to all orders and minimise (extremise) the
quantum action. The renormalised vacuum energy in the shifted theory is referred to as the effective

potential, _
Veg =T, (1.153)

of which the perturbative expansion is usually rewritten
Ver = VO 4 v 4 yv@ 4 (1.154)

and where, using the results of the previous section,

1 1
VIO =V(¢e) = 5 Mabdide + 5 Nabeade Sodede (1.155)
1~ M; 3
W_ L (e Mi_3 1.1
V 167T2 k43 (Og [142 2) Y ( 56)
11~ -

The background-field-dependent mass matrix reads

~ 0?v

1 c d
Mab = W - Mab + 5)\abcd¢ QS ) (1158)

and the two-loop contribution V() is in fact incomplete due to the absence in the above expression of the
contributions involving the background-field-dependent cubic coupling 7. Finally, as any renormalised
n-point function, the effective potential satisfies the Callan-Symanzik equation

d d N p O
—— Vet = |Ho— 27— 0 55| Ver =0, 1.1
2 Vet M8M+;B(g)agl 0" g | Ver =0 (1.159)

and is therefore exactly RG-invariant.



30 Chapter 1 — Perturbative renormalisation in multi-scalar theories

6 Alternative renormalisation prescriptions

In this last section, we introduce two variations of the renormalisation procedure presented above that
will be extensively used in chapter 4| to extend the MS scheme to multiple RG-scales. The first one
consists in re-defining the renormalised couplings and fields in the (4 — €)-dimensional theory, by altering
the mass-dimension of the dimensionful quantities, so that the shift in the dimensionality compared to
a 4D theory is conveniently carried by the legs of every operator and tensor coupling. We will then
introduce a renormalisation scheme in which the diagonal structure of the mass matrix is preserved along
the RG-flow, through the introduction of a skew-symmetric contribution to the scalar-field anomalous
dimension matrix.

6.1 Consistent occurrences of the renormalisation scale

In the previous sections, we have used a renormalisation prescription where, to maintain the dimensionless
property of the quartic couplings in the (4 — ¢)-dimensional theory, an arbitrary scale p was introduced
such that

£5 ~F hanead" 86" (1.160)

with renormalised fields of mass-dimension [¢] = 1 — ¢/2. The starting point of the present discussion
is to observe that it is possible to re-define the scalar fields such that p no longer appears in the above
expression. This is achieved by defining the auxiliary field

¢ =ule, (1.161)

with mass-dimension [¢'] =1 — £, such that

1
LD = habeada b 00y - (1.162)

Such a prescription is fact rather natural, since it enforces the constraint that dimensionless couplings
in the 4-dimensional theory must remain dimensionless in (4 — &) dimensions, the required shift being
now carried by the renormalised scalar fields. Furthermore, it introduces a interesting regularity in the
dimensionality of every operator and coupling in the theory. To illustrate this point, we consider an
arbitrary operator built from n scalar fields (n > 0) and the corresponding coupling C, . 4,

LD —Capova, ™ -+ ™. (1.163)

In the (4 — €)-dimensional theory, with [¢] = 1 — 5, the tensor C' must have mass-dimension
[C]=(4—n)— g(Q—n). (1.164)
Expressing instead the operator ((1.163)) in terms of the auxiliary field ¢,

LD=Cl o @ - (1.165)

aq an ?
the newly defined coupling C’ has now mass-dimension

C=@=m)=Z(-n=(1-3)@-n=(1-7) [l (1.166)
so that, manifestly, the quartic coupling remains dimensionless independently of the value of €. The
dimension of every other coupling is simply obtained by multiplying its canonical mass-dimension (in the
4-dimensional theory) with the factor (1 — ¢/4). Furthermore, every term appearing in the interaction
Lagrangian is guaranteed to be of dimension d = 4 — ¢ without the need to explicitly introduce powers
of the renormalisation scale. On the other hand, the auxiliary renormalised field ¢’ being related to its
bare counterpart through

b0 =p Z¢, (1.167)
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one introduces instead powers of y in the kinetic Lagrangian:
E = = 6/28 ! Z28 (’)/ 1 1(;8
kin 2,“ p,¢ . ( . )

As a direct consequence, the powers of the scale p needed to maintain dimensional consistency during the
process of renormalisation now originate from the propagators instead of the vertices. This interesting
property, (already mentioned in [28]), will be central in chapter [4] to generalise dimensional regularisation
to multiple renormalisation scales p;.

For the remaining of this discussion, we shall explore the consequences on the regularisation process
of the theory as compared to the standard prescription. Starting from the most general (perturbatively
renormalisable) scalar theory with a bare Lagrangian density

1 a a 1 a 1 a C 1 a C
L= 50.860"8h — A = 006" — ZMO036% — 28 di0h06 — 1N eadfOh0648 (1.169)

we define the renormalised field multiplet ¢ with mass-dimension 1 — £/4, satisfying
b0 =p " Z¢. (1.170)

In turn, the bare Lagrangian is rewritten in terms of the renormalised couplings asﬁ

1 1
L= 5u76/26#¢“Z§b6“¢b — (A+6A) — (04 + dog) ¢ — 3 (Myy 4+ 6 M) ¢%¢°

| . (1.171)
— 3 (Tabe + 6Tape) ¢“¢"9° — o (Aabed + 6Xabed) 9" ¢ 97 .
where
A% = A +6A,
09 = ¥/t (00 + 600) Z2},
Mgy = p=? (Meg + 6Meg) 22, 27 (1.172)
Tabe = pelt (Tegg + 07esg) Zey Z;bl Zg_clv

Aobed = 1 (Nepgh + OAefgn) Zog Z;bl Z;cl L -

Based on these relations, both the scale p and the field-strength normalisation constant now exclusively
appear in the kinetic Lagrangian. A subtlety arises however regarding the mass term, which in this
configuration is no longer homogeneous to the momentum-squared p? since [M] = 2 — ¢/2. Hence, in
order to maintain dimensional consistency in the expression of 2-point functions, it will be useful to define
the auxiliary renormalised mass couplings m with mass-dimension 2,

m = p/2M, (1.173)
and similarly for the corresponding counterterm dm, such that the bare mass matrix satisfies
MYy = p="? (Meg + 6Meg) Zog Z3) = (mes + 6mer) 221 25, (1.174)

The quadratic part of the Lagrangian may then be rewritten in the form
1 1
LD iwf/? (amanga%b = 5 (may + 5mab)> RO (1.175)

We reiterate that, as compared to the conventional prescription, the powers of y maintaining the dimen-
sional consistency in loop computations here originate from the propagators. Restricting for simplicity
the discussion to a theory with Lagrangian density

1

1 1
L=gu (amaZiba“qbb — 5 (M + 5map) q%”) — 5 (abed + OAabea) 976" 0%¢", (1.176)

SWe reiterate that one can always define the renormalised fields in a basis where Z = Z7T.
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the leading-order propagator is modified according to

iGiree(p?) = — L R : (1.177)
L2p2 — =2m 4 ie  p? —m + ie
and, for instance, the one-loop contribution to the 4-point function reads
—— /2 /2
it (s2) = %,\abij,\m e /{Z)QM—/ T _’:nij — (1.178)
which is equivalent to Eq. if one performs the replacement
M < m. (1.179)

In fact, the only notable difference compared to the conventional prescription occurs in the expression
of the e-dependent beta-functions and anomalous dimension. Reiterating the relation between the bare

and renormalised scalar fields, one has
G0 =p "7, (1.180)

and it is natural to define a modified field-strength renormalisation matrix
Z=ucz, (1.181)

so that all occurrences of the renormalisation scale are contained in Z. The corresponding anomalous
dimension matrix, noted 7., hence reads

. dZ dZ ¢ €
~ -1 -1
/A Pl PN 1.182
Mg "1 =773 (1.182)

The bare quartic coupling is then rewritten as
Afoh = Nabed + 6Xaved) 2ot Zy ) Zog' Zgy, (1.183)

so that (the anti-commutation operation between a tensor and a matrix was defined in Eq. (1.84))

doA N R
0= ﬁE(Aade) + K le,de - {A A 76}abcd - {5A A ’YE}abcd . (1184)
Defining the auxiliary quartic coupling and counterterm
Nefgh = Nabed Zog 27 Zog 2! (1.185)
Ihefoh = ONaved Zag Zyi Zog Zt | (1.186)

with mass-dimension [:\\} = ¢, Eq.(1.183) simply becomes

Npea = Aabed + OXabed - (1.187)

We then observe that the counterterm can be rewritten in terms of the hatted couplings. For instance,
from the one-loop quartic counterterm

1

OAabed = mAabiinjcdv (1.188)
we obtain 1
0Aabed = m/\abijszzfy\kww (1.189)

More generally, (ﬁabcd is obtained by replacing every vertex with its hatted counterpart, and every internal
index contraction by Z2, namely

Nijkt = Aijts 59 — ZQJ : (1.190)
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Since Xabcd has canonical mass-dimension in the (4 — ¢)-dimensional theory, its beta-function is e-
independent. Taking the RG-derivative of Eq. (1.187]), one gets

~ d6Xabed ~ ~ 0N abed de [ 0N abed
0= B(Aabed) + p = B(Aabea) + BAefgn) —=—— + e 1.191
s 4 G002 = )+ g G2t 4 i S0 (1191)
Then, using
dZ? A~ s o~ e
— =277.7 =22~7 — =7? 1.192
K il Ve Y 2% (1.192)
we obtain, at order O(g?),
~ 1 ~
0= B(Aavea) = 5 N [5[1])\abcd} : (1.193)

where N7 is an operator that “counts” the number of internal lines. From the Euler formula for planar
graphs, stating that

n=I1-V+1, (1.194)
with n the number of loops, I the number of internal lines and V' the number of vertices; and from the
fact that in the considered theory, the n-loop contributions to the 4-point function contain n + 1 quartic
vertices, we have that

I=2n. (1.195)
Therefore, expanding the beta-function perturbatively as
B(//\\abcd) = ﬂ(l)(xabcd) + 6(2) (Xabcd) +... ’ (1196)
one directly obtains
B (Rapea) = 165 Nabea (1.197)

with 5[(173)3\\,1170(1 standing for the n-loop contribution to the first-order pole of the quartic counterterm.
Finally, to obtain the beta-function of the original quartic couplings, one simply has to write

ﬁg(xabcd) = [6()\efgh) —{\« %}efgh] Z;zlszlzg_clz;fdl ’ (1.198)
yielding N
ﬁe()\abcd) = —€Aabed T ﬁ()\efgh)ZeaZbechhd + {>\ — ,Y}abcd . (1199)
Hence, we finally obtain for the n-loop contribution to S(Agpeq):
ﬂ(n)(Aabcd) = né[(ﬁ)Aabcd + {>‘ < ’Y(n)}abcd )

consistently with the result obtain from the standard u-prescription (see Eq. (1.117))).

(1.200)

The computation of the mass matrix beta-function is can either be carried out in the same way as in
section [3] starting from the relation

My = (meg + 0mep) 2o Z7) (1.201)
or in analogy with the above computations, if one differentiates instead the relation
M2y = (Mey + 6Mep) 2 Z7) - (1.202)

As compared to the standard prescription, the mass matrix M here exhibits an anomalous scaling,
consistently with the fact that its mass-dimension equals 2 — 5 in the (4 —¢)-dimensional theory. Defining

My = Moy 2.' 77} (1.203)
and reiterating the above procedure, it is easy to obtain, starting from Eq. (1.202)) ,
— 1 —
0= pB(Ma) - 5/\/1 |:5[1]Mab:| ; (1.204)
and in turn
B (Map) = ndfy) May + {M 7}, , (1.205)

as expected from Eq.(1.116)).
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6.2 Diagonal mass-matrix across scales

In the previous sections, we have made the assumption that the mass matrix M (and in turn the leading-
order propagator) is diagonal at the renormalisation scale . On the other hand, from the expression
of the beta-functions derived in section [3] we see that, starting from the one-loop level the mass matrix
will in general develop off-diagonal components when varying the renormalisation scale. For instance,
the one-loop contributions to the mass-matrix beta-function was shown in Eq. to be equal to

Aabij Mij . (1.206)

1
1) _ L
BO(Map) = o

We show in this section that a modified renormalisation scheme allows to maintain the diagonal structure
of the mass matrix across scales, by introducing an RG-scale-dependent orthogonal matrix U such that

M =UMU" = diag (M1, ..., My). (1.207)

In turn, the Lagrangian density in the (4 — ¢)-dimensional theory can be rewritten, using the modified
prescription introduced in the previous section, as

1 N o~ =] 1 e e\
L= §/f€/2 09" Z2,0" 0" — 3 (Mab + 0Map) ¢a¢b] a0 ()\abcd + 5/\abcd) "o, (1.208)
where, in particular,
6=Ug, Z=2zU0". (1.209)

The tilded renormalised couplings and fields are expressed in the basis that diagonalises the mass matrix
and are related to their bare counterpart via

$6 = p==/1Z0 g, (1.210)
MY, = (iey + iney) 24275 (1.211)
Aoped = 15 (Xefgh + 5Xefgh) Zi’ﬁzﬁzfﬁzﬁ . (1.212)

The renormalised propagator reads, in the mass basis:
i
p*l —m —7r(p?)

~ i
iGr(p”) = ~ = = pl?
( p=e/2p?1 — M —TIr(p?)

, (1.213)

where II r(p?) stands for the renormalised matrix of self-energies expressed in the mass basis, and 7 (p?)
for its counterpart with mass-dimension 2. The latter reads

Tr(p) = 7(p*) + 6 — p*ds, (1.214)
where the field-strength counterterm 5¢ satisfies
ZV7 =146 =U22U" =14+ Us,U", (1.215)

and hence ggﬁ = Ub4U". A perturbative expansion of the renormalised propagator yields, as previously,

~ i 1 ~ 1
®") we2p21l — M pme/2p21 — M ®") pe/2p2l — M (1.216)
7;ME/Q i,UE/Q N ) Z-lus/Q ’
= or = > _~(—Z7TR(p)>27_~—|—...,
pl—m  p*l—m p*l —m

so the leading-order propagator is diagonal. In turn, the renormalisation of the theory from counterterms
is performed in the same way as in section [2| where we had assumed that the mass matrix (and therefore
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the leading-order propagator) was diagonal. For instance, we find at one-loop the following expressions
for the counterterms

—~ 1 ~ —~
SO Map = ———Napey M 1.217
T (1672) bef ’ ( )
~ 1 ~ ~ ~ ~ ~ ~
5(1))\a cd = 714 oy ()\a e )\e c )\ace >\e )\a e )\e c) . ]-2]-8
bed = (1672) befAefed + fAefbd + Aadef Aefb ( )

It is useful to note that, in the mass-basis, the counterterms take the same form as previously. This
means that, rotating the fields and couplings back to the original basis we exactly recover the expressions
obtained in section [2] where the mass-matrix was assumed to be diagonal. In fact, this non-trivial feature
is due to the absence of non-local divergences, i.e. of contributions involving logarithms of the mass
matrix in the counterterms. As previously, the n-loop beta-functions for the mass matrix and the quartic

coupling are given (see section [3| and by
B0 (May) = nd{i) May + { M <5} (1.219)

B (Xabcd> = né[(ﬁ)xabcd + {X « 7 } : (1.220)

abed '

On the other hand, the anomalous dimension matrix receives here an additional contribution stemming
from the rotation to the mass-basis:

¥=2"'DZ=Uz"'[(DZ)U" + 2z (DU")] =UU" +U (DU") . (1.221)

The additional contribution involves the p-derivative of the rotation matrix U, and can be shown to be
skew-symmetric by observing that

D(UUT)=0=DU)UT+U (DU") =V + VT, (1.222)

where

V=DOUu)Ut=-vT=-U(DU"). (1.223)

It is in fact a general feature that the anomalous dimension matrix acquires a skew-symmetric component
as soon as an RG-dependent rotation of the scalar fields and couplings is introduced in the theory. In
our case, the anomalous dimension matrix takes the form

F=UUT -V, (1.224)
and the mass matrix beta function reads (in matrix form)

EQ) (M) =UB™ (M)UT + [V“L%J\ﬂ = Ug™ (M)UT + {V(") = 1\7} : (1.225)

where V(™ stands for the n-loop contribution 1 in the perturbative expansion of V. In other words, the
beta-function of the diagonalised mass matrix M is not only obtained by rotating (M) to the mass basis,
but receives an additional contribution involving the skew-symmetric part of the anomalous dimension
matrix. The same observation holds for the quartic coupling A, and one obtains

B (Aapea) = U*UH UIUTMB™ (Apea) + {V(”) - X} (1.226)

abcd '
The explicit form of V (and of every V(") is computed from the requirement that the rotated mass

matrix M must preserve its diagonal form along the RG-flow, namely that the off-diagonal components
of (M) must vanish. Thus, we directly obtain from Eq. (1.225)), for a # b:

(n) T ab
) _ [UBW(M)UT]
Vo = 3 (1.227)
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where M; = ]\A/[/“ denotes the i eigenvalue of the mass matrix. Hence, for instance, the one-loop beta-
function of the diagonal mass-matrix becomes

—~ 1 A
ﬁ(l) (Mab> = 1671—2 aszMz] + Z ae” Z be” ] Mae ) (1228)

from which one can explicitly check that for a # b, 81 ( ab) indeed vanishes.
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Appendix

A Double propagators

We consider a generic loop diagram with n+1 internal propagators, with masses squared m?,m2 ,...,m2
Such a diagram involves a loop integral of the generic form
— 1
2, 2 2 2,2 2
I(mg,mg ,...,m; )= [ dik mX(k RN (1.A1)
K3

where X is an arbitrary function of the masses of the n remaining propagating scalars. Doubling the
propagator of the scalar with mass m? yields

1 1

2 2 2 2 d1. 2 2 2
J(mi,mj,mg ,...,mg )= dik k. sz(k Mg e,y ). (1.A2)
i J
Then, since
1 1 mi —m? (1.A3)
2 2 = ) .
k2 —mi  k*—mZ (k% —m3) (k‘z — mf)
we directly obtain, for m? # m?
I(m?,m2 ,....om2 ) —I(m2,m2 ,...,m2)
J(mZm3m2 ... omi )= A - I ol (1.A4)
ir Tl My an m? — m?
The case where m? = m? is simply handled by expressing the derivative of I with respect to its first
argument, noted I’,
— 1
2 2 2 2 2 2
I'(mi,mg ,...,mg )= [ dik (k:2—m2)2X(k Mgy s My ), (1.A5)
(3
directly leading to the result
I(m?,m? m2 ) — I(m2,m? m2 )
2 2 2 2 2 2 2 : ) e Mg, ) yeeey Mg,
J(mi,mi,mal,...,man):I’(mi,mal,...,man):m%f:n2 LR a2_m23 2 z
J i 3 J
(1.A6)

B Two-loop sunset integral

We provide in this appendix the complete derivation of the pole structure of the two-loop sunset integral:

/// k, \\\\
S($7y7z,p2) ,,,,,, \L}/Z,p,i,iq,,: ,,,,,,
. (1.B1)

z, q
T ! L~ (4 [ d3qo(e.y,2p k. q)
qu_x(p+k+q)2_yq2_Z_ q yY,2,D, K, q

It is convenient to first define and compute the auxiliary quantity ¥ defined as

ds
Y(z,y,z,p%) = 2S(2',y, 2,0%) + yS(x,y, 2,p%) + 2S(x,y, 2/, p*) + p*— (v, 9, 2, %) . (1.B2)

dp?
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The first term can be expressed in the form

T 1 1
zS(z',y, 2,p°) /ddk’
—aff lp+k+a)? -y -2
12 2
/ddk; [z k:]+l 1 1
k2 —2) (P+k+9)?—yq¢®—z

— [~ K 1 1
—S(z,y, z,p? +/ddk dd 1.B3
(z,y,2,p7) q[kQ_x]z(p+k+q)2*yq2*Z ( )

and similarly

— [~ 1 (p+k+q)? 1
yS(z,y,z,p%) = —=S(x,y, z,p* —|—/ddk/ddq 1.B4
( )= -5 ) P g e (1.B4)
2S(x,y, 2,p%) = —S(x,y, 2, p?) +/(§&7€/% L ! ¢ . (1.B5)
Y 9% y Y~y kZ—x(p—&-k-i-q)?—y[qQ—z}z
The p2-derivative is computed as
dS 1 ,dS
2 2
p @(l‘a%z’p ) §p d #( y Y, 2, D )
/ddk Pro+k+q, 1
T((p+k+q)? -y ¢~z
— [ — k kH k H k 1
:/ddk dlg (p+k+q)?+k(p+ +q);ﬂg(J(p+ +q)u 1
- [(p+k+a)* -yl q* =z
(1.B6)
Gathering all above expressions, we observe that X can be written as
u 0o
N(z,y, z,p?) = =3S(z,y, 2, p?) — = ddk dqu“ 8 e (1.B7)
qb
Integrating by parts allows to further rewrite
— ", (OkY  O¢”
2y _ d
E(x,y,z,p ) - 3S($,y,2,p /d k/ 2 ( k'l‘ 8(]“) J(:v,y,z,p,k,q) ) (1B8)
and since, in d = 4 — ¢ dimensions, one has
ok” oq”
i — M —d=4— 1.B
we finally obtain
2wy, 2,p°) = (1 —¢€) S(x,y,2,p%). (1.B10)

In fact, one would have obtained the same result directly from dimensional analysis, given that the mass-
dimension of S equals 2 — 2e.

It is useful at this stage to define the master integral (for n = 1,2)

1 1

: 1.B11
—x} P+k+9)?-yqg®—= (LB11)

L(z,y,2,p°) /ddk
so that Eq. (1.B10]) takes the form

ol
E(xayvzap2) = (1_5)5(1'7:%27292) = |:x12(xay727292)+(x A y)+($ < Z):| +p267p;(m7y727p2) . (1B12)
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First performing the integral over ¢, we obtain (omitting the arguments of I,, for clarity):

— 1 1 1
o= [ai [t [ i, 2—w”[q2+n<1—n><k+p>2—ny—<1—n>z]2

5/2
_Z Sl 2 /ddk/ dn - e/2
167 2 -l [—n( =)k +p)?+ny+ (1 —n)z]
—e/2
=i(—1)"/? ‘fg 5 /ddk/ dn (1 — )] 7 (1.B13)
s —m —mz]°¢
(k4 p)? = 2]

Applying the generalised Feynman parameterisation formula,

1 _Llatp) [ p*'(1=p)!
AaBB F(a)r(ﬂ)/o i [pA+ (1—p)B]*™’ (1.B14)

yields, after a change of variables,

e/2 _ \n—1¢/2—-1 _ —e/2
In:i(i;)z (—1)- el (nt3) ”+ /ddk/ dn/ dp (1 —p)" " p 2 (1 — )] -
us _m)]ntE
(K2 4 p(1 = p)p? = (1 = p)a — p(on=]

(1.B15)
Integration over k gives

H_Qe EVE F(?’L -2+ E)

(1672)2° T(n)

1 1
I, = (-1t / dn [n(1 — 77)]_8/2/ dp A*7"(1 — p)" 1 pT/2TLATE | (1.B16)
0 0

where we have introduced the quantity

ny+ (1 —n)z
A= 77(1(—77)) + (1= p)z—p(1 = p)p? (1.B17)
and its dimensionless counterpart
~ A

In order to apply Eq. (1.B12)), we first proceed with the computation of I5. From Eq. (1.B16)), we get

—2e

1
_ M EYE —€/2 5/2 IA—€
I, = — VET 1— A 1.B1
2 (1672)2° (E)/O dn [n( / dp (1 (1.B19)

The second order pole structure arises from the e-expansion of I'(¢), combined with the fact that the
integral over p diverges as e~!. We have in particular that

Do) = é + 0, (1.B20)
and
01 dn (1=~ =B (1- Sl g) _ra }(22)1; "5 _14et0 (£2) (1.B21)
! /21 ey T (-5 2
/0 dp (1 — p)p®/ —B(27—§)—w—g—1+0(5), (1.B22)

where B denotes here the Fuler beta-function, defined as

B(a,b) = /01 drz® (1 —2)"t. (1.B23)
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In fact, the above expansions are all we need to express the diverging contributions to Is. The reason is
that we may rewrite A as

A=z (1 +£ {"y%(l__n)")z (= +p2)] + pzp;> , (1.B24)
so that
A= = (;) h {1 —elog (1 + % {W — (x +p2)] + p2p;> + 0(52)] : (1.B25)

In this form, we see that the logarithm scales as O(p) when p — 0, hence taming the divergence of the
integral over p. In turn, the O(e) contributions in the expansion of A~¢ do not contribute to the pole
structure of Is, and we finally obtain

2 72 1 x
L(z,y,2,p%) = _(ﬁsT)? [62 + - <1 —2log ,LNLQ> + 0(1)} . (1.B26)

Turning to the computation of the last term in Eq. (1.B12)), we have from Eq. (1.B16|)

—92¢ 1 1 .
b= (ﬁiwz)zewr(*l +5)/0 dn [n(1 - n)]_s/Q/o dp ApT/PTATE (1.B27)

Taking the p?-derivative tames the divergence in the integral over p since

— =—p(1—0p). 1.B28
o2 p(L—p) ( )
It is then straightforward to arrive at the result

200 p T
2e

P o9~ (1672)? +O(1)} . (1.B29)

Inserting the above results in Eq. (1.B12)), we obtain the final form of the diverging contributions to S:
—2¢ 2

S(z,y,2,p?) = ({éﬂz)z {;22(33 +y+2)+ % (1)2 —r—y— z) + g [A(z) + A(y) + A(z)]} +0(1).
(1.B30)




Chapter 2

Renormalisation group equations for general
gauge theories

We have arrived in the previous chapter at the conclusion that a consistent perturbative description of a
scalar field theory relies on (i) the expression of the renormalised n-point functions and (ii) the knowl-
edge of the full set of beta-functions and anomalous dimensions. This observation equally holds when it
comes to more general theories, and particular to gauge-Yukawa theories which constitute the standard
framework for the study of the Standard Model and its postulated extensions. We call renormalisation
group equations (RGEs) the set of differential equations governing the evolution of the couplings and
fields under variations of the renormalisation scale — among which the Callan-Symanzik equation, intro-
duced in section The knowledge of the RGEs is therefore an essential component of the theoretical
description of a given perturbative QFT, and is required for many phenomenological applications.

We have exemplified in chapter [1|the procedure allowing to obtain the RGEs in a simple scalar theory
up to the two-loop level. If the resulting expressions, Egs. (1.118), (1.119)—(1.121)), have been obtained
at the cost of a reasonable effort, this task becomes increasingly difficult as additional degrees of free-
dom are introduced in the theory. On the other hand, performing the computations without explicitly
specifying the field content of the theory has the major advantage that the resulting expressions are, in
turn, applicable to any particular model sharing the same structure. For this reason, a long-standing
programme was initiated forty years ago [29] [30] 31l 32} [33] 34, B5] with the aim of deriving once and
for all the RGEs of a general gauge theory up to the two-loop level. Over the years, the formalism was
extended to take into account Abelian kinetic mixing [36] B7] and the mixing between scalar degrees of
freedom [38] induced by off-diagonal components in the anomalous dimension matrix. The application of
the dummy field method to derive the beta-functions of dimensionful couplings (as discussed in section
was reviewed in [38]. Additionally, various mistakes and misprints in the original results have since been
uncovered.

More recently, an elegant formalism was developed in [39] to express and derive the RGEs of a general
gauge theory. In addition to systematically taking into account kinetic and scalar mixing, the full set
of 3-loop beta-functions for the gauge couplings was obtained, for the first time, in a theory based on a
semi-simple gauge group (generalising the results of [40] in theories based on a simple gauge group). The
approach of [39] relies on the local renormalisation group framework [41], [42] [43] [44] [45], which reveals
non-trivial relations between the beta-functions of gauge, Yukawa and scalar quartic couplings at differ-
ent loop-orders: the so-called Weyl consistency conditions. Not only these relations provide a powerful
way of cross-checking existing results; they also constitute a powerful tool in the determination of still
unknown higher-loop order beta-functions, as demonstrated in [46] where the four-loop gauge-coupling
beta-functions in the Standard Model were obtained for the first time.

With these general expressions at hand, one has in turn to specialise the formulae to any particular
gauge-theory of interest, whose phenomenological properties depend on the form of the beta-functions.

If performed by hand, this task proves in most cases remarkably difficult, and a more straightforward

41
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(and reliable) approach consists in implementing the general expressions in a computer code. For this
reason, a module of the Mathematica package SARAH [47] implements since its version 4.0 the general
results of [29] [30L [3T],[35], and has been developed jointly with the dedicated Python tool PyRQTE [48] [49].

In this chapter, we present a new version of the tool PyYRQTE — PyRQTE 3 [9] —, implementing
the new formalism developed in [39]. In addition to the possibility of computing the gauge-coupling
beta-functions up to three-loop, many improvements were made to the code which has, on this occasion,
been essentially rewritten. As compared to its previous versions, PyRQTE 3 is more flexible in the
implementation of the model, offering the possibility to compute the RGEs of a larger class of theories.
In addition, its performance was increased by a factor O(10%) to O(10°) for a class of relatively simple
extensions of the Standard Model.

We review section [1] the general formalism [39] allowing to parameterise the Lagrangian density of the
most general gauge-Yukawa theory. In section [2] we present the general form of the beta-functions in this
formalism and explicitly show how to obtain the RGEs for the dimensionful couplings using the dummy-
field method [I0] — deferring to appendix the presentation of the resulting expression. Finally, we
thoroughly discuss in section [3| their implementation in PyRQTE 3, including in particular a description
of some of the newly implemented algorithms and the validation of the results against other available
tools.

1 Definitions

1.1 Semi-simple gauge groups: a unified notation

We consider in this chapter a general theory, invariant under gauge transformation belonging to the the
semi-simple gauge group

G=0G1 % xGp, (2.1)

written as the product of M > 1 simple Lie groups. We will at this stage make the assumption that G
contains at most one U(1) factor, ensuring the absence of kinetic mixing in the abelian sector. It will
be shown in a second step how to generalise the present formalism to the most general case, where an
arbitrary number of U(1) gauge factors can be considered.

To each gauge factor G, (p = 1,..., M) corresponds a set of N, = dim G, vector fields (VP)Z (a =

1,...,N,) linearly transforming in the adjoint representation of G,,
a a 1 a abc c
(Vo) = V) + —0,87(@) = (£, 0°(@) (V) (2.2)
p

where g, is the gauge coupling associated to G,, and f, denotes the structure constants of the corre-
sponding Lie algebra. Hence, noting (7},)" the gauge generators in some representation of the algebra of
Gp, one has

(1) (1)) =i (1) (1) (2:3)

The notation is greatly simplified by introducing a set of indices A, B,C, ... ranging from 1 to dim G,
where

M M
dimg = dimg, =Y N, = Ng. (2.4)
p=1 p=1

In turn, all vector fields may be gathered in the Ng-dimensional multiplet VMA (A=1,...,Ng), such
that

VA= (Ve A Va)hs o Va)™) (2.5)

This newly defined vector multiplet linearly transforms in the adjoint representation of G:

1
VA vy g—Aa“QA(x) — fABC05(x)V,E (2.6)
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where
gA:(gla"'ag17"'gM7"'agM)7 (27)
and where f now stands for the structure constants of the whole semi-simple Lie algebra. In any of its
representation, the gauge generators 74 (A =1,..., Ng) hence satisfy
(T4, 78] = if*BT¢ . (2.8)

In a next step, the field-strength tensor Fﬁ, is defined in the usual way
Fh =0V, =0,V + gt fAPCVEYE (2.9)
so that the kinetic Lagrangian for the gauge fields reads
1 v
Liin = —ZF:},FX . (2.10)

Following [39], we may absorb the gauge coupling constants in the vector fields by defining the auxiliary

multiplet
A

V, =gaV, (2.11)
. —A n
and the corresponding field-strength tensor F',,,, expressed -I
—A A —A —A ABC7B—C
F,, =gaF,, =0V, —0,V, + f*P°V, V| (2.12)

and the kinetic Lagrangian may be rewritten in terms of Fﬁu
1 _,—4 —uv 1 . 5,—4 —=uv
Lin = ngQFWFA = fZGAQBFWFB : (2.13)
where we have conveniently defined the diagonal matrix G, such that

Gap =04Bga - (2.14)

As discussed in detail in [39] [9] the above notations can be straightforwardly generalised to the case where
multiple U(1) gauge factors are present, by letting G2 5 develop non-vanishing off-diagonal components
in the abelian sector. Considering a general gauge group with p abelian gauge factors,

G=U(1)" xGna., (2.15)
the symmetric matrix G? takes the generic block-diagonal form:
hi1 hip
hp1 h H? 0
Gig=|" PP = ( ) . 2.16
AB 912)+1 0 G2N.A. AB ( )
2

The p x p symmetric block H? can always be decomposed as
H? = GixGT. (2.17)
where Gpix is only defined up orthogonal transformations of the form
Gix = GumixO, 00T =1, (2.18)
and can therefore always be chosen to be triangular (either upper or lower).

Finally re-defining V,, — V,, and F,, — F,

uv, we arrive at the following general form for the gauge
kinetic Lagrangian

1
Liin = —ZGZJQBF:‘VFEV . (2.19)

1We have used the fact that g[%.‘fABc = gpgc fABC due to the semi-simple structure of the algebra: fABC can only be
non-zero if all three indices correspond to the same simple sub-algebra.
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1.2 General gauge-Yukawa theories

We introduce in the gauge theory considered above a set of Np left-handed Weyl fermions gathered in
the multiplet ¢*, and a set Ng of real scalars noted ¢®. Under infinitesimal gauge transformations, these
multiplets undergo

W 0 (@) (T (2.20)
¢ — 0" + 6 (x) (TH™ ¢, (2.21)

with T, and T the corresponding gauge generators. In turn, the fermionic and scalar covariant derivatives
read

Dy = 9, —iVA (TR 0 (2.22)
Dyo® = 8,0 — VA (T ¢, (2.23)

respectively. We note that the gauge couplings do not appear explicitly in the expansion of the covariant
derivatives since they have been absorbed in the re-definition of the vector fields. The kinetic Lagrangian
involving the vector, fermion and scalar fields is then given in the form

1 1
Lin = —EGZ%F;‘VFE” +ipla" Dt + 5 DudaD 6", (2.24)

where 6# = (1,—0o)*, with o; (i = 1,2,3) the usual Pauli matrices. The most general interaction
Lagrangian is parameterised as

Ling = — ! (Yaij'v? ¢* + hee.) — % (Mijwiwj +h.c.)

— DN

(2.25)
- —uabqb“fbb - —tabcw«é%c abcm%%%d,

where h.c. denotes the hermitian conjugate. The Yukawa and fermion-mass couplings both are symmetric
under exchange of their fermionic indices, while u, t and A are fully symmetric tensors populated with
real entries.

The authors of [39 45] have introduced a convenient notation where the left-handed Weyl spinors and
their right-handed hermitian conjugate are gathered in the Majorana-like spinor W, defined as

i (v .
v :<W . i=1,...,2Ng. (2.26)
The corresponding covariant derivative reads
D,V =0,V — iV (Ty)” O, (2.27)

where the newly defined fermionic gauge generators take the following block-diagonal form

TA 0
ra_ (T > . 2.98
In turn, Ly, can be rewritten in terms of ¥ as [39]

L oA Sgr (0 ot 1 "
‘Ckin:_ZGABF/ng +§\1/ (6“ O>DM\11+2DH¢¢1D‘ o, (2.29)

where o# = (1, 0)". Similarly, defining the Yukawa and fermion-mass couplings in the 2Np-dimensional

space as
(Y. 0 (M0
yaij = (0 Y;),L-j 9 ij == (0 M*)ﬁ 9 (230)

allows rewrite the interaction Lagrangian (2.25]) in the form

1 1 1
»Cint yam\I’ \I/J ¢a - imquj \Iﬂ - 7,u'ab¢a¢b - 7tabc¢a¢b¢c abcd¢a¢bd)c¢d . (231)
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2 Beta-functions

Following [39], we parameterise the all-order beta-functions of the dimensionless (i.e. gauge, Yukawa and
quartic) couplings as

dG%
Bap = dt = ,Z g;nG 2085 G2 (2.32)
ﬁaij = dtJ =3 Z Z ﬁazg ) (233)
perm
dXaped (n)
Babed = =55 = 4 Z pezr;nﬂabcd, (2.34)

where k = 1/(1672). The “RG-time” ¢ is defined such that

d d

— = 2.35

i (2.35)
meaning that ¢ = log % with pg some arbitrary energy scale. The permutations are understood to be
taken among the two gauge indices A, B, the two fermionic indices 7, j and the four scalar indices a, b, ¢, d
in Egs. (2.32), (2.33]) and (2.34)), respectively. The beta-functions are given as a perturbative expansion in
terms of the ("), with n denoting the loop-order. As mentioned in the introduction of this chapter, while

the expressions of ﬁ(l :2) 5(1 2 and B&,’s} have been known for decades [29] 30, B1l 32} [33], [34], [35], the

a?,
authors of [39] have derlved 11]1 this formalism the gauge coupling beta-functions up to the three-loop level,
ffl);, and reformulated the known expressions in the Yukawa and quartic sectors. They have however
not provided the corresponding beta-functions for the dimensionful couplings m;, ey and tapeq, which
we have computed in [10]. Following Egs. - (2:34), we define the beta-functions for fermion mass,

trilinear and scalar mass couplings as

Bij dZ” *Z > 85 (2:36)

perm

dta c
6abc dtb 3' Z Z 6abc7 (237)

perm
_ d,uab o (n)
Bab =~ —Z p;ffab : (2.38)

respectively. Assuming that the beta-functions for the Yukawa and quartic couplings are known, it is in
fact always possible to determine the full set of corresponding expressions for the dimensionful couplings.
Such a procedure has been referred to in the literature as the dummy-field method [35] 50} [38] and used
in the past to extend the formulae derived in the seminal works [29] 30}, 31}, 32} 33], 34]. In the following,
we briefly summarise this procedure as usually presented in the literature, and will show in a second
step that a conceptually different but strictly equivalent approach involving background fields can also
be followed.

We consider a general theory containing only dimensionless couplings, for which the expressions of
the beta-functions are known. In our notation, the interacting part of the associated Lagrangian density
is given by

1 1
Ling = *iyaij‘lfi‘l’ﬂsa - I)\abcdﬂsaéﬁ%céf’d- (2.39)

The starting point of the dummy-field method is to extend the theory with a non-propagating scalar field
with no gauge interactions. Reusing the notation from [38], this dummy field, noted ¢;, hence satisfies
D,¢; = 0. Making explicit the terms involving ¢; and discarding a constant as well as a term linear in
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¢, the Lagrangian (2.39) may be rewritten

1 1

Ling = — iyaij‘l/ill'jﬁba - I)\abcddﬂfﬁb(ﬁcfbd
1 1 a b 1 a b c

— 5¥%a; YiVi%g — JAawdd?" P PiPi — g Aabed® P 0 P4

The above form makes it clear that the Lagrangian (2.31]) of a theory containing dimensionful coupling
can be recovered if the following identifications are made:

(2.40)

YaijPa = Mijs  Aqpdd®i®d = 2Mabs  Aaped®d = tabe - (2.41)

The mapping (2.41)) allows for a straightforward derivation of the individual contributions to the beta-
functions of the dimensionful couplings, starting from the known expressions in the dimensionless case.

For instance, the diagrams contributing to the fermion mass beta-function, BZ’), are obtained from the

individual contributions to the Yukawa couplings beta-function, L(lz) , when the external scalar field ¢, is

taken to be the dummy field ¢ ;. Consequently, one should in practice perform the following replacements:
a — sz Yaij — Mij, Aabed = tabe -

Similarly, starting from the quartic couplings RGEs, one may derive the beta-functions for the trilinear
and scalar mass couplings when one or two of the external scalar legs are replaced by a dummy field.
This procedure is applied on a diagrammatic basis, allowing in particular the identification of unphysical
tadpole contributions which need to be discarded [3§].

In fact, the same results can be obtained without the need to introduce a dummy field, but rather
by introducing for the scalar fields in the original theory with Lagrangian (2.39) a classical background
component (see also [51]). Namely, we may define the dynamical fields ¢ around the classical backgroundﬂ

e,
¢=dc+ ¢, (2.42)

so that the Lagrangian (2.39) takes the form

1 o1 o
Lint(0) = =51 (Ge) VY — S0y UL "

2 ) | X (2.43)
= A(fe) = 0a(9e)9” — SHav(0e)0"¢" = Fitae(9e) "¢ = [ Aabeap™ " ¢,
with background field-dependent dimensionful couplings:

Mij(Pc) = YaijPe » (2.44a)

1
A(de) = i Mabea$g 00050 (2.44b)

1 C

Ua(¢c) = g)\abcd(b2¢é¢gv (2440)

1
Mab(¢0) = §Aabcd¢g¢zv (244(1)
tabc((bc) = )\abcd(bg . (2446)

The Lagrangian density thereby obtained is very similar to Eq. (2.40]), with the background-field multiplet
playing the role of the dummy field. In particular, since ¢. is a background field, it does not propagate,
has no gauge interactions, and satisfies 0,¢c = 0.

The beta-functions of the dimensionful couplings are then simply expressed starting from their ex-
pression in terms of the dimensionless ones and the background-field. For instance, the fermion mass
parameter satisfies (dropping ¢. in the argument of m,; for better clarity)

— d d a a ab ;b
Bij = Blmig) = mij = — (YaijPe) = Paijde — Yaij 1" e - (2.45)
2A similar procedure was applied in chapter |1} section to define the effective potential.
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The first term is obtained by contracting the scalar leg of the Yukawa-coupling beta-function with the
background field (similar to the dummy-field prescription). The second term systematically removes any
contribution stemming from the leg corrections to 745, in correspondence with the dummy-field method
prescription stating that the tadpole contributions must be individually discarded [38]. We obtain similar
relations for the dimensionful couplings of the scalar potential, involving the beta-function of the quartic
couplings. For instance,

5abc = ﬂ(tabc) = Babcd(b(d: - )\abcdfyde(bz 5 (246)

1
Bab = Blab) = 5 (@zbcd@bgéf’z — NabedVCBEDE — )\abcd¢27de¢§) . (2.47)

In a second step, with the expression of the dimensionless-coupling beta-functions at hand, any contraction
involving the background field is substituted with its expression in terms of the dimensionful couplings.
For instance, the one-loop pure-scalar contribution to the quartic beta-function (computed in chapter |1)
reads

1 1
1 Z ﬁi},)cd 2 Z 3AabijAijed = AabijAijed + AacijAijbd + AadijNijbe » (2.48)

perm perm

and, with view on Egs. (2.46)) and (2.47)), contributes to the trilinear and scalar mass couplings beta-
functions according to

1
30 Z 5(%)6 D (NabijNijed + AacijNijbd + NadijNijbe) P2

perm

= Aabvijtije + Aacijtijp + taijNijoe

1
=3 > Baviitije (2.49)

perm

and

1
51 Z 5((1}7) D = (AabijNijed + AacijNijbd + NadijNijbe) PEOL

perm

N~ N~

(2Xabijmij + taijtijp + taijtijn)

1
51 Z AabijMij + taijtije (2.50)

perm

respectively. We therefore conclude from Egs. (2.49) and (2.50) that the pure-scalar contributions to the
one-loop beta-functions of t,p. and pgp read

5((121 D 3avijtije ﬁii) D AabijMij + taijtijo (2.51)

in agreement with our previous findings [10] based on the dummy-field method. Either way, one is able
to derive all contributions to the beta-functions of the dimensionful parameters m;;, tas. and pqp. The
resulting expressions, which we have obtained in [I0], are listed in appendix We finally note that
it could be useful in the future to also extend these results to the tadpole term o, and the vacuum
energy A: while the former can be absorbed by a shift of the scalar fields and the latter is irrelevant
in the determination of the vacuum of the theory at a fixed renormalisation scale, their RG-evolution
is in general non-trivial and needed to properly understand the properties of the scalar potential across
RG-scales.

3 Implementation in PyRQTE 3

Having presented the general formalism allowing to express the beta-functions for every (dimensionless
and dimensionful) coupling of a general gauge theory, we now proceed with their implementation in
PyRQTE 3. First, we discuss in section the general structure of the programme, as well as some
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important technical aspects related to the improved performance compared to PyRQTE 2 [49]. The
subsequent sections will provide a pedagogical introduction to PyRQTE 3, covering the implementation
of the model and the various options and functionalities made available to the user. We shall finally
discuss in section the validation of the output against previous versions of the software and other
available tools.

3.1 Technical overview

We provide in figure a schematic representation of the main steps implemented in the program that
allows, starting from the model file, to eventually obtain the set of beta-functions for all couplings of the
model. Each of these main steps is detailed in the following, and will be illustrated for concreteness with
the example of the Standard Model (SM), based on the gauge group Gey = U(1) x SU(2) x SU(3). To
keep this presentation concise, we will more precisely focus on the quartic self-interaction of the Higgs
doublet, denoted ®, and decomposed in terms of its real components according t(ﬂ

1 7T1+i01
d=— . . 2.52
\/§(7r2+wz (2:52)

In turn, the quartic part of the Higgs potential is given by

V(®) D % (<I>T<I>)2 = % (73 + 75 + 07 + US)Q ) (2.53)

where the factor 1/2 is purely conventional and will slightly simplify the forthcoming expressions.

Mapping onto the general formalism

In input, all relevant information on the model is gathered in a model file with a syntax which will be
extensively described in the next sections; the minimal amount of information required to compute the
beta-functions being (i) the gauge group, (ii) the field content of the model, and (iii) the interaction
Lagrangian. The next step, corresponding to the block Mapping (1) in figure consists in mapping
the model of interest onto the general formalism introduced in section [1} In this regard, one needs to

1. Express the general scalar multiplet ¢® in terms of the real components of every scalar field present
in the model,

2. Express the general Weyl multiplet ¥* in terms of every fermion present in the model,

3. Express the gauge coupling matrix G 4p in terms of the gauge couplings of each individual gauge
factor composing semi-simple gauge group,

4. Obtain the explicit form of the gauge generators, T4 and T4,

5. Express the various tensors involved in the expression of the general interaction Lagrangian density
(yaija )\abcda Hab, )

For the Standard Model, the real scalar multiplet ¢ — step (1.) — has Ng = 4 components and takes the

form
T
_ | T
¢ = o | (2.54)

g2

while, for the Weyl multiplet ¥ — step (2.) — we arrive at Np = 15 components when taking into account
the chirality, weak-isospin and colour of every fermion (but not the generations). In step (3.), we obtain
for the SM gauge-coupling matrix the following structure:

GAB :dlag (glv g2, 92, 92, 93, ---, 93)7 (255)
—_—

8 times

3The factor 1/+/2 enforces canonical normalisation in the kinetic Lagrangian written in terms of the real components.
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Input

Gauge group
Field content
Interaction Lagrangian

Mapping (1) Mapping (2)
¢a, ‘pi @I = [Pg]IJ g‘]
ij ab ~
GAB7 I:T\i?] Ja [Tf] ) )\I = [P)\]IJ AJ
Yaij, )\abcdv cee @\I = [-Py]IJ y‘]

[Gauge invariance ?] Computation [PE exists for all ?]

R —
ﬁ()‘abcd)u ﬁ(yaij)

i

Reverse mapping

ﬂ(AI) = [PA_l] Jﬁ(AanJchJ) D
Bly") = [Py_leIJB(ya']iJjJ)

i

Output
L IXTEX, Mathematica, Python )

I

Figure 2.1: General structure of the program. The various steps are described in detail and exemplified
in the main text.

with, in total, Ng = 12 gauge degrees of freedom. The gauge couplings g1, g2 and g3 correspond to the
U(1), SU(2) and SU(3) gauge factors, respectively.

To obtain the expression of the gauge generators in step (4.), PyRQTE relies since version 2 on an
internal module called PyLie [49], allowing to obtain an explicit form for the representation matrices in
any given representation of a simple Lie groupﬂ On subtlety arises however for complex scalars, for which
a translation must be given between the generation matrices in the complex representation of the Lie
algebra and the representation matrices of the real multiplet ¢. Let us consider a general n-component
complex field of the form

1 .
o = 7 (m+io) , (2.56)

and with a set of gauge generators T§ in the complex representation of the Lie algebra. We define the

real multiplet
m
() -

with 2n components, and the corresponding set of gauge generators Tf. It can be shown that Tf is

T4 =ilm { (IZ. i) ® Tg‘} : (2.58)

4In version 2, only the SU(N) and SO(N) Lie groups were included, while since version 3 it is possible, in addition, to
implement the symplectic Sp(2N) family as well as the exceptional Lie groups G2, F4 and Eg 73.

given, in terms of T3 as
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where ® denotes the Kronecker product between two matrices. As required by the ¢ being a real scalar
field, T(f is always a purely imaginary, skew-symmetric matrix. While the former property is manifest

from Eq. (2.58]), the latter can be explicitly checked by Writinéﬂ

(1" = um{c 1@') ® (Tg‘)*} = ilm {[(_12 i) ® (Tg)r} = —iT§. (2.59)

Back to the example of the SM Higgs doublet (with hypercharge 1/2), the generators T4 (A =1,2,3,4)
under the electroweak gauge group U(1) x SU(2) are given by

w=aie 1) Go) € 9) 6 ) a0

and applying Eq. (2.58) yields

0 010 0 0 01 0 -1 0 O 0 01 0

71234 _ v 0 0 01 0 0 10 10 0 O 0 0 0 -1
¢ 2 -1 0 0 0])° 0 -1 0 0}” 0O 0 0 —-1}° -1 0 0 O
0 1 0 0 -1 0 0 0 0 0 1 0 0 1 0 O

(2.61)
We finally note that, for A = 5,...,12, the matrices T; identically vanish since ® transforms trivially
under SU(3).

Finally, step (5.) requires for instance to express the rank 4, Ng-dimensional symmetric tensor Agpeq
in terms of the couplings of the scalar potential. One way to proceed is to compute the fourth derivatives
of V' with respect to the real field multiplet ¢. Equivalently, PyRQTE 3 expands the Lagrangian in terms
of the real components ¢* (i = 1,..., Ng), and subsequently identifies each coefficient with a particular
component of the tensor Ayp.q. For instance, in the SM, we have from Eq.

A 1
V(‘b) D) g (7'1"11 + 271'%77% + -+ Ug) = E)\abcd¢a¢b¢c¢d7 (262)

yielding for instance (properly taking into account the symmetry of A\,p.q under permutation of its indices)

A111 = 3)\7 A122 = )\7 cee o Agqaq = 3. (2.63)

Representing the 4-dimensional, rank 4 tensor A in the form of a 4 x 4 array of 4 x 4 matrices yields the
overall structurdd]

[/3X 0 0 0 00X 00 00 X0 00 0 A
0 X 0 0 A0 00 0 0 0 0 0 0 0 O
0 0 X O 0 0 0 0 A0 00 0 0 0 O
0 0 0 A 0 0 0 0 0 0 0 0 A0 0 O
0 A 0 O A0 0 O 0 0 0 O 0 0 0 O
A0 0O 0 3x 0 O 0 0 A O 0 0 0 A
0 0 00 0 0 X O 0 x 0 0 0 0 0 0
00 00 0 0 0 X 0 0 0 O 0 X 0 0
[/\] abed " 00 X 0 0 0 0 O A0 0 O 0 0 0 O , (264)
0 0 0 O 0 0 X O 0 A 0 O 0 0 0 O
A0 0 O 0 XN 0 O 0 0 3x 0 0 0 0 A
00 0 0 0 0 0 O 0 0 0 A 00 A O
0 0 0 A 0 0 0 O 00 0 O A0 0 O
0 0 0 O 0 0 0 X 00 0 O 0O X 0 O
0 0 0 O 0 0 0 O 0 0 0 A 0 0 A O
| \A 0 0 0 0 XN 0 0 00 X O 0 0 0 3\
5Note that the Kronecker product satisfies (A ® B)T = AT @ BT and (A ® B)* = A* ® B*. In addition, we have used

the hermiticity of the representation matrices T(f.
6To the human eye, this structure looks already rather complicated in case as simple as the Standard Model, with only
one quartic coupling and 4 scalar components.
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which, due to the symmetries of the model, is essentially composed of zero entries. This predominance of
null entries in the tensors (we will call such tensors sparse) is in fact characteristic of models with a high
degree of symmetry (and hence of any gauge theory). This observation is rather intuitive: the constraint
of a symmetric Lagrangian only allows a very specific subset of contractions between the components
of the scalar and fermion multiplets. Quite importantly, the large increase in performance compared to
the previous versions of the program stems from this property: The algorithms have been specifically
designed in PyRQTE 3 to take advantage of the sparsity of the tensors. In this regard, the highly efficient
dict () data structure in Python conveniently allows to store the content of the sparse tensors in the
form of a dictionary of keys.

If not otherwise specified by the user, PyYRQTE 3 will check before continuing further that gauge
invariance is satisfied at the level of the full interaction Lagrangian. For instance, in the quartic sector,
gauge invariance translates into the following constraint on the tensor of quartic couplings Agpeq:

(T(;)q)ae)\ebcd + (Tg‘)be)\aecd + (Tf)ce/\abed + (Tgf)de)\abce =0. Va, b, C, d, A. (265)

Mapping onto a minimal subset of couplings

Once every tensor in the theory has been computed in terms of the user input (the representation matrices
and every tensor of couplings), an additional step before the actual computation consists in identifying
a minimal subset of beta-functions to be computed from the general formulae. For instance, it is clear
from Eq. that computing S(A1111) is sufficient to recover the expression of S(\). In the general
case, PYRQTE first determines a minimal set of linearly independent components in each tensor. For the
quartic couplings, we shall denote this list of linearly independent components by A. In this process, it is
explicitly checked that (i) A contains as many elements as the number of quartic couplings in the model,
and (ii) that the matrix Py relating the elements of X and A, the Ny-component vector populated with
the quartic couplings is invertible. In our example, Ny = 1 and we (trivially) obtain

A=) =B =03)-(\), A=), (2.66)

so the 1 x 1 matrix P, and its inverse read

Py = (3), Pt = (%). (2.67)

The computation will be aborted if there are less than N, linearly independent elements among the
components of the tensor A (and similarly for every other tensor of couplings). Such a situation occurs if
the user has implemented a Lagrangian density containing a redundant basis of operators. In that case,
too many free parameters (couplings) are introduced in the model, and it is only possible to compute the
beta-functions for some linear combinations of these couplings.

Computation of the beta-functions

The final step is then to compute the beta-functions for each element of the vector h) (and similarly for

G, 7, ...) using the general formulae of [39] and [10]. In our example, only one beta-function needs to
be computed: B(A1111). For instance, the pure scalar contributions to this beta function at one-loop are
computed from Eq. (2.48):

1
BY(Ai111) D 1 Z 31145 Nij11 = 3A11ijAij11 = 36A%. (2.68)

" perm

Finally, inverting the relation between X and X allows to obtain the beta-functions of each quartic coupling
of the model, through

A=P7'% = s =[P, B0V). (2.69)

In our simple example, this yields

5(/\):é5()\1111) - B\ D 12x2. (2.70)
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3.2 Download and installation
The new version of PyYRQTE may be downloaded from the following GitHub web page:

https://github.com/LSartore/pyrate

No further installation procedure is needed and the user may start working in PyRQTE’s main folder.
However, PyRQTE relies on a number of Python modules which need to be installed by the user if not
already present on his/her machine. We show here the full list of dependencies:

e Python > 3.6 e Numpy >* 1.18
o PyYAML >* 5.3 e Scipy >* 14
e Sympy > 1.5 e Matplotlib >* 3.1

e h5py >* 2.10

Version requirements marked with an asterisk are not critical requirements, in the sense that PyRQTE
is likely to work properly with older versions of these modules. However, we note that during its de-
velopment, PyYRQTE was only tested with the above listed versions. We also note that Scipy and

Matplotlib are solely required to run the Python output of PyRQTE (see section .

3.3 Definition of the model

The information on the particle physics model is contained in the so-called model file, which is the starting
point of any computation performed by PyRQTE. The overall structure of the model file is essentially
based on the previous versions [48, 49] of the software. However, a number of improvements were made
that we will review in the following. Let us begin this discussion with, as usual, the example of the
Standard Model. The full SM model file is provided in[Bl In the following we will go through this model
file step by step, making comments wherever useful.

General information — Three fields can be provided in this section, namely the Author , Date of

creation and Name of the model file. The first two are essentially informative while the last one will be
used by PyRQTE to generate its output (see section [3.5]).

Author: Lohan Sartore
Date: 08.06.2020
Name: SM

Gauge groups — This is the first essential information to provide to PyRQTE. Here the full gauge group
of the SM is U(1)y x SU(2)p, x SU(3).:

Groups: {U1Y: U1, SU2L: SU2, SU3c: SU3}

Each gauge factor must be given a custom label and is described by the usual name of the associated
Lie group. Possible choices cover the entirety of the gauge groups associated with a simple Lie algebra,
namely U(1), SU(N), SO(N), Sp(N) and the five exceptional groups Gz, Fy and Eg 75. We emphasise
that this is an improvement compared to PyRQTE 2, where symplectic and exceptional groups were not
implemented.

Field content — The next step consists in defining the particle content of the model. Three kinds of
fields may be implemented in the model file, namely Fermions , RealScalars and ComplexScalars :


https://github.com/LSartore/pyrate
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Fermions: {
Q : {Gen: 3, Qnb: {U1Y: 1/6, SU2L: 2, SU3c: 3}},
L : {Gen: 3, Qnb: {U1Y: -1/2, SU2L: 2, SU3c: 1}},
uR : {Gen: 3, Qmnb: {U1Y: 2/3, SU2L: 1, SU3c: 3}},
dR : {Gen: 3, Qmb: {U1Y: -1/3, SU2L: 1, SU3c: 3}},
eR : {Gen: 3, Qnb: {U1Y: -1, SU2L: 1, SU3c: 1}},

}

RealScalars: {

}

ComplexScalars: {
H : {RealFields: [Pi, Sigmal, Norm: 1/sqrt(2), Qmb: {U1Y: 1/2, SU2L: 2, SU3c: 1}},
}

In every case, the user must specify the quantum numbers of each particle under the gauge group of the
model. For Abelian gauge factors, we call quantum number the charge of the fields (e.g. the hypercharge
under U(1)y). For non-Abelian gauge factors, it corresponds instead to the irreducible representation
under which the field transforms. Most of the time, the usual notation based on the dimension of
the representation (e.g. 2 of SU(2), 3 of SU(3), ...) is sufficient to identify unambiguously a given
representation. In this notation, the conjugate representations are indicated by a negative quantum
number in the model file. For instance, it is understood that Qmnb: {..., SU3c : -3} refers to the

anti-fundamental representation of SU(3).. In addition, the quantum number 1 indicates that the field
transforms in the trivial representation, i.e., is unaffected by the gauge transformations of the associated
gauge factor. Another way to indicate that a field is not charged under one or several gauge factors is to
simply omit them in the definition of the quantum numbers. For instance, it is understood that eR is a

singlet under both SU2L and SU3c if the user writes:

eR : {Gen: 3, Qmb: {U1Y : -1}}

This remark also applies to Abelian gauge factors, in which case the charge of the corresponding field is
automatically set to 0 .

In a situation where a given gauge group possesses several representations with the same dimension
(e.g. the 15 and 15’ of SU(3)), the usual notation breaks down and the user must use the Dynkin labels
notation instead. To keep this presentation straightforward we defer the discussion on Dynkin labels and
their implementation in the model file to [C]

In addition to the quantum numbers, the Fermions of the model may be assigned a generation num-
ber. This number can either be a positive integer or a symbolic number, for instance: Q : {Gen: nG, ...}.
In the latter case, the beta-functions will be expressed in terms of the symbolic generation numbers they
may explicitly depend on.

For ComplexScalars , the user must indicate the decomposition of the fields in terms of a real and

imaginary part. To this end, he/she must use the RealFields and Norm keywords. In our case, the
complex Higgs doublet is expressed as

1
H=—II+:%). 2.71
7 M+iT) (271)
We note that there is no need to define the real fields beforehand in the RealScalars section of the
model file. We also want to draw the reader’s attention to the influence of the norm of complex scalars
on the actual expression of the resulting beta-functions: varying the norm of a complex scalar field can
be seen as a rescaling of its real components, or, equivalently, a rescaling of the couplings of the model.

Finally, since the SM contains no real scalars (other than the real components of the Higgs doublet),
we show here an example of syntax:
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RealScalars: {
S : {Qnb: {U1Y: 1/2, SU2L: 1, SU3c: 1}}
}

A short-hand syntax may also be employed, removing the Qnb keyword:

RealScalars: {
S : {U1y: 1/2, SU2L: 1, SU3c: 1}
}

A last important point concerns the conjugate fields of the model. In contrast to the previous version
of PyRQTE, the anti-particles should never be defined in the model file. Instead, every fermion and
complex scalar is automatically assigned a conjugate counterpart which can be accessed by appending
bar to its name. For instance, in our case, Qbar and Hbar would respectively correspond to the fields

Q and H' of the Standard Model.

Potential — This section contains the expression of the Lagrangian density of the theory. Since kinetic
terms are not needed in PyRQTE, the only types of couplings which must be defined are:

e The Yukawa couplings ( Yukawas )

e The quartic scalar couplings ( QuarticTerms )

o The trilinear scalar couplings ( TrilinearTerms )
o The scalar mass couplings ( ScalarMasses )

o The fermion mass couplings ( FermionMasses )

The syntax used in these five sections to define the Lagrangian was revisited in PyRQTE 3. In order
for the user to have full control over the expressions of the various terms, the new syntax consists in
writing the terms as an explicit mathematical expression with contracted indices. As an illustration, the
down-type Yukawa coupling of the Standard Model,

Yaf, o Qpria H' dfy g, +hec., (2.72)

is implemented in the model file as:

Yukawas: {
Yd : Qbar[i,a] H[i] dR[a]
}

A few important remarks are in order.

First, in the definition of the Yukawa couplings (and fermion masses), the flavour indices are implicit.
Consequently, the order in which the two fermions appear in the expression has an influence on the
structure of the Yukawa matrices. In the example above, it is understood that Qbar is contracted with

the first flavour index of Yd and dR with the second one.

Then, a field which transforms non-trivially under more than one non-Abelian gauge factor will carry
more than one index. In this case, the order in which the indices should be written is based on the order
in which the gauge factors were defined. Therefore, in the above example, the SU2 index of Qbar comes
before the SU3 index.

Finally, we note that the hermitian conjugate is automatically inferred by PyRQTE and therefore
should not need to be defined explicitly. This behaviour always applies to Yukawa and fermion mass
couplings, but also to couplings involving scalar fields. In the latter case, however, the user has the choice
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to include or not the conjugate couplings in the model file. Let us consider as an illustration the As
quartic coupling of the Two-Higgs-doublet model:

3 s (6l0x) 435 (ohen) | (2.73)

There are essentially two ways of implementing this term:

QuarticCouplings: {
# First possibility — the conjugate counterpart is explicitly defined
lambda5 : 1/2 (philbar[i] phi2[i])**2,
lambdaSstar : 1/2 (phi2bar([i] phil[i])**2

# Second possibility - let PyROTE infer the conjugate automatically
lambdab : 1/2 (philbar[i] phi2[i])**2

In the first implementation, the A} term is explicitly defined. In this situation, the suffix star must be
appended to the name of the coupling (here, lambdabstar ) to enforce the relation of conjugation among
the two couplings. In the second implementation, where the conjugate counterpart is omitted, PyRQTE
will automatically detect that the term is not invariant under complex conjugation, and consequently
generate the A} term when constructing the Lagrangian of the model. Finally, there may be situations
where )5 is assumed real. In this case, the natural way to proceed is to set A = A5 in Eq. , leading
to the first implementation shown below. Equivalently, the assumptio real may be used to achieve
the same outcome:

QuarticCouplings: {
# lambdab5 is assumed Teal
lambdab : 1/2 (philbar([i] phi2[i])=**2 + 1/2 (phi2bar[i] phil[i])=*x2

# lambdab is assumed real, shorthand
lambda5 : {1/2 (philbar[i] phi2[i])**2 , real}

Definitions — In order to help the user deal with this new syntax and produce a clear and readable
model file, a new section was introduced in PyRQTE 3. This is the Definitions section, which must
be implemented inside the Potential part of the model file (see the full SM model file in . In this
section, the user may define quantities that will be used in the expression of the Lagrangian density. For
instance, in the SM, one has to introduce the conjugated Higgs field:

H=c¢H', (2.74)

where € = 05 is the Levi-Civita tensor of rank 2. Such an auxiliary quantity may be defined in the model
file in the following way:

Definitions: {
Htilde[i] : Epsl[i,jlx*Hbar[j]
}

The tensor Eps is a pre-defined object in PyRQTE 3. Levi-Civita tensors of rank higher than 2 may
be defined in the same fashion, increasing the number of indices accordingly. We emphasise that the
gauge indices must always appear explicitly, both on the right- and left-hand side. According to the
usual convention, repeated indices will be summed over internally. Any object defined this way can now
be used in the Lagrangian expression. In our case, the up-type Yukawa couplings may be written as:

"More detail about assumptions is given below.
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Yukawas: {

Yu : Qbar([i,a] Htilde[i] uR[a],
# ... 1is equivalent to ...

Yu : Qbar[i,a] Epsl[i,j] Hbar[j] uR[al,
}

Not only the Definitions sections may help produce a clear and structured model file, but it also
introduces two additional features, namely:

1. The use of gauge group generators in the expression of the Lagrangian,

2. The possibility of using Clebsch-Gordan coefficients (CGCs) to produce terms that cannot be ex-
pressed simply in terms of products of fields with contracted indices.

Both rely on the group-theoretical module PyLie, first introduced in PyRQTE 2 [49]. This module
underwent a number of modifications and improvements presented in [C| We also defer to this appendix
the treatment of the CGCs and their implementation in the model file. Here we focus on the first feature,
namely the definition of gauge generators in the model file.

As an illustration, let us consider a toy model in which the scalar sector of the SM is extended by a
complex SU(2) triplet §. It is convenient to rewrite this triplet in the form of a 2 x 2 matrix by contraction
with the generators of the fundamental representation:

A=t,06%. (2.75)

In the following, we demonstrate how to use the Definitions section to implement the quartic part of
the scalar potential:

V=X (HH) + M Tr(ATA)HTH + \sHTAATH + Ay Tr(ATA)? + A Tr(ATAATA) . (2.76)

First, we have to introduce the generators t, in order to define the matrix A. The general syntax to
define the generators of a given representation is t(group, representation) , where the representation
may be labelled either by its dimension or its Dynkin labels. We note that the generators thus defined
carry three indices with respective ranges D, N, and N,., where D is the dimension of the Lie group
(i.e. of its adjoint representation) and N, that of the considered representation. The matrix A and its
hermitian conjugate AT may therefore be implemented a

Definitions: {
# Define the generators of the fundamental rep of SU2 (indices are implicit)
tFund : t(SU2, 2),

# Define the matriz Delta and its adjoint
Deltali,j] : tFund[a,i,j] deltalal,
DeltaDag[i,j] : tFund[a,i,j] deltabar[al

# We may also define the traces
Tr2 : DeltaDagl[i,j] Deltalj,i],
Tr4 : DeltaDagl[i,j] Deltalj,k] DeltaDaglk,1] Deltall,il

Having also pre-defined the traces Tr(ATA) and Tr(ATAATA), the scalar potential (2.76]) can now be
implemented in a simple, concise form:

QuarticTerms: {
lambdal : (Hbar[i] H[i])**2,
lambda2 : Hbar[i] H[i] Tr2,
lambda3 : Hbar[i] Deltali,j] DeltaDaglj,k] H[k],

81n this example, we used the fact that SU(N) generators are hermitian. In general, we may conjugate the representation

matrices appending bar to the name of the generators. For instance, tFundbarl[a,j,i] would correspond to (¢ )]L = (tl)l]
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lambdad : Tr2**2,
lambdab : Tr4

Assumptions — In some cases, the user may want to assume some particular properties for the Yukawa
(or fermion mass) matrices. Four different assumptions can be implemented for such couplings in the
model file, namely: real , symmetric, hermitian and unitary. To impose one or more of these
properties to a Yukawa matrix, the general syntax is:

coupling: {expression, assumptionl, assumption2, ...}

For instance, let us assume a real and symmetric Yukawa matrix in the leptonic sector of the SM:

Yukawas: {
# Without assumptions
Ye : Lbar[i] H[i] eR

# With assumptions
Ye : {Lbar[i] H[i] eR, real, symmetric}
1,

Based on these assumptions, PyRQTE will automatically perform the appropriate simplifications in the
resulting RGEs. In the case illustrated above, Y. would be systematically simplified as Y,. We note
that in some cases, such assumptions should be necessarily included in order to guarantee explicit gauge
invariance of the Lagrangian, checked by PyRQTE 3 using the appropriate options (see section . As
stated previously, the real assumption may also be used for quartic, trilinear and scalar mass couplings.
At this point, it is important to note that depending on the model considered, such assumptions might
not be stable along the RG-flow. This may happen for instance if a coupling which is assumed real has
a beta-function with a non-vanishing imaginary part. In such cases, the simplifications made in the ex-
pressions of the beta-functions would not be valid at all scales and would generate an inconsistent RG-flow.

Finally, another possible assumption, squared , concerns only the scalar mass terms, and allows to
make the distinction between the two following notations:

Lopdte and £ p2ele. (2.77)

The former case, where the mass dimension of p equals 2, is the one assumed in PyRQTE by default. In
the latter case, the squared keyword may be added in order to indicate that the scalar mass coupling
has a mass dimension of 1:

ScalarMasses: {
mu : {Phibar[i] Phi[i], squared}
}

In this case, PyYRQTE will internally use the relation

Bp) = iﬂ(uz) (2.78)
to infer the value of 5(u).

Vacuum-expectation values — The 2-loop RGEs of vacuum-expectation values (VeVs) were imple-
mented in PyRQTE 3, based on the MS expressions of Refs. [52, [53]. To define a VeV, the only thing
to do is to identify the real scalar component which develops a non-zero expectation value. For instance,
considering that in the SM the VeV is developed by the real part of the second component of the Higgs
doublet, we simply have to write:
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Vevs: {
v : Pi[2]

Since VeVs break gauge invariance, the resulting RGEs are given in a general R¢ gauge and there-
fore explicitly depend on the & parameter. If the user wishes to fix the gauge, he/she may use the
GaugeParameter keyword:

# Let's work in the Landau gauge
GaugeParameter: 0

Anomalous dimensions — The 2-point anomalous dimensions of scalars and fermions may be computed
by PyRQTE. This is achieved by adding the optional ScalarAnomalous and FermionAnomalous sec-
tions in the model file. In order to compute the anomalous dimensions of one or several pairs of fields,
the following syntax may be used:

ScalarAnomalous: {
(Pi[1], Pi[1]),
(Sigma[2], Sigmal[2])

}

FermionAnomalous: {
(Ql1,11, Ql1,11),
(eR, eR),

(uR[1], dR[1])

We emphasise that the fields used as an input for computing the anomalous dimensions are the individual
components of the gauge eigenstates, and not the fields themselves (except of course if a given field is a
gauge singlet).

To compute all the possible anomalous dimensions of the model, the user may instead use the keyword
all:

ScalarAnomalous : all
FermionAnomalous : all

In this case, PyYRQTE will display in its output all the non-vanishing anomalous dimensions of the fields
of the model.

We note finally that the anomalous dimensions depend in general on the gauge fixing parameter £. If
the gauge was fixed using the GaugeParameter keyword introduced above, its value will be substituted
accordingly in the expression of the anomalous dimensions.

Substitutions — Another new feature in PyRQTE 3 is the possibility of performing various kinds of
substitutions after the computation of the RGEs is carried out. To this end, the Substitutions section
can be implemented in the model file. The possible types of substitutions which may be performed are
listed and exemplified below.

(1) The first type of substitution consists in renaming some of the couplings. This is mainly useful
to rename the gauge couplings whose names are set by default to gl[GroupName] . For instance, in the

SM, the three gauge couplings would respectively be labelled as gU1lY , gSU2L , gSU3c . If one wishes to

rename them to g1, g2 and g3, the following syntax must be used:

Substitutions: {
gUly : gi,
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gSU2L : g2,
gSU3c : g3

(2) Another possibility is to apply GUT normalisation factors to some of the gauge couplings. The
following code indicates that the normalisation g1 — 1/5/3 g1 must be adopted and substituted in the
beta-functions:

Substitutions: {
gl : sqrt(5/3)*gl
}

(3) In some cases, the user may want to constrain the form of the Yukawa (or fermion mass) matrices,
for instance neglecting the first two generations or the off-diagonal couplings. The examples below show
how to proceed in these two cases:

Substitutions: {
# First example - Neglect the first and second generations
Yu : [[0, O, O 1],
[0, o, o 1,
[0, 0, 'yt'l],
# A short-hand notation may be employed for diagonal matrices
Yd : [0, 0, 'yb'],
Ye : [0, 0, 'ytau'l,

# Second example - Neglect the off-diagonal couplings
Yu : [Iyul’ lycl’ IytI]’
Yd : ['ya', 'ys', 'yb'l,

Ye : ['ye', 'ymu', 'ytau'l,
}
It is important to note that the newly defined couplings (e.g. 'yt', 'yb', ...) are put inside quotation
marks '' . Furthermore, the user must be aware that in some cases, the form of the Yukawa matrices as

defined in the Substitutions section might not be preserved along the RG-flow. In other words, some
components of the Yukawa matrices which were set to 0 in the model file may have a non-vanishing
beta-function starting from the one- or two-loop level. In such cases, PyYRQTE will generate a warning
message in the Latex output, informing the user that the RG-flow is inconsistent.

(4) The last possibility consists in defining new quantities, expressed in terms of the couplings of the
model. For instance, if the user wishes to obtain the beta-functions in terms of the a; = g?/(4n) instead
of the coupling constants g;, he/she would have to define the following substitutions:

Substitutions: {
alphal : gil*x2 / (4 pi),
alpha2 : g2**2 / (4 pi),
alpha3 : g3**2 / (4 pi)

In this situation, PyRQTE will internally take care of computing the beta-functions of the new couplings,
using the relation

B (i) = %291 B(gi) (2.79)

and then substituting g with 47 ; everywhere in the expression of the beta-functions.

Latex — In this section, the user is invited to define any substitution that should be performed in the
Latex output. Although it is possible to choose as the name of a coupling a simple Latex expression
(e.g. g_1), we recommend to avoid it in practice (and more generally to avoid the use of any special
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character in the name of the couplings) since it might lead to some unexpected behaviour. Instead, the
mapping to Latex expressions should be defined in the dedicated Latex section, so the user has full
control over the output.

3.4 Running PyRQTE

As for previous versions of the software, PyYRQTE 3 can be run either from the console or from an
interactive IPython notebook. In the former case, the general syntax is:

$ python pyR@TE.py -m [path to model file] [-args]

We emphasise that the python alias must be associated with a Python 3 executable correctly linked to
the dependencies listed in section In an interactive IPython notebook, PyRQTE would be run using:

%run pyROTE.py -m [path to model file] [-args]

The only mandatory argument is the -m argument, used to specify the path (relative or absolute) to the
model file. The list of optional arguments is presented in Table Compared to the previous versions,
the number of available command-line arguments was reduced in order to simplify to a maximum the use
of the software. Instead, most of the settings are gathered in a configuration file, 'default.settings’,
which can be found in PyRQTE’s main directory. The list of options that are available in this file is given
in Table For some of the options, there is an overlap between the default and command-line settings.
In this case, the latter always has priority over the former. For example, even if the gauge invariance of
the model is to be checked by default, the user may use the -no-gi command-line option to prevent this
behaviour.

We note in passing that the gauge invariance check of the model is a new feature in PyRQTE 3. When
enabled, the invariance of all types of couplings under infinitesimal gauge transformations is tested. For
instance, in the scalar quartic sector (as already mentioned in Eq.), gauge invariance requires that

(T(Z:l)ae)\ebcd + (Tf)be)\aecd + (Tf)ce)\abed + (T(Z:l)de)\abce =0 (280)

for all a, b, c,d spanning the space of the scalar components of the model, and for all A =1,..., Ng. It
is strongly advised to check the gauge invariance of a model at least once, after which the option -no-gi
may be used to speed up the computatio

The -1 and DefaultLoopLevel settings should be followed either by a positive integer (1, 2 or 3) or
the keyword max, meaning that the computation should be carried out at the maximum loop-order, i.e.
3-loop for the gauge couplings and 2-loop for the other couplings. Another possibility is to use a list of
three elementﬂ, e.g. [3,2,1] to set the respective orders of the gauge, Yukawa, and quartic couplings
RGEs to different values.

The -rb and RealBasis settings enable the use of a new feature available in PyRQTE 3, namely the
rotation of the generators of real representations. These representations have the property that there
exists a set of bases where their generators ¢4 are imaginary, skew-symmetric matrices. In the following,
such bases will be referred to as a real bases. In addition, for adjoint representations (which are always
real), there exists a basis where the usual relation

A\B - rAB
(tY) o =—if""c, (2.81)
with fABC the structure constants of the Lie algebra, is satisfied. However, the generators of real
representations originally computed by PyLie never satisfy the two above properties, preventing the user
from properly implementing models where one or several fields transform under real representations. In
order to circumvent this issue, a new algorithm was implemented in PyLie, allowing to systematically

9For large gauge groups and/or representations, the gauge invariance check may take up to a few minutes due to the
large number of tensor contractions to be computed. For simpler models, the computation takes a few seconds at most.

100n some operating systems, the use of square brackets in the command line may not work properly. In this case, putting
the list inside quotation marks should solve the problem.
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’ Option \ Short-hand \ Description
--Loops -1 Set the loop-level of the computation
--Results -res Set the directory in which the output is stored
--RealBasis -rb Set the behaviour regarding the generators of real rep-

resentations

——Quiet -q Switch off informative output
--no-KinMix -no-kin Neglect the Abelian kinetic mixing
--CheckGaugeInvariance -gi Switch on the Lagrangian gauge invariance check
—--no-CheckGaugeInvariance -no-gi Switch off the Lagrangian gauge invariance check
--LatexOutput -tex Switch on the Latex output
--no-LatexOutput -no-tex Switch off the Latex output
--MathematicaOutput -math Switch on the Mathematica output
--no-MathematicaOutput -no-math Switch off the Mathematica output
—--PythonOuput -py Switch on the Python output
--no-PythonOuput -no-py Switch off the Python output

Table 2.1: Command-line options in PyRQTE 3. The second part of the table shows the various switches
which may be used by the user to override some of the default settings.

’ Option \ Description
VerboseLevel Set the verbose level : Info, Critical (only errors and warnings).
ResultsFolder Set the default folder in which the results are stored.
LogFolder Set the default folder in which the log files are stored.
DisableLogFiles True/False.
DefaultLoopLevel Default loop level of the computation.
CheckGaugeInvariance True/False.

PrintComputationTimes

Display the computation times : True/False.

RealBasis

Default behaviour regarding the generators of real representations.

CreateFolder Store the output in a folder named after the model: True/False.

CopyModelFile Copy the original model file in the results folder : True/False.

LatexOutput True/False.

AbsReplacements In the Latex output, replace *z with |z|?: True/False.

GroupTheoryInfo In the Latex output, display some information about the gauge groups and
their representations: True/False.

MoreGroupTheoryInfo Display information about the first N representations of the gauge groups:
N/False.

MathematicaOutput True/False.

MathematicaSolver In the Mathematica output, generate a ready-to-use RGE solver:
True/False.

PythonOutput True/False.

EndCommands Commands to be automatically run from the console after the output is

generated.

Table 2.2: Default settings available in PyRQTE’s configuration file.
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rotate the generators of real representations to a real basis; and in the case of adjoint representations, to
the basis where Eq. (2.81)) is satisfied. To trigger this behaviour, the -rb (or RealBasis) option may be
assigned three possible values:

e ‘-rb adjoint’ rotates only adjoint representations,
e ‘-rb all’ rotates all real representations,
e ‘-rb False’ or ‘-rb None’ disables the rotation to real bases.

We emphasise that complex and pseudo-real representations are unaffected by this setting.

The EndCommands default settings allows to run one or several shell commands after the run. It was
designed to compile the Latex output automatically after its generation by PyR@QTE. The general syntax
is:

EndCommands "command 1, command 2, ..."
For instance, we may call pdflatex twice using
EndCommands "pdflatex [name].tex, pdflatex [name].tex"

where [name] will be automatically replaced by the name of the model (and therefore of the output files)
before running the commands.

3.5 Output

After the computation, PyRQTE may generate three types of output, namely Latex, Mathematica, and
Python files. With the CreateFolder option enabled, all the output files will be gathered in a folder
named after the model (e.g. SM/ in our case).

The Latex output contains a detailed summary of the content of the model (gauge groups, particles,
Lagrangian, substitutions), and the results of the computations, i.e. the beta-functions of the various
couplings of the model. If the GroupTheoryInfo setting is enabled, some information about the gauge
groups and their representations will be added in an appendix, along with the expressions of the CGCs
possibly used in the definition of the Lagrangian. Using the MoreGroupTheoryInfo setting followed by
a positive integer will display information about the first few representations of the gauge groups, in
addition to the representations actually populated by the fields of the model.

The Mathematica output consists of a single file, containing the expressions of the beta-functions. In
addition, if the MathematicaSolver default setting is set to True, the file is enhanced with a ready-to-
use RGE solver. To solve the RGEs, the first thing that the user needs to do is to define the boundary
conditions, that is the value of the couplings of the model at some initial energy scale. Then, after
having defined the running scheme (the loop level for each type of couplings), the user may solve the
system of RGEs using the RGsolve[] function and finally plot the results using the RGplot[] function.

Finally, the Python output consists of three files, gathered in a PythonOutput folder. For instance,
in the case of the SM:

e RGEs.py contains the expressions of the beta-functions in the form of Python functions.

e SM.py contains various classes used to define the couplings of the model, the RGEs, and several
functions used to solve the RGEs and plot the running couplings. In principle, this file should not
be modified by the user, but may still serve as a basis for more sophisticated analyses.

e run.py is the file that should be modified and run by the user to perform the RG analysis. For
more details about the use of the classes and functions called in this file, we invite the reader to
refer to the documentation provided with PyRQTE in the doc/ folder.
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3.6 Validation

The output of PyRQTE 3 was validated against some of the results found in the literature, in particular
in the 3-loop gauge sector which is a new feature compared to the previous version. Full agreement was
found between PyRQTE 3 and the following references :

o SM gauge couplings RGEs at three-loop [54] 55, [56].

e Gauge, Yukawa and quartic sector of the general Two-Higgs-doublet model at respective orders
3-2-1 [57].

o 2-loop dimensionless and dimensionful RGEs of the toy model described in [38] in the SUSY 1imitiE
o 1-loop quartic RGEs of simple SU(5) and SO(10) models [58].
o 1-loop Yukawa sector of the minimal SU(5) model [59].

o 1-loop quartic, trilinear and scalar mass RGEs of the most general Georgi-Machacek model [60].
We find agreement for the 1-loop gauge coupling RGEs after correcting a trivial mistake in Eq.
(C1) of [60].

In addition, we compared the results of PyYRQTE 3 against those of PyRQTE 2 for some of the models
presented in [48] and [49]. In doing so, we were able to compare the performance of the two versions of
the software in terms of execution time, as illustrated in Table We first present the comparison of
the results for some of the models listed in [48]:

o Standard Model with a real scalar singlet: full agreement at 2-loop.
o Standard Model with a complex scalar doublet: full agreement at 2-loop.

e Standard Model with Majorana triplet fermion and Dirac doublet: full agreement in the gauge,
Yukawa and quartic sectors at 2-loop. Agreement is found for the scalar mass RGEs after correcting
a mistake in the latest version of the PyRQTE 2 code. For the fermion mass RGEs, we find
agreement once the corrected formulae presented in [38] are taken into account.

e SM extended by a complex triplet and vectorlike doublets: at 1-loop, we find many disagreements
in the quartic sector due to an incomplete implementation of the model. Indeed, in PyRQTE 1 it
was not possible to contract the same set of fields in different ways. As a consequence, couplings
(operators) allowed by gauge invariance were missing. In such a situation, the resulting RGEs are
arbitrary and vary depending on the choice of the n legs chosen to compute the various n-point
contributions to the beta-functions (see also footnote EIII)

The limitation of PyRQTE 1 mentioned in the last point was overcome in PyRQTE 2, as illustrated
in [49] with the example of a toy model where the SM is extended with a scalar triplet. For this model,
the scalar potential is given by Eq. , and we were able to compare the results given by PyRQTE
2 and 3. Full agreement is found at 2-loop, after an obvious error in the model file from PyRQTE 2 is
corrected (an additional lepton doublet was unintentionally included).

Finally, we validated the output of PyYRQTE 3 for the U (1) g_1, extension of the SM described in [49].
In the gauge, Yukawa and quartic sector, full agreement is found between the two versions of the code
in presence of kinetic mixing in the Abelian sector. However, there is a disagreement for the scalar mass
beta-functions starting at 2-loop which we describe in the following. Letting

VO pugH H + iy, xx (2.82)

11 As explained in [38], the toy model in its non-SUSY form is not well defined, leading to arbitrary results depending
on the details of the implementation. It is possible to get full agreement between the results from SARAH and PyRQTE
before taking the SUSY limit by a simple mapping. However, we refrain from providing these details here since they concern
unphysical results and the mapping is only simple because the implementation conventions used in SARAH and PyRQTE
are quite similar.
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Model Loop order PyRQTE 2 PyRQTE 3
1 114 1.5
SM B-L 2 8823 11
2 + 3 (gauge) / 23
1 385 1.0
SM + complex triplet 2 59936 3.2
2 + 3 (gauge) / 5.7
1 79 0.9
SM + scalar singlet 2 5765 4.3
2 + 3 (gauge) / 5.6
1 153 1.2
SM + complex doublet 2 39666 6.2
2 + 3 (gauge) / 9.4
. . 1 262 1.3
SM + Majorana triplet 9 15653 10.7

+ Vectorlike doublet 2 + 3 (gauge) / 13.2

Table 2.3: Comparison of the running times of PyYRQTE 2 and PyRQTE 3 for several models, using a
machine with a 1.8 GHz Intel Core i7 processor. The running times are expressed in seconds.

be the quadratic part of the scalar potential V, where H is the usual SM Higgs doublet and x is a
complex scalar field which is a SM singlet with (B-L)-charge 2, the disagreement occurs in the two-loop
contributions of B(ug) and B(uy). More precisely, the problematic terms are of the generic form g*up
and g*p,, respectively, so we only include the terms of these forms in the expressions below. We note
that the gauge coupling matrix is taken to be

(91 912 ) , (2.83)

921 9BL

while g5 stands for the SU(2), coupling constant.
Expressions of 3 (ug)

Using PyRQTE 2:

1105 , 145 , 1105 , 7 o, 1105 , ,

1
;THB(Q) (nr) D + gl + 9195 + ——gigl + 179193, + 1793505, (2.84)

96 17 1672 96 2 48
7, 5 40, 40 40 0
+ 591292 + 391921 + 391291% + 39191293L + 391912921 + 34919129219BL
Using PyRQTE 3:
1 557 145 557 15 557
/THW) (nm) > <09t = 15 95+ g 0la + 0105 + S 0i0te + 179703, + 1708205 (2.85)
15, 5 40 4 40 , 10 , 0
g 91292 T 591921 + S 9098L + S 919129BL + S 91912921 + 34919129219BL
Expressions of 52 (y,)
Using PyRQTE 2:
1 422 422 640
;6(2)(%() D 64891 + 64893, + —=g15) + —-0ia0br + 12960595 + - 9195
X
640 4 640 , 640 844
+ —912951 + 91921951 + ——9129219BL + ——919129219BL (2.86)

3 3 3 3
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Using PyRQTE 3:

1 422 422 640 .
187 2 67201, + 672031 + =910 + 5 ghagbe + 1344951950 + 50195
X
640 5 640 , 640 844
+ 3 9120BL + 3 91921981 + 3 9129219BL + 3 919129219BL (2.87)

Although the above expressions alone do not allow one to discard any of the two sets of results,
there is a fact indicating that PyRQTE 2 is internally inconsistent when it comes to kinetic mixing:
running PyRQTE 2 with the option --KinMix to disable the effects of kinetic mixing, or taking the
limit g12,921 — 0 in the two expressions above do not yield the same result, as would be expected.
Interestingly, the results obtained with the --KinMix option (i.e. disabling kinetic mixing in PyRQTE
2) completely agree with those of PyRQTE 3 in the limit where ¢g12 and go; vanish.

As a concluding remark, while we cannot make the claim that the results obtained with PyRQTE
3 are correctE the treatment of kinetic mixing for the scalar mass RGEs in PyRQTE 2 appears to be
inconsistent. Furthermore, the implementation of kinetic mixing in the formalism described in Sec.
is quite natural whereas it has been incorporated a posteriori in PyRQTE 2 [49] by enhancing [37] the
expressions derived by Machacek & Vaughn E As a result, the implementation of the kinetic mixing in
PyRQTE 2 is quite involved and we were not able to directly identify the source of the inconsistency. In
any case, the process of validation performed above allowed us to highlight at least two flaws present in
the PyRQTE 2 code, and we recommend to systematically use PyRQTE 3 in the future instead of its
previous versions which are now deprecated.

121t is worth noting that complete agreement was found with Thomsen’s code RGBeta [61], based on the same formalism.
13 A similar comment holds for the Mathematica package SARAH [47].
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Appendix

A Two-loop beta-functions for dimensionful couplings

We present in this appendix the general formulae for the beta-functions of fermion mass, scalar mass and
trilinear couplings obtained from the application of the dummy field method in the formalism of [39]. We
give in a first step the definition of various auxiliary quantities appearing in the resulting expressions,
allowing to provide in turn the comprehensive list of tensor structures and corresponding coefficients as
computed in [10].

We use a notation where the fermion indices are made implicit. In this context, m, y,, and any other
tensor carrying two fermion indices may be seen as matrices in the space of the fermions of the theory.
Following the notations of [39], to each such matrix ¥ corresponds a tilded counterpart Y with opposite
chirality,

Y =5,Y%, (2.A1)
where
0 1
21 =01 ® ]lNF = (]]-NF ](\)[F> s (2A2)
so, for instance:
- Y* 0
Yo = XnYaXn = < 0 Ya> : (2.A3)

In a next step, closely following [39], we define a set of two-index quantities, which regularly appear as
substructures in the expressions of the beta-functions. We provide below the definition of each of these
auxiliary tensors structures, gathered by the nature of their indices and the number of loops they involve.

1-loop gauge:

[S2(F)ap = Tr [T8TE] s 1S2()ap =T8T aas  [Ca(@)ap = [P PP (2.A4)
1-loop fermion:
Co(F) = THTEG 5, Ya(F) = Yaia - (2.A5)
1-loop scalar:
(Ca(S)]gp = (TATE )G V2 ()] = T [yadi] - (2.A6)
2-loop gauge:
[S2(F, Cr)]ap = Tr [T T Ca(F)] (S2(F,Ye)ap = Tr [TATEYa(F)) |
[S2(8,C)ap = (T4 TE)ab [C2(S)]py - [S2(8, ) up = (T4TE )b [Y2(S)], - (2.A7)

2-loop fermion:

TyTy (G?[C2(G)) G?) Co(F, S Ty (G?[S2(9)] G?)

Co(F,G) = AB ) T AB?
Co(F, F) = TgTg (G*[S2(F)) G?) 5 - Ya(F,Cr) = yaCa(F)¥a,
Y2(F, Cs) = ya¥p [C2(5)] 4 Y2(F,Yp) = yaYa(F)Fa ,
Y2(F,Ys) = yals [ (S)}ab, Yi(F) = YalbYaT - (2.A8)
2-loop scalar:
[Ca2(8, oy, = (THTF)ab (G*[C2GNG?) 4y« [C2(S, )]y, = (TTF)ab (G [S2(5)] G) 5
(€28, Py, = (T4 T )ab (G* [S2(F) G?) 4y [¥2(S,CP)lop = Tr [yaCa(F) )

[Ya(S.Ye)]y = Tr [y a(F)T) | Yol = Tr lyadonndicl - (2.49)
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With these definitions at hand, we may now provide the expressions of the one- and two-loop beta-
functions for the fermion mass, trilinear and scalar mass couplings respectively.

Fermion mass beta-functions

At 1-loop:
B =V mCo(F) + &Y ymy, + &Y mYa(F). (2.A10)
At 2-loop:
B = ¢ Co(F)ymCy(F) + €52 MmOy (F) Co(F) + &P mCy(F.Q)
+ si” mCs(F, S) + &8 mCy(F, F) + & wTadamTEGE
+ &P V(F) TAm TG + €87 pinye [C2(S)], + &89 yCa(F) vy,
+ &0 pmyyCo(F) +&17 Ya(F, Cs)m +&13 Ya(F,Cr)m
+ &3 mYa(F) Co(F) + &3 wieya toed + &2 yiemsye
+ &5 Yoy + &2 yiemioys + &5 Ya(F)m
+ &40 wmYa(F)y, + &5 mYa(F, Yr) + €37 pinye [Ya(S)],
+ €3 Ya(F, Ys)m (2.A11)
Trilinear couplings beta-functions
At 1-loop:
B =70 [Co(getere + 78 Aaestere + 78 Va(S)] g tere + 747 Trfmiamiie . (2.A12)
At 2-loop:
BG) =T (THTS)acGAp Gop (TET Yoy tege §><T;:‘T¢ JabGAp Gop (TETL )ep tese
é [C2(9)],0 [C2(S)]y tese 7 [Ca(8)],e [C2(9)], s v
78 [Co(S, )], tebe 2 1C5(S. 8)] e teve
2 [0S, F), tebe (T )ae(T¢ )or G Aefgntghe
+ré>xabef [C2(9)] 5, tege <2>[ Co(8)] e teso A sgbe
717 [C2(8)] 40 Aebsot foc +T§z) AaefgAefghthbe

TR taes Neght A fghe
+"'%) Aabe fAe fghtghe
™7 (TATE)ar G Gop Tr [T T e
Jr7'19 [C2(S)] e [Y2(5)] o g tsbe
+7'21) GAB Tr [mT,I, Yo Ly yc]
+75) [Ca(9)] e Tr [yenypye]
"‘Tés) Tr {mgaybgcéz (F)}
+757 Te [mGeyally] Ae pre

(2)

79 Tr [mgayegf] >\efbc

2
75 1Ya(5)] e
73 T [mGatsTeveTe)

+7 éi)

ebc

Tr [yagbm ﬂeycﬂe]
+78) T M GaysGeYa(F)]

+ TS) AabefAeghel fgh

T (TATS )G 5 G2 Tr [T TE iy
+ T18 [Y2(S,Cr)],e
+ 750 Aaber [Ya(9)]
+ 7'22) GApTr [yaTq/ myy Ty Z/c}
+75 [C2(9)],e Tr [yeypmye]
+ iy Tr [yamybﬂcéz(F)}

(2)

+ Ty

+ Té%)

ebc

tegc

Tr [yageybgf] tefc
Tr [yagbyegf] tefc
+ 75 [Ya(S,Yr)],e

+ Tg4)

ebc
Tr [yamybyeycye]
+ 75 T [mTayeTsyeTe]

+ 75 T [yamypGeYa (F)] - (2.A13)
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Scalar mass beta-functions
At 1-loop:
+ o-i(gl) taeftefb

5(b =0 = [CQ(S)]ae Heb + Ugl) )\abeflffef

+05" [Va(S)] pen + o8 Tr [miiya i) + o8 T [mGamis) - (2.A14)
At 2-loop:
ﬂéi’ = 01 (T)T5)ac G Gon (T T s e ot (TATS) 0GP G ()T e e
@’ (Co()e [Co(S)]y g ey + aff> (Co(S),e [CoS)] ey 1t
<2> (C2(8, Gl e + a? (C2(S. )] pet
+a< (Ca(S. )]y e o (T)ac (T oG Aesontion
05 Naver [Ca(S)] 1, teq + aﬁo taes [C2(S)] 5, teg
+oi} [C2(9)]4e Acbsalisg +0ol) [02(5)]ae tefglfgp
+0§3) AaefgNefghlinb + 054) AaeghAbfghlbef
+ol? Aavefleght fgn +ol? taefleghAbfgh
402 Naes e sanbigh + G%) LaefAefgntgnb
+a§2’ (TATS)aGhp Cop T [TETMm]  + o) [Ya(S, Cr)lye pes
51 [Ca(S)] e [Ya(S)]ep s + 052 Nater [V2(9)] 1 ea
+a§3’ taes [Y2(S)] tegp + 0] Gip Tr [y Ty mm T )]
—&-0'525) GiB Tr [yaT\f}gjmegﬁl] + 0'526) GZAB Tr [yaT\f}ﬁzbegﬁ]
+05 [C2(9)],. Tr [yerivysm] o2 [Ca(S)],, Tt [yemu)
—&—0'%) Tr [yagjbmﬁlég (F)} + O'z%) Tr [yaﬁlybﬁlég (F)}
—&-0'5(321) Tr [yarﬁmgbég (F)} + a':(fz) Tr [mﬂaybﬁLég (F)}
+058 T [yaTetlif] s + 0':(3? Tr [yaYemysl tesy
+035) Tr [myemys] Nefab + 0'36 Tr [YaYpyeYs] tey
+0 57 T [yamnyelis] tess + 038) Tr [mmyeys] Aefab
055 [Ya(S)] e pes ol [Ya(S, Ve, pen
+oi3) T [mamTeysle] + 083 T [yaGymem el
+043) Tr [yaimBeysle] + 0l T [yamygem el
+0% T [yauyenme] + 0'4(16) Tr [Yamyemysye]
+‘7'4(17) Tr [yamYeypmye] + ‘748 r [YyaypmmYa(F)]
+a'49) Tr [yemyym Yo (F)] + aé%) Tr [yemmy, Yo (F)]
-ﬁ-crg) Tr [myaysm Ya(F)] (2.A15)
Fermion mass coefficients
At 1-loop:
e = g, M o=2 M =1 (2.A16)
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At 2-loop:
67 =0, &= &P -3 -3 - &P -n
T Y T R .
D=3 -2 -2 -0 -2 R -0
£ =2, 5 = —%, =1, P = —% (2.A17)
Trilinear coefficients
At 1-loop:
) =9, ) =3, ) = g ) =12, (2.A18)
At 2-loop:
R e T T R
7(72) = %, ’Téz) = -9, TéQ) = 24, T%) = —27 7'521) = -9, 7'522) = %7
e N e
O - e N CR - Y
T =24, Ty =-24, 1 =6 1% =6, 5 =0, ) =0,
) = _; ) = —% ) =24, 15 =12, ) =12, ) =24,
2 =12, 2 =12, (2.A19)
Scalar mass coefficients
At 1-loop:
oV =-6 o =1 o’=1 oo =1 oM =-a oV =-2. (2420
At 2-loop:
o) =2, o) =10, o) =0, ol? =3, 2 = —%, & = %,
ol? = %0, ag) = -3, 0'152) =38, 0'%) =38, 0'51) = -3, a%’ = -3,
R e e T e SR )
oP =-12, o)) =5, ol =0, o) =-1, ol =-1, ol =0,
o =0, o=, o@=2 o=t  oB=-s P =-g
o) =—4,  off =—4, ol =2 o) =4, o =1 aly =0,
o2 =0 o =0 P =-1 @ =2 o= o) s,
ol =8, o =4, o) =14, oty =14, ol =4, oy =14,
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B The SM model file

As an illustration of the overall structure of a model file in PyRQTE 3, we show below the full SM model
file. We note that this file can be found in PyRQTE’s models/ subdirectory, along with several BSM
model files.

# YAML 1.1

Author: Lohan Sartore

Date: 08.06.2020

Name: SM

Groups: {U1Y: U1, SU2L: SU2, SU3c: SU3}

Fermions: {
Q : {Gen: 3, Qmb: {U1Y: 1/6, SU2L: 2, SU3c: 3}},
L : {Gen: 3, Qnb: {U1Y: -1/2, SU2L: 2}},
uR : {Gen: 3, Qmb: {U1Y: 2/3, SU3c: 3}},
dR : {Gen: 3, Qnb: {U1Y: -1/3, SU3c: 3}},
eR : {Gen: 3, Qmnb: {U1Y: -1}},
}

RealScalars: {

}

ComplexScalars: {
H : {RealFields: [Pi, Sigmal, Norm: 1/sqrt(2), Qmnb: {U1Y: 1/2, SU2L: 2}},
}

Potential: {

Definitions: {
Htilde[i] : Eps[i,jl*Hbar[j]
To

Yukawas: {
Yu : Qbar[i,al] Htilde[i] uR[a],
Yd : Qbar([i,a] H[i] dR[a],
Ye : Lbar([i] H[i] eR

}9

QuarticTerms: {
lambda : (Hbar[i] H[i])**2
Do

ScalarMasses: {
mu : -Hbar[i] H[i]

}
}
Vevs: {

v: Pi[2]
}

Substitutions: {
# Rename the gauge coupling constants

g_UlY : gi,
g_SU2L : g2,
g_SU3c : g3,

# Possibly define GUT mormalisations
gl : sqrt(5/3) * gi
}

Latex: {
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# Particles

uR : u_R,
dR : d_R,
eR : e_R,
Pi : \Pi,

Htilde : \tilde{H},

# Couplings

gl : g_1,
g2 : g2,
g3 : g3,
Yu : Y_u,
Yd : Y_d,
Ye : Y_e,

lambda : \lambda,
mu : \mu

C Group theory and PyLie

This appendix is dedicated to the description of the group theoretical functionalities available in PyRQTE 3.
All the group theory related computations are handled, since the previous version of PyRQTE, by the
PyLie module. PyLie is essentially a Python rewrite of the group theory module of SUSYNO [62] (also
part of the more recent tool GroupMath [63]). Such computations comprise for instance the possibility
of computing the generators of a given representation, the structure constants of the Lie algebra, or
the Clebsch-Gordan coefficients (CGCs) of a given set of representations. A lot of effort was put in the
development of PyYRQTE 3 to improve the performances of PyLie’s main functions. This concerns in
particular the three kinds of calculations listed above. However, despite these efforts, some calculations
may be quite time-consuming when it comes to high-dimensional representations. Therefore, based on
the previous version of PyLie, we developed a database in which the results of the group-theoretical
computations are systematically stored for any later use. At various steps of the computation of the
RGEs, PyRQTE 3 interacts with this database through the PyLieDB module. The user may interact as
well with this database through an interactive IPython session or a Jupyter notebook in order to access
the results of PyLie’s computations.

After a discussion about the Dynkin labels as a way to uniquely identify the representations of a given
gauge group, we introduce the use of CGCs to build a Lagrangian in PyRQTE 3. A short tutorial (in
the form of an interactive Python notebook) available in the doc/ repository of PyYRQTE 3 is dedicated
to the interaction with PyLie’s database. In order to keep this appendix as concise as possible, we invite
the interested user to refer to this tutorial if needed.

C.1 Dynkin labels

The Dynkin labels of an irreducible representation are a set of N positive integers, where N is the rank of
the algebra. They characterise the decomposition of the highest weight of the representation in terms of
the N fundamental weights of the algebra. In PyLie, they are used to identify uniquely the representations
of a given Lie algebra. In practice, the Dynkin labels take the form of Python lists, and can be used in
the model file in place of the usual notation for representations based on their dimensions. For instance,
one could define the quantum numbers of the quark doublet Q as:

Q: {Gen: 3, Qmb: {U1Y: 1/6, SU2L: [1], SU3c: [1,0]}}
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We invite the user who is not familiar with the Dynkin labels notation to refer to the document provided
with PyRQTE 3 in the doc/ directory, where the first few representations of some usual gauge groups
are listed along with their Dynkin labels. Several functions were also implemented in the PyLieDB module
that can be called by the user to get information on the representations and their Dynkin labels.

C.2 Clebsch-Gordan coefficients

In some cases, it may not be possible to express a given gauge invariant combination of the fields using
a notation with contracted indices involving only the gauge generators, the Levi-Civita tensor and the
fields themselves. In such cases, the user may use the Clebsch-Gordan coeflicients (CGCs) generated by
PyLie.

Given a set of N fields Fj, p<n transforming under the irreducible representations 7, <y of a given
Lie algebra, we call CGCs all the tensors I{?P“’Z-N such that the quantity

I}y Fi e FY (2.C1)

is gauge invariant. Since in PyRQTE we consider only renormalisable theories, N may only equal 2, 3
or 4. We note that there are M linearly independent CGCs, where M is the multiplicity of the trivial
representation in the decomposition of the tensor product r1 ® ... @ ry.

One of the main functionalities of PyLie consists in finding a basis of CGCs given a set of N fields.
These CGCs may be used by the user in the model file to build the Lagrangian. To this end, the CGCs
must be defined in the Definitions section of the model file using the two following possible syntaxes

Definitions: {

C : cgc(groupName, field_1, ... field_N, P),
# or, equivalently,
C : cgc(group, representation 1, ... representation N, P)

The last argument, P, is an integer indicating that we are asking for the Pth CGCs returned by PyLie.
If omitted, the first invariant tensor will be returned. Defined this way, C is a tensor with N indices
that may be used in the expression of the Lagrangian as any other tensor quantity defined in the model
file.

In order to illustrate the use of CGCs in a simple case, let us first consider the example of the up-type
Yukawa coupling in the SM. In a notation with contracted indices, one would simply write:

Yukawas: {
Yu : Qbar[i,al] Htilde[i] uRl[al]
}

where Htilde is the conjugated Higgs field, defined in the Definitions section of the SM model file.
The SU(2) and SU(3) contractions rely on the two simple decompositions

SU@2) : 202=3d1, (2.C2)
SUB) : 3®3=8®1, (2.03)

from which it can be seen that only one gauge singlet may be constructed in each case. Using the CGCs
instead, the Yu term would be defined as:

Definitions: {
# SU2 contraction
cl : cgc(SU2L, Qbar, Hbar),
# or, equivalently,
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cl : cgec(SU2, -2, -2),

# SU3 contraction
c2 : cgc(SU3c, Qbar, uR),
# or, equivalently,
c2 : cgc(SU3, -3, 3)
Tg

Yukawas: {
Yu : ci[i,j] c2[a,b] Qbar[i,al Hbar[j] uR[b]
}

Of course, the above example looks like an unnecessary complication since c1 and c2 actually corre-
spond to the rank 2 Levi-Civita tensor and the 3-dimensional Kronecker delta.

As a more sophisticated example, let us now consider a SU(5) model with the following field content:

Fermions : 15~5 and 4y~ 10

Scalars ¢~5 (2.C4)
In order to construct the Yukawa sector, we make use of the decompositions
55®10=126075024$24 31, (2.05)
1005010=175 @ 1260750750 24H24d 1, (2.C6)
enabling one to define the two following Yukawa couplings
Yshsoitpo and  Yigvhrodtbio - (2.C7)

The two above terms are usually expressed in a simple form, noticing that the 10-plet can be reor-
ganised in a 5 x 5 antisymmetric matrix. However, in PyRQTE, the field 1)1 only carries a single SU(5)
index and we must use the CGC notation in order to build the Yukawa Lagrangian. We show below a
minimal implementation of this SU(5) toy model.

Groups: {SU5: SU5}

Fermions: {
psi5 : {Gen: 3, Qmnb: {SU5: -53}},
psil0 : {Gen: 3, Qmnb: {SU5: 10}}
}

ComplexScalars: {
phi : {RealFields: [phiR, phil], Norm: 1/sqrt(2), Qmb: {SU5: 5}}
}

Potential: {
Definitions: {
c5 : cgc(SU5, psib, phibar, psil0),
c10 : cgc(SU5, psil0, phi, psil0)
Do

Yukawas: {
Y5 : c5[i,j,k] psib[i] phibar[j] psil1O[k],
Y10 : {c10[i,j,k] psil0O[i] phil[j] psilO[k], symmetric}







Chapter 3

Renormalisation group improvement in
single-scale theories

It has been shown in chapter [I] that the expression of the renormalised n-point functions together with the
set of beta-functions describing the evolution of the couplings with the renormalisation scale define the
perturbatively renormalised theory in 4 dimensions. The physical consistency is in turn guaranteed by
the Callan-Symanzik equation, stating that the effective action is invariant under simultaneous evolution
of the explicitly pu-dependent contributions and of the couplings according to their beta-functions. For
practical applications, one is however limited by the difficulty of obtaining both the expressions of the
renormalised N-point functions and those of the beta-functions at high orders in perturbation theory.
The consequences of working at fixed order in perturbation theory are in turn not only quantitative
— N-point functions and observables cannot be computed at an arbitrary level of precision — but also
qualitative: By construction, the validity of the Callan-Symanzik equation relies on an interplay between
contributions at orders n and n + 1 in perturbation theory; any fixed-order truncation hence spoils the
invariance under the arbitrary renormalisation scale.

As we shall demonstrate in the following, the renormalisation group evolution of the couplings is
intimately connected to the structure of the logarithmic contributions to the renormalised N-point func-
tions. It is customary, as a way to alleviate the impact of the unphysical scale u in practical calculations,
to evolve the couplings of the theory towards a renormalisation scale such that the logarithms are not
too large. Another simpler possibility, when p is a free parameter of the theory, is to set its value so
that this (rather vague) requirement is satisfied. While for some applications such prescriptions may
lead to a sufficient level of precision, it is in general rather unsatisfactory or even unachievable. This
is true in particular for models with multiple, largely separated mass scales, where multiple logarithms
have to be kept under control with a single parameter p. Another problematic situation concerns the
study of the effective potential, whose logarithmic contributions depend on the classical background field.
Therefore, tuning the renormalisation scale so as to suppress the logarithms for a particular value of the
background field cannot prevent the occurrence of large such logarithms in other regions of the field space.

It is important to stress that the occurrence of large logarithms in the UV does not invalidate the
perturbative expansion, contrary for instance to the occurrence of Landau poles in the RG-flow. On the
other hand, their presence signals a strong dependence of the various quantities under variations of the
scale . In turn, if large logarithms do not spoil perturbativity, they do, on the other hand, essentially
spoil predictivity. Consequently, proper treatment of the logarithmic contributions is in many cases a
necessary condition to establish reliable quantitative predictions, as well as to understand the qualitative
features of a number of theories with interacting fields and/or with a ground state away from the origin:
In brief, necessary for any phenomenologically relevant application.

Historically, the connection between UV-logarithms and the renormalisation group has led to call
renormalisation group improvement (RG-improvement) the procedure allowing to resum the logarithmic

[0)
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contributions stemming from regularisation of the UV divergencesﬂ The main reason, as we will see, is
that the infinite series of logarithmic contributions takes the form of a Taylor expansion around log p of
the N-point functions. Resumming the logarithmic contributions thus means reformulating this series
in a closed form, amounting, in turn, to evaluate an RG-dependent quantity at some RG-scale different
from the initial scale p. Many works in the literature (see e.g. [64, (65 [66, [67, [68] [69]) have focused
on single-scale theories, i.e. theories where a single mass scale can occur in the UV-logarithms. In this
chapter, we shall likewise restrict the discussion to such theories, since there are many interesting lessons
one can learn about the interplay between the renormalisation group and the perturbative structure of
the N-point functions. Most of the results derived below will be crucial when generalising the discussion
to any general scalar theory in chapter [

In the first section, we consider a massive ¢? theory with a positive mass term — the (bi theory. As
we shall see, interesting conclusions can be drawn from this simple case: in particular, we derive the
all-order resummed N-point functions in a closed form and provide a method to systematically perform
their practical computations. In subsequent sections, we will consider a more general situation where the
mass term is allowed to take negative values — the ¢ theory. In this context, the true ground state of the
theory is in general non-trivial, and one must resort to the study of the effective potential to determine its
precise location. In particular, we derive the stationary point equation satisfied by the all-order resummed
potential, and outline a general method allowing to find its solutions in practice. Overall, the results
obtained in this chapter will lay the bases for an extension of the resummation procedure to general scalar
theories in chapter

1 Resummed N-point functions in the massive ¢7 theory

We consider in this section a simple scalar theory, with a single scalar field ¢ and a positive mass parameter
M:
L= 20,00"0 — A — SM? — = ¢ (3.1)
2 2 41 ’

In what follows, we establish some important results regarding the structure of the renormalised N-point
functions to all orders in perturbation theory, based on the application of the Callan-Symanzik equation.

1.1 All-order parameterisation of the N-point functions

In a slightly different notation compared to chapter we note I'[y the MS renormalised N-point functions
in the 4-dimensional theory. For any N, I'ix] can be perturbatively expanded as

0 1 (2 np(n
Tiny = DR + 60 + 52T + - Z KT (3.2)

Where the loop-counting parameter x = 1/(1672) has been explicitly factored out from every fixed-order
contribution FE;\L,)], and where the leading-order renormalised N-point function I‘EN)] simply stands for the
tree-level coupling. In particular,

) _ ) _ 0 _
L T A (3.3)

To any order in perturbation theory7 the contribution FE )] can be conveniently decomposed in terms of the

powers of the mass-logarithm, log 24 a2 Furthermore, it is a general feature that the n-loop contributions
depend at most on the n-th power of the mass logarithm. In turn, one can always write

P
I‘E;\?] Zc(") <log > . (3.4)

!n the remaining of this chapter, we will use the terms RG-improvement, logarithmic resummation or simply resumma-
tion interchangeably.
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To prevent the proliferation of factors of 2 in the forthcoming expressions, we define the mass-logarithm

L such that
M vV M

1
—log— =1
2 °8 W

I (3.5)

and, by a re-definition of the coefficients CEZ)] » appearing in Eq.(3.4]), we rewrite the logarithmic expansion

of FEN)] in the form

(n)
iy Z c[N])p . (3.6)

Inserting this expression in the perturbative expansion of I'\x}, Eq. (3.2), we arrive at the most general
parameterisation
oo n (n) —p
vy = D" > ey L (3.7)
n=0 p=0

A second parameterisation will be extremely useful in the following to study the overall structure of the
logarithmic series, which is obtained by exchanging the two sums in Eq. (3.7):

o0
iy = Z (Z /ﬁ"cg\lf ) ' = Z c[N]’pfp. (3.8)
p=0

p=0

In this parameterisation, the renormalised n-point functions are simply given as a power series in the mass-
logarithm, with coefficients C[N].p containing an infinite number of loop-contributions with perturbative
order n > p. We insist that, in both parameterisations and (| ., the explicit dependence on the

renormalisation scale is exclusively contained in the powers of the mass-logarithm. On the other hand,

(n)
(N].p
on u through their beta-functions.

the coefficients ¢ and ¢y, are functions of the couplings of the theory and, as such, implicitly depend

1.2 Logarithmic contributions: resummation to all orders

We have shown in chapter [1| that the explicit and implicit dependence on the renormalisation scale
should properly cancel in order to maintain physical consistency of the theory — up to the RG-dependence
stemming from the self-energy corrections to the external legs. This invariance translates into the Callan-
Symanzik equation (|1.124]):

M@F v =1{T <7} =N~, (3.9)
where the last equality follows from the specialisation to a theory with a single scalar field. It will be useful
in the following to define several differential operators, depending on the nature of the RG-dependence

they encompass. First of all, we define
d

D=p—,
H dp
the operator giving the total derivative with respect to the renormalisation scale. It can be decomposed
as

(3.10)

D=0,+D, (3.11)
where
0, = g (3.12)
stands for the explicit derivative, while
d d
D=pB(A)gp +BM )7+5( ) (3.13)

accounts for the implicit dependence through the beta-function of the couplings.
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In a next preliminary step, we shall define an auxiliary scalar field ;5 which is exactly invariant under
RG-transformations. Since the renormalised scalar field ¢ implicitly depends on p according to

D¢ = D¢ = —¢, (3.14)
it is always possible to explicitly integrate the above relation in order to obtain
log p
ottonn) =exp { = [ 5(t)dt 108 10) = Koz 0 60108 o). (3.15)
og o

for some initial scale pg. Taking QAS = ¢(log up) and going back to a simplified notation where the
arguments are made implicit, we get

¢p=Kp, D=0, DK=—K. (3.16)
In turn, we define the modified N-point functions f[N],
Tiny = KTy, (3.17)
which are exactly invariant under RG-transformations, since
DTyj = NDKKN™IT ) + KV DD(y) = —NAT[y) + NoTy = 0. (3.18)
Finally, defining the new set of coeflicients

™ = gNM CIN]p = KNC[N]

[N [N].p* (3.19)

P

we arrive at the following set of equations which will constitute the starting point of the forthcoming
analysis

r _ n - ~(n) TP
Tivp =Y 6"y el s (3.20)

Tivy =Y L’ (3.21)

DTy =0. (3.22)

With these definitions at hand, we will now explore the consequences of the Callan-Symanzik equa-
tion (3.22)) on the all-order structure of the (modified) N-point functions I'jyy. Using in a first step the
logarithmic series expansion, Eq. (3.21]), we obtain:

o0
0=Dlpny = (D) L' +péiny, (DL TV

p

I
o

M

I
o

(Denp) L'+ > (p+ 1) Enypir (DL) T
p p=0

[(Denp) + (P + 1) Ty par (DL)] L. (3.23)

NE

p=0

Defining L = % log M, the derivative of the mass logarithm simply reads
— 1 M
DL=D (210g /ﬂ) =—-14+DL, (3.24)

so that Eq.(3.23]) becomes

o0

0=> [(Denp) = 0+ 1) pa(1 — DL)] L”. (3.25)

p=0
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Since the above equation must hold for any value of the RG-scale (and hence of the mass-logarithm L),
we arrive, for any p > 0, at the recurrence relation

. 1 .
(p+1) C[N],p—‘rl = mDC[N],p7 (3.26)

allowing to obtain every coefficient ¢jyj, in terms of ¢jy) o, which we shall refer to as the all-order
leading coefficient. We insist that the operator D accounts for the RG-derivatives involving the all-order
beta-functions, which are in practice inaccessible. Similarly, only the first few perturbative orders in the
decomposition of the coefficient ¢{nj o are known. Nonetheless, relation gives valuable information
on the structure of the all-order renormalised N-point functions, with important consequences in the
limit of a truncated perturbative expansion.

An insightful approximation
Since the derivative of the mass-logarithm L = %logM is only implicit, it is a most of order O(x!) in
perturbation theory, and one may express the denominator in Eq. (3.26)) in the form of a power series,

oo

: fDL => (DL)*. (3.27)
k=0

Retaining only the first term in the above series yields the approximate relation
(p+1) E[N]7p+1 R DE[N],p , (3.28)
which can be analytically solved to give, for all p > 0,

. Lo
CIN],p = HDPC[N],O . (3.29)

Inserting this expression in the logarithmic-series expansion of f[ ~] yields in turn

- 1 =1 ar 1 P
L = —DPein ol = — —————C[N].0 ( log M — 10g,u> . (3.30)
(V] 1;) p! [N] pzz:o p! d (log M)P [N] 2

In the last equality, we have rewritten the expansion in a form which, manifestly, is nothing else than the
Taylor expansion of ¢jy),o around log u, evaluated at %log M. In other words, in the limit where DL is
negligible, the resummation of the logarithmic power-series yields

=~ - 1
LN = 0 (5 log M (log ,u)) . (3.31)

This means in turn that the renormalised N-point functions obtained after resumming the infinite tower
of logarithmic contributions is equal, in a first approximation, to its leading coefficient evaluated at the
scale 1 = /M (log ). Of course, the quantity hence obtained is not exactly RG-invariant, but can be
expected in practice to provide a good approximation of the all-order result.

From the above approximation, it then appears that the explicit resummation of the logarithmic con-
tributions is equivalent to evaluating the leading coefficient at a scale which cancels the mass-logarithm.
Starting with the N-point function expressed at some scale jio, we may evolve all couplings according to
their beta-functions up to the scal log 1 = %log M (o). Since I'yy is exactly RG-invariant, we then
obtain

F = Y g pllog ) 3 10w Mg ) - logm)p | (3:32)
=0
If the running of M is indeed negligible —d.e. if DL =~ 0 — we recover the above result, since
S M(log ) ~ 5 M (log o) = o i (33
and therefore
Tin) ~ Gvo(log 1) = G (% log M (po)) - (3.34)

2 Although, given some RG-scale y, its logarithm log y1 is a dimensionless quantity, we will for simplicity sometimes refer
to log p as a “scale”.



80 Chapter 3 — Renormalisation group improvement in single-scale theories

Towards exact RG-invariance

From the above discussion, we observe in fact that a very natural and remarkably simple way of removing
ezactly every logarithm in the perturbative expansion consists in evaluating every quantity at a scale p.
such that

1
B log M (log p14) = log pux . (3.35)

If such a scale exists (which is indeed the case as long as M > 0, and more generally, as long as the
couplings remain perturbative), and since f[ N is exactly invariant under variations of the RG-scale, we
simply have to perform the running of every coupling from the initial scale y to . in order to obtain the
exact all-order result

~ N N 1
LNy = ¢ny0(log i) = C[N],0<§ log M (1)) (3.36)

in which every mass-logarithm has been cancelled by the constraint (3.35). It is crucial to note that,
by construction, the scale u, possesses no dependence whatsoever on the arbitrary initial scale. In fact,
Eq. (3.35|) defines a fixed point for the function f such that

filogp— = log M(log p) = log v/ M (log ) . (3.37)

The same conclusions can in fact be drawn by iterating the procedure described around Eq. (3.32). To
see how, let us define an initial scale pg, and, as previously, the scale p; such that

1
log iy = B log M (log po) - (3.38)

As we have seen, the N-point function evaluated at log py takes the form
~ °© 1 P
LNy = ZC[N])p(log,ul) (2 log M (log p1) — logul) . (3.39)

We may now proceed and iterate the procedure by defining the scale po such that

1
log ps = 3 log M (log 1) = log v/ M (log 1) , (3.40)

and in turn, the all-order N-point function can be expressed as

(oo}

~ 1 P
Liny = Z N1,p(log pi2) (210g M(log pi2) — loguz) . (3.41)
p=0

For all n > 0, we may then define the scale p,, such that

1
log fipt1 = 3 log M (log ) = log /M (log fin,) (3.42)

bringing the N-point function into the form

oo

~ N 1 p
Uiny =Y @nyp(log ) (2 log M (log ,,) — log un) : (3.43)

p=0

valid for any n > 0, since f[ N is overall independent of the RG-scale. We finally observe the scale p,, can
be expressed in terms of pg, the initial scale, in the form of repeated compositions of the RG-dependent
function f defined in Eq.(3.37):

log pi,, = log /M (log pi,,—1) = log \/M(log VM(log piy—2)) == (fo-of)(logpo), (3.44)

n times
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for all n > 0. Therefore, the scale u, defined such that

log pts = lim g, = lim ( fo---o f)(loguo) (3.45)
n—oo n— o0 w—/
n times

is nothing else than the fixed point of the function f, satisfying

1
log i = 3 log M (log ps) , (3.46)
and therefore cancelling every power of the mass-logarithm.

To summarise: we have arrived at the conclusion t})\at a scale u, exists such that, when evaluated
at pi., the expression of the all-order N-point function, I'(y}, does no longer involve the mass-logarithm.

Instead, f[ ~] is simply given by its leading coefficient ¢[y,o evaluated at the RG-scale j.. Additionally,
we have shown that at any arbitrary scale,

Tivy =D CwjpL’ (3.47)
p=0

where, for all p > 1
1 1

C =————DCNp_1 - 3.48

Wl = L7 pr PN (3.48)
Interestingly, we may also conclude from the above discussion that the denominator in Eq. (3.48)) is at
the origin of the infinite number of compositions of the function f : log u — log /M (log i), generating
the fixed point structure and the convergence towards p.. Its presence is crucial to explain the exact
RG-independence of any renormalised quantity. As we shall explain in the next section, the presence of
this denominator can be taken into account in a compact and rather elegant way, by introducing a set
of modified beta-functions which automatically drive the couplings towards their value at the fixed point

Hose -

1.3 The resummation operator

Let us now examine more closely the impact of the denominator 1/(1 — DL) in the recurrence relations
between the various coefficients in the logarithmic series. From Eq.(3.48)), we have

1 .

CNj = T—pr Pano,

~ 11 11 1 3.49
C[N]’221—DLDC[N]’121—DLD[1—DLDC[N]’O] ’ (349
/C\[N]v?’ = ...

Explicitly performing the derivatives is not very insightful, since this leads to a proliferation of terms
involving higher derivatives of the mass-logarithm L (it is this complicated structure that, when resummed
explicitly, will lead to convergence towards the fixed point). On the other hand, it is possible to define

the differential operator D such that
1

1-DL

D, (3.50)
and in turn,
¢iv)1 = D¢,

~ 1 1.5
CIN],2 = §D CIN],1 = §D2 C[N1,0 5

~

1.
e = D o (3.51)
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Consequently, the all-order N-point function can be put in the rather compact form
) 1 e —
= Z ED C[N],OL ) (352)

or, more explicitly,

1. 1. M(o P
= ZEDP c[N]}O(loguo) (2 IOg (guO)> 5 (353)

=0 Ho

for any arbitrary fixed scale pg. To further rewrite this expression, it is useful to define the functional
operator &,,, with parameter po acting in the space of RG-dependent function, such that

il = (gros ME) 107 1 g, (3.54)

and which can be rewritten in the very compact form

Euo L] = [eF00P(£)] (l0g o) (3.55)
where
— 1 M(1 M (1
L) = L10g 200810) VM Uog o) (3.56)
2 Ho Ho
By construction, this operator is defined such that the function
F i o= £y If) (3.57)
is constant on R. To explicitly prove this statement, we write
d d =1
7F = _ Dp
Moduo uoduo {Zp, [D? f] L }
Z D (D? f)L +pD? f(DL — 1)
:(1—DL){Z (D )T - Z Dpf)}
p=0 P! p:1 )
= 1 1
= (1—DL) {Z — (D L= = (D f)}
p=0 p! p=0 p
=0. (3.58)
Consequently, it is always possible to write, for any arbitrary scale g
Euo LF1 =80 1] (3.59)

that is, the parameter of the resummation functional operator can be equally taken to be u.. Hence,
one convenient way to interpret the effect of the resummation operator is the followingEl: When applied

3This operator can in fact be generalised as the following abstract object. Given some function g : x + g(x), and given
the differential operator

Dy:f—

1 %
1—g'" "

the functional operator £y ., defined such that
€920 = exp [(g(z0) — 70) Dy]
acts on any function f according to
Eg.o [f1 = flzx) Va0, (3.60)
where z, is a fixed point of g. If g has many fixed point, we expect the function xg — &g,z [f] to be locally constant, but

equal to f(z%) where z? is a fixed point of g. However, g must certainly satisfy a number of constraints in order for the
operator to be well defined.
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on an RG-dependent function f, £, gives the value of f at the fixed point of the function g : log ug —
%log M (log o). With these definitions, the all-order resummed N-point functions are simply given by

~

TIn] = o [Eiv1,0] = G0 (log 1) 4 (3.61)

with po any arbitrary energy scale.

1.4 RG-running towards pu,

If the resummation operator defined above allows for a compact and elegant description of the resummed
N-point functions, it is not clear at this point how the above results can be used to perform practical
computations. This is the goal of the following discussion, where we show that it is possible to trade the
RG-scale for a dimensionless parameter z € [0, 1], such that, for any RG-dependent function f,

f(z=0)= f(mo),  flz=1) = f(us). (3.62)

In turn, based on the initial value of the couplings at some scale pg and a set of differential equations,
we will implement a method allowing to systematically evolve the couplings towards the fixed-point scale
tt«, where the N-point functions are free of any logarithmic contributions.

To begin with, we define for each RG-dependent quantity f(logu) its counterpart f(z), where the
parameter z satisfies 0 < z < 1. In particular, we define

A(z) such that  A(0) = A(log o),
M(z) such that M (0) = M(log po),

and similarly for coefficients of the N-point functions, for which we define
cn),p(2) such that ¢jn),(0) = ¢jnp,p(log po) -

It will also be useful to define the z-dependent mass-logarithm
1
L(z) = 3 log M (2). (3.63)
Next, we define the beta-functions of the z-dependent couplings as

BA) =B BM) =B(M)| |y (3.64)

)
A=A M

that is, we only replace every coupling with its z-dependent counterpart in the expression of the beta-
functions. In addition, the operator D, when applied to some combination of z-dependent couplings, will
simply be assumed to act as on its u-dependent counterpart. Namely,

Df(A M) = Df(), M)‘ s (3.65)
M— M
Finally, the operator D defined in Eq. (3.50) as
1
D= D .
o (3.66)
will simply act on a z-dependent quantity as
1
Df()\,M)fﬁDf()\,M). (3.67)

Based on these definitions, the renormalised N-point functions (which are in the following formally
considered as numbers, and not functions of the RG-scale) can now be expressed as

Ty =D €mp(0) Iy, (3.68)
p=0
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where, as previously, Ly = %log %%“0) (this quantity will remain a constant for the remaining of the
0

discussion). This expansion can be rewritten in terms of the operator D as previously (see Eq. (3.52)),
but now in terms of the z-dependent coefficient E[N],oi

~ < 1 R _
T =) ;!Dpcm,o(o) Lg. (3.69)
p=0

The next step is to observe that, if we define the derivative of ¢;y),o with respect to the parameter z as

deiny o Ly N
L () = = DL(Z)DC[NLO(Z), (3.70)
then Eq. (3.69) simply becomes
~ 1 ar
ANEDD 1 Zop Sv1.0(0) (3.71)
p=0 P

which is nothing less than the Taylor expansion of E[ N],0 around z = 0, evaluated at z = 1. In turn, we
obtain the very following simple expression for the all-order, resummed N-point function:

Tiny = Enjo(1) - (3.72)

In other words, the all-order resummed N-point functions are obtained by evolving the coefficient ¢jny,0(2)
from its initial value,

¢1.0(0) = En.0(log o) (3.73)

to its value at z = 1. Since the derivative of €;y}0(z) is known for all 0 < z < 1 (see Eq. (3.70)), what
one needs to do in practice in simply to solve (numerically) the differential equation

deiny o Ly N N N
e (z) = 11— DL(Z)D C[N],O(Z)7 C[N],O(O) = c[N],O(log /,LQ) s (374)

from z = 0 to z = 1. Such a procedure will systematically drive the coefficient ¢jnyo(log o) towards its
value at the scale p, at which all logarithms cancel. In other words,

eno(1) = ¢nyo(log ps) - (3.75)

In fact, since the z-derivative of ¢jy}, explicitly depend on the couplings A and M, one needs in practice
to solve the system of differential equations

) = TR PG A(0) = A(log 1o) (3.76)
dM To

W(Z) = mD M(z), M(0) = M(log po) , (3.77)

in order to obtain
A(1) = A(log pu), M (1) = M(log pix) , (3.78)

and infer the value of ¢[n,0(1) from its expression in terms of the couplings.

To summarise: The all-order resummed renormalised N-point functions are simply given by their
leading coefficient ¢jn) o evaluated at the scale . which satisfies log . = % log M (log gt ). The dependence
on p of every coupling in the model can be traded for a dependence on a dimensionless parameter z ranging
from 0 to 1. The z-dependent couplings A and M satisfy

A(0) = A(log po), A(1) = A(log p), (3.79)
M(0) = M(log po), M(0) = M (log p.), (3.80)
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and their derivatives with respect to z are known for all 0 < z < 1:

dA L
dM L
() == DOL (Z)DM(z). (3.82)

Therefore, to obtain the value of the z-dependent couplings at z = 1, one simply needs in practice
to solve (numerically) the above system of differential equations. Evolving the z-dependent couplings
from their initial values at z = 0 towards z = 1 will automatically drive them to the values A(log p.)
and M (log p1.). Inserting these values in the expression of the leading coefficient ¢jy o (or, equivalently,
Cin),0) will in turn directly give the value of the all-order resummed N-point function, since

T = Emo(1). (3.83)

1.5 Fixed-order truncations in perturbation theory

Having examined the structure of the resummed N-point functions to all orders in perturbation theory,
we shall now discuss the practical implications for fixed-order calculations. From the above results, there
are in fact two components in the definition of a fixed-order truncation: (i) The perturbative order at
which the leading coefficient €[, is expressed and (ii) The loop-level at which the beta-function are
computed. As we shall explain, these two components can in fact be considered independently from each
other.

First of all, let us study the impact of the perturbative order of the beta-functions. As we have seen,
by construction, the resummation operator (3.55)) can be applied to any RG-dependent function, and will
systematically drive this function to the fixed-point scale u, such that

M (log p1.)

log
0

=0. (3.84)

Therefore, the resummation operator &,, is blind to the precise form of the leading coefficient ¢jn) o on
which it is applied to yield the resummed N-point function. It is however dependent on the precise

form of the beta-functions, which determine the RG-trajectory of the mas parameter M. Therefore, with

the initial value of the couplings being fixed at some scale ug, we arrive in fact at a set of scales u&n),

depending on the perturbative truncation used to generate the RG-trajectories. No matter the precise

value of n — the perturbative order of the beta-functions — the scale ui") is guaranteed, by construction,

to be independent of the initial scale. In turn, the N-point function obtained after resummation from

the n-loop RG-trajectories is guaranteed to be exactly independent under the n-loop RG-flow. For most

practical applications, ,ufkn) can be expected to converge rather quickly towards its all-order value, with

u&l) already giving a reasonable approximation.

Then, since the &,, is a linear operator, any perturbative truncation at order m of the leading
coefficient will give the resummed N-point function

(k)
IN].0
k=0

i =€

Ho

=3 & [EN0] (3.85)
k=0

with each individual contribution in the rightmost sum being exactly invariant under the n-loop RG-flow.

Example: resummed vacuum energy at two-loop

To exemplify the above results, we shall now provide the explicit form of the two-loop resummed vacuum
energy (i.e. the O-point function) in the ¢*+ theory, of which we recall the Lagrangian density

1

Ef# . (3.86)

1 1
== gy — A — = Map? —
L= 50u00"0— A= ;Mo
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We will therefore need the expression of the renormalised vacuum energy (noted Iy consistently with the
previous notation) to the two-loop level,

To =T + k0§ + w208 + 0 (5% (3.87)
where
I = A,
W _ 3yp, MM
Lo" = —gM"+ = log 7, (3.88)

1 1 M 1 M\?
r{¥ = §AM2 - ZMz)\logE + gAM2 (log Mg) .

From the above expressions, we may also directly write down the leading coefficient, noted cg,

co = céo) + mc(()o) + RQCBO) + 0 (k%)
3 S R 5 (3.89)
:A—g,‘{M +§/$ M —1—(’)(& ) .
We will also need the two-loop beta functions of A and M:
BN = kBD ) +rBA () + O (+%)
y 17 5.4 5 (3.90)
= 3KkA —gﬁ A —|—O(/~@ ),
BM) = k5D (M) + £5D (M) + O (x°)
3.91
= KAM — %nQ)\QM +0 (k%) . e
BA) = kBD(A) + kBD(A) + O (%)
=5 K>) .

One of the conclusions of the previous sections was that, in order to obtain the resummed N-point function
(here, the vacuum energy), one only needs to express the derivatives of the z-dependent parameters, of
which we recall the expression:

dX L
&¥ = 1o pr M) (39
dM L
() = 7= DOL(Z)DM(z), (3.94)
dA Lo
9= TP Ae):- (3.95)
M (log 110)

We reiterate that Ly = %log 2 is only a constant, and that D A(z) and D M (z) are simply
]

obtained from the expression of the beta-functions, where the u-dependent couplings are replaced with
their z-dependent counterpart. Therefore, it only remains to express the derivative of the mass-logarithm:

DM

1
DL=D(-logM) =
(2 °8 ) oM

(3.96)

which, from the expression of the beta-function of the mass parameter, Eq. (3.90), is explicitly computed
as

DL = %m — %n%\? +0 (k%) . (3.97)
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In turn, we obtain the explicit form of the z-derivatives:

dx
3— A+ 0 3.98
dz 1—§/£)\—|—12/<:2)\2 ( 3 )K * ( ) ( )
dM 5
1— Sk KAM 3 )
. 1—5,%/\—1— 2/-@2/\2< " >/<; + O (k%) , (3.99)
dA To
SM2+0 (i) . (3.100)

dz 11— 5/-@)\ + 12/#)\2

Numerically solving this differential system is an easy task, and for any initial values of A\, M and pg, and
it can be explicitly checked that the running of M always ends its course at the value M (1) such that
2log M (1) = 1 log M (log p1..) = log .. From the values of A(1), M (1) and A(1), the 2-loop resummed
vacuum energy is simply obtained from Eq. (3.89):

T = co(log j12) = co(1) = A(1) — %M(W + én2)\M(1)2 1O (+) (3.101)

2 RG-improved potential in the massive ¢* theory

Having shown how to properly perform the resummation of logarithmic contributions in the ¢i theory,
we now release the constraint of a positive mass parameter. In particular, as discussed in chapter
the ground state of the theory is in general no longer located at the origin of the field space, and we
must introduce a background field component to account for such a shift. In fact, every result previously
derived remains valid if the couplings are replaced with their background-field-dependent counterparts.
In the ¢* theory considered here, the mass M is now traded for its field-dependent counterpart, noted
m(¢), such that

_ PV(9)

In addition, every renormalised N-point function is now a function of the field ¢, and in particular the
renormalised vacuum energy — that is, the effective potential.

=M + %/\¢2 : (3.102)

The first step prior to being able to compute physical observables consists in finding the global
minimum of Vg (), defining the true vacuum of the theory. Once such a minimum is identified, the
background field can be set to the constant value

(725 = ¢min 5 (3103)

and we recover the case of a qbi theory, in which every N-point function can be computed and resummed
according to the procedure described above. In the remaining of this section, we shall therefore concen-
trate on the determination of the true vacuum of the theory, that is, the minimisation of the effective
potential.

2.1 Field derivatives of the resummed potential

As the renormalised 0-point of the shifted theory, the effective potential (simply noted V' for simplicity)
can be given in the form of a power series in the mass-logarithm

V(9) = cpllogu, ¢) L(¢)”, (3.104)
where, as before,
L(¢) = %log m(lojf’d’) . (3.105)

As we have seen, resumming the logarithmic contributions simply brings V' (¢) into the form

V(¢) = co(log pus(9), 9) , (3.106)
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where p.(¢) is the RG-scale at which the mass-logarithm cancels exactly. Namely,

log . (6) = 5 logm(log .(6),6). (3.107)

The minimisation condition for the effective potential (the stationary point equation) reads
dv
d¢

The field-derivative V4V (¢) can be explicitly computed from the resummed expression, Eq.(3.106)),

(¢) =V4V(p) =0. (3.108)

ViV () = Vgco(log 1. (9), ¢) = dco(log 114(9), @) + (Vg log i (¢)) Deo(log 114(9), ¢) (3.109)

where two contributions arise, depending on the explicit or implicit nature of the ¢-dependence. Dropping
the various arguments for clarity (keeping in mind in particular that p, is field-dependent), we rewrite

VoV = 0gco + (Vg log i) Dey . (3.110)

To further express Eq.(3.110]), one needs to compute the field derivative of the fixed-point scale . (¢).
This is achieved by taking the derivative of its defining relation, Eq.(3.107)):

1 1
Ve log py = §V¢, logm = - [Opm + (Vylog ps) Dm] . (3.111)

Gathering the occurrences of V4 log 1. on the same side of the equation allows to obtain the expression

8¢m - 8¢L
29m—Dm 1— DL’

Ve log . = (3.112)
where L = %log m. Consequently, the total field-derivative of the resummed potential takes the simple
form
0y L

1—-DL
where ¢; is the next-to-leading coefficient in the logarithmic series expansion of V(¢). The same result
would have been obtained by first taking the derivative of Eq.(3.104) and subsequently resum the loga-
rithms.

V¢V = 8¢Co +

Dcy = 6¢Co + 8¢,Lcl R (3113)

It will be very useful in the following to obtain the derivatives of V in the formalism where the
couplings are traded for their z-dependent counterpart. In particular, with at hand the expression of
Ogco for any 0 < z < 1, we will show in the next section that the minima of V' can be obtained as
solutions, at z = 1, of a system of differential equations. Based on the results obtained in the previous
section, we define cg(z, ¢) such that

deg  Lo(9)

¢o(0,¢) = co(log o, @), E_m

Dcy, (3.114)

where Lo(¢) = 5 logm(log 119, ¢) — log po. In addition, we have shown that taking z = 1 is equivalent to
evaluating the RG-dependent quantities at the fixed-point scale u,, so that

co(1, ) = co(log 11+ (9), ) - (3.115)

The procedure discussed in the next section to minimise the resummed potential will necessitate the
expression of the field-derivative of cy(z, @) for any 0 < z < 1. At this time, we only have computed this
derivative at z = 1, leading to Eq. . We therefore need to examine more closely the behaviour of
co for intermediate values of z. There should exist a mapping of the form

co(2,0) = co(log p(z, ), 8) , (3.116)
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where we have introduced the z-dependent renormalisation scale p, such that

log u(0,¢) =loguo,  logu(l,¢) = log p.(¢). (3.117)

In order to determine the explicit form of p, we may first compute the z-derivative of the z-dependent
mass-logarithm L(z, ¢), recalling that

d  Lo(9)
& 1-DL(zo) (3.118)

yielding

dL, - Toe) o

E(Z,@ = #MDL(Z@)
_ Lo(e)
= m(DL(Z@) -1)
=—Lo(9).

Solving the above equation for z with the initial condition L(0, ¢) = Lo(¢) gives
L(z,¢) = (1 —2)Lo(8). (3.119)
Finally, since L(z, ¢) = L(z, ¢) — log (2, ¢), we obtain

log (2, ¢) = L(z,¢) — (1 — 2)Lo. (3.120)
In a next step, we wish to express the field-derivative of the newly introduced z-dependent RG-scale

p. Tt is useful in this regard to explicitly replace L(z, ¢) with its expression in terms of log u(z, ¢) in
Eq. (3.120]) prior to taking the field derivative:

Vlog pu(z,¢) = Vg [L(z,¢) — (1 — 2)Lo]
=V¢,[ (loguzcb,gzﬁ) 1—zL0}

Gathering the occurrences of V4 log iz, ¢) on the same side of the equation leads to

05L(2,9) — (1= 2)0,Lo(0)

1 = 3.121
vti) ng’(z7 ¢) 1— DL(Z, d)) ( )
In the limit where z — 1, we recover the expression of the field-derivative of log pi.:
0,L(1, ¢ 0pL(1, ¢
Vou(l,¢) = —2LLO) __ L) (3.122)

1-DL(1,¢) 1-DL(1,¢)’

previously derived in Eq. (3.112)) in terms of the RG-dependent couplings. With this expression at hand,
we can finally express the field-derivative of ¢y for any z between 0 and 1

Voco(z,0) = Vo (log p(z, 6),¢)
= [Vglog pu(z, ¢)] Deo(log p(z, ¢), ¢) + pco(log (2, 6), ¢)

8¢L - (1 - z)8¢f0

V¢C() = 8¢Co + 1— DL

Dey (3.123)

where, in the last equality, we have dropped the arguments for better clarity.
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2.2 Minimisation of the resummed potential

Having established a set of expressions for the first field-derivatives of the resummed potential, we present
in this section a procedure allowing to determine the position of its minima. At least in cases where the
coefficient ¢q is polynomial in the field, this procedure will allow for the determination of all solutions to
the stationary point equation.

The proposed minimisation procedure is based on the following observation: each solution ¢y, (1) of
the stationary point equation at z = 1 can be continuously evolved, using the differential evolution of the
z-dependent couplings, back to z = 0 where the input parameters of the theory are initially expressed.
We have derived in Eq. the explicit form of the stationary point equation at every z:

8¢L - (1 - 2)8¢L0
1-DL

Veco(z) = 0gco + Dcy =0. (3.124)

In order to simplify the expressions, we note that the full set of solutions at z = 1 is independent of
the d4L¢ contribution, which can therefore be safely discarded. By doing so, we obtain the modified
z-dependent stationary point equation

Dey =0, (3.125)

OpLi
Vgeo(z) = Opco + ﬁ

which, once again, captures every solution at z = 1. It may be further simplified by multiplying both
sides with the denominator of the second contribution:

dsco (1 — DL) + (94L) Deg = 0. (3.126)

We may also insert the explicit form of the derivatives of the logarithms,
DL =—-——, OgL = - ——, (3.127)

leading to
P =2m0gcp + Dco Oym — Dm Opco = 0. (3.128)

In this form, the stationary point equation shares its overall structure with the coefficient ¢y. Of particular
interest is the case where ¢y is polynomial in the fields, implying that Eq. is also polynomial
(we recall that m is obtained from the second field-derivatives of ¢g). Based on this expression, the
minimisation procedure can be summarised in the following steps

1. We determine (in general, numerically) the full set of solutions of Eq. (3.128) at z = 0.

0

min?

— 40

2. For each solution ¢ we define the z-dependent quantity ¢umin(z) such that ¢umin(0) = @5, and

P(z, (j)min(z)) =0, 0<z<1. (3.129)

In other words, we require ¢min(2z) to remain a solution of the (modified) z-dependent stationary
point equation (3.128)) all along the way from z =0 to z = 1.

3. The above constraint translates into a differential equation on @iy (z) of the form

d¢min
dz

(2) = f(2). (3.130)

This equation is solved numerically for every solution ¢, initially found at z = 0, yielding in turn
the value of @min(1). The quantity hence obtained is guaranteed to be a solution of the stationary
point equation (3.128)), i.e. to correspond to a stationary point of the resummed effective potential.

In step 2, the differential equation governing the evolution of ¢y, (2) can be obtained by first writing the
z-dependent stationary point equation in the form

P (2, ¢min(2)) =0, (3.131)
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and requiring that P (z, gbmin(z)) =0 for all z. Since ¢min(0) is a solution of the initial stationary point
equation, i.e.
P(0, pmin(0)) =0, (3.132)

the above requirement translates to a vanishing z-derivative:

d

= [P(2,0min(2))] = 0. (3.133)
Explicitly, the above constraint yields
oP d¢min oP _
E(%qﬁmin(z)) T4 (2)% =0, (3.134)
which can be solved for %:
d¢min o azP
5 2= 2, P (2, bmin(2)) - (3.135)

Numerically solving this equation jointly with the set of differential equations for the z-dependent cou-
plings allows to evolve every solution @min(2) from ¢min(0) to dmin(1). Namely, we have found a method
allowing to obtain the solutions of the stationary point equation at z = 1, that is, the solutions to the
stationary point equation satisfied by the resummed potential. It is useful to note that, some solutions
to the (e.g. polynomial) stationary point equation at z = 0 may be complex, and turn into real solutions
at some 0 < zqiyt < 1. Therefore, one way to proceed to capture such solutions as well is to solve the
differential equation in the complex plane. In the end, only the solutions whose imaginary part vanishes
will be retained at z = 1.






Chapter 4

Renormalisation group improvement in
multi-scale theories

Having established a number of important results in the framework of theories with a single scalar field,
we now extend the discussion to general scalar theories containing N interacting scalar fields. The re-
summation of logarithmic contributions (in particular in the effective potential) in such theories leads
to several conceptual difficulties, and for this reason, has been an active field of research in the last
decades [0} [71), [72] [73] [74} [75] 128, [76] [7'7, [78) [79) [80L [51]. The task is tedious, but the stakes are high:
understanding the perturbative structure of theories with interacting scalar fields (and more generally
interacting, non-degenerate massive states) is crucial in countless theoretical studies and phenomenolog-
ical applications. Proper understanding of spontaneous symmetry breaking (in particular in classically
scale-invariant theories [81]) in the Standard Model and its extensions, the study of decoupling in theories
with vastly separated mass scales (and the related hierarchy problem), the study of vacuum stability in
the Standard Model and beyond, and the overall search for precision and predictivity in any interacting
theory — to only cite a few — are such examples.

The main conceptual difficulty one encounters when dealing with theories with multiple mass scales
(or multi-scale theories) is usually formulated in the following way. While it is possible, in single-scale
theories, to tune the renormalisation scale so as to cancel the logarithms, when at least two masses occur
in the theory, it can only be tuned to cancel one such logarithm. For instance, in a theory with two mass
scales m? and m3 where renormalised quantities contain UV-logarithmic contributions of the form

m2\” m3\*?
log 1) <10g 2) , 4.1
( p? n? (4.1)

setting u = my (or, equivalently © = mg) only resums part of the logarithmic series. In addition,
logarithms of the form

log m (4.2)

ma

are generated, which generally violate the decoupling theorem in the case of widely separated mass scales.
In such cases, one solution consists in implementing “by hand” the decoupling theorem [65] [71] [77] [80],
or addressing the problem from the effective field theory (EFT) perspective [51]. Another path one can
follow is to solve this conceptual limitation by introducing multiple renormalisation scales in the theory
[28] 70 73 [74] [75], [76], which can therefore be adjusted independently to cancel the logarithms. However,
at this time, none of these solutions is fully satisfactory. In the former case, the heavy physics is forced
to decouple, and the question of whether such a decoupling could naturally occur remains unanswered.
In the latter case, it has been shown that the introduction of multiple renormalisation scales inevitably
(unless the scalars are decoupled) induces an explicit dependence of the renormalised quantities on log-
arithms of the ratios of such scales, e.g. of the form log z—; In turn, reusing the above example, setting
u? = my and p3 = my generates, once again, logarithms of the form log %

93
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Throughout this chapter, we will adopt the second point of view and introduce multiple renormalisa-
tion scales in the process of dimensional regularisation of the theory. While this has been discussed on
several occasions in the literature, there has been, to the best of our knowledge, no attempt to properly
generalise and perform an in-depth study of such a procedure beyond a few examples of two-mass sys-
tems. The forthcoming presentation constitutes an attempt to fill this gap, by rigorously generalising, in
section [I} the standard MS renormalisation procedure in the presence of several renormalisation scales.
This approach defines a new renormalisation scheme, referred to as the multi-scale MS (mMS) scheme in
the following. We shall in turn derive and examine the general structure of the multi-scale beta-functions
in section Section [3 will finally be dedicated to the resummation of the logarithmic contributions
in the expression of the renormalised N-point functions. We will show that, from the structure of the
mMS-renormalised perturbation expansion, it is in fact possible to generalise the single-scale results in
a rather straightforward way, providing a theoretical framework as well as practical methods allowing to
systematically resum UV logarithms in a general scalar theory. Finally, we will summarise in section
our main findings and discuss their conceptual and practical implications.

1 Multi-scale renormalisation and the mMS scheme

As advertised in introduction, we now proceed with the renormalisation of a theory with N interacting
scalars in which several renormalisation scales are introduced. As mentioned above, the renormalisation
scheme hence obtained is referred to as the multi-scale MS (mMS) scheme. The starting point, as we shall
see, is to promote the renormalisation scale p to an N x N matrix, whose structure will be discussed in
section The modified prescription for the occurrences of the renormalisation scale (matrix) introduced
at the end of chapter [I| will be extremely helpful to understand the precise role of the newly introduced
RG-scales in the process of computing the loop diagrams (Section and the beta-functions (section [2)).

1.1 Definitions

We start from the alternative p-prescription described in chapter [1| section [6.1

1 1 1
L= 320,06 230" 6" = 5 (Map + 3Map) 66" = 75 (Nabea + Ohavea) 670" 6°¢"
' (4.3)

1 1 1
= 5;“'_8/2 a#(bangaugbb - 5 (mab + 5mab) ¢a¢b - )‘abcd + 6)\abcd) ¢a¢b¢c¢d )

4! (
where

¢8 — M—s/4Zae¢e ’
My = p=? (Mg + 0Meyp) 2. 25} = (mey + 0mey) 221 25, (4.4)
/\gbcd = HE (Aefgh + ‘”‘efgh) Z;zlzf_blzgiclzfjdl :

In order to introduce multiple renormalisation scales in the theory, we promote the single RG-scale u to
a matrix M, and first rewrite the relation between the bare and renormalised scalar fields as (in matrix
form)

po = ZM /¢, (4.5)

While the matrix M is a priori generaﬂ it will be shown in the next section that it can always be made
symmetric by a harmless field re-definition. Therefore, we will assume in the following that M = M7,
simplifying the forthcoming results and formulae accordingly.

L Apart from the fact that its eigenvalues must be positive in order to avoid the introduction of an imaginary part to the
Lagrangian density.
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From Eq. (4.5), the couplings are renormalised according tcﬂ

MO, = (Meg + M) M MY 21 250 = (mey + 6mey) 2, 25!

A2b6d=(Aefgh+5Aefgh)ME/4M€/4ME/4MZ§4Z 253 2 2

a

(4.6)

where the auxiliary mass matrix m with mass-dimension 2 and the corresponding counterterm satisfy
m=MAMMEA Smo= MEASM M (4.7)

It will be useful in the following to similarly define the auxiliary quartic couplings ¢ with mass-dimension
€ as
Cabea = )\efgth(/l4Ms/4M6/4M2{j4 , (4.8)

and similarly for the corresponding counterterm, d¢. In turn, the relation between the renormalised
couplings read, in terms of m and ¢,

0 17—

Mgy, = (mey + 6mey) Z; Zfb )

o (4.9)
/\2bcd = (Eefgh + (%efgh) ealZfb ch1 Zhd1 :

When written in terms of M and A, promoting the renormalisation scale to a matrix only affects the
kinetic part of the Lagrangian which takes the form

1 1 1
L= 50u0" [MTZEM ] 96" = 2 (Ma + 00Man) 6" — 15 Nabea + Ohaved) 6°07 66 . (4.10)

On the other hand, a dimensionally consistent description of the quadratic part of the Lagrangian involves
the mass-matrix m, such that

1 1
Lo §8H¢a {M—E/4Z2M—e/4} au¢a _ §¢a [M—5/4 (m—&—&m)/\/l_a/‘l} ¢b_ (4.11)
ab ab
In a next step, we apply a rotation of the scalar fields such that the mass matrix, and in turn the leading-
order propagator, is diagonal (see chapter |1} section . This is achieved by defining the orthogonal
matrix U such that

m=UmU" = diag (m1, ..., my) . (4.12)
Applying this rotation to every tensor quantity in the theory, we define in particular
Z=2zU%  M=UMUY, $=U6¢, (4.13)
and arrive at a new set relations between the bare and renormalised quantitiesEI
¢o = ZM™=/g
Mg, = (ies + Siier) Z, Zfbl , (4.14)

)‘gbcd: (éefgh+6€efgh>2 Z 1Z 1Z 1.

The propagator of the scalar mass eigenstates (E reads

~ 1

1G = —= —— ———
M—/1ZT ZM~=/Ap2 — M — 6M
= M/ ‘ ME/4
ZT7Zp% —m — om
= M/ ! M (4.15)

2If not otherwise stated, Mif is used as a shorthand notation for (ME/Q)ab. That is, we first perform matrix expo-
nentiation, then take the element at position (a,b). This is in general not equivalent to exponentiating the element (a,b) of
M, in which case we shall use the explicit notation (Mab)e/ 2. A similar remark holds for the field-strength matrix Z, with
expressions of the type Zab = (Z’ ) ab"

3Note that UM*UT = (UMUT) for any real exponent x.
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and is renormalised according to

-é\/: Aqc/4 Ni _ Aqe/4
iGin =M p2]1—m—7TR(P2)M

—iTR(P?)) .| ME/E 4.1
p2]1—771+p2]1—m( ZWR(p))pZJI—ﬁ@+ M (4.16)

In the above expression, we have defined the renormalised matrix of self-energies with mass-dimension 2,
7r(p?), such that

Fr(p?) = M/ IR (p*) M4, (4.17)

with II r the renormalised matrix of self-energies with mass-dimension 2—¢/2 expressed in the mass-basis.

From Eq. (4.15)), one has

7r(p?) = Urr()UT = U [n(p?) + 0m — p®6y] UT = 7(p?) + 0 — pdy, (4.18)
or, equivalently,

M(p?) = MO/ Fp(p?) M-S/ = TL(p2) + 5M — p* (M5, M) | (4.19)
which will be used in the next sections to fix the mass- and field-strength counterterms.

1.2 The structure of the renormalisation-scale matrix

As mentioned in the previous section, while the matrix M is a priori general, one is able by a re-definition
of the scalar fields to effectively promote it to a symmetric matrix. To see how, we first rewrite M ~¢/%
in terms of its polar decomposition:

T71/2
Mfs/ﬁl _ |:M€/4 (M78/4> :| Rsv (420)

with R an orthogonal matrix of the form R = 1 4+ O(g). The positive-definite matrix under the square
root can be approximated up to order O (52) using the Baker—Campbell-Hausdorff formula,

e _ea\ T € € €
ME/ (M /4) = exp (—Zﬁ) exp (—ZET) = exp (_Z (£+ ET)) +0(?), (4.21)
where we have defined the matrix—logarithnﬁ of M:

L =LogM. (4.22)

We may write in turn

1/2 T
M=/t = [exp (—Z (£ + cT)) + 0(62)} R. = exp (—i'c +2£ ) K., (4.23)

where the matrix K defined in the right-hand side satisfies K = 1 4+ O(e). Hence, Eq. (4.5)) can be put
in the form

$o = ZM SN K-6, (4.24)

where Mgy, is a symmetric matrix with logarithm Log Mgy, = (ﬁ + CT) /2. Since the dimensionless
matrix K. satisfies K. — 1 in the 4-dimensional theory, we may absorb it in the scalar fields through
the re-definition

K.p— ¢, (4.25)

without effect on the physical properties of the regularised theory. Re-defining in addition
Mgym = M (4.26)

4Here and in the following, we use for better clarity a different notation for the matrix logarithm, e.g. Log X, and the
logarithm of a scalar quantity, e.g. log x.
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proves our previous statement that M, although a priori general, can always be made symmetric. Con-
sequently, the matrix M can now be diagonalised by an orthogonal transformation, according to

u=O0MOT = diag (p1, -y pN) - (4.27)

Hence, the new degrees of freedom introduced by promoting the single renormalisation scale p to a matrix
can be factored in terms of N renormalisation scales p; (i =1,...,N) and a set of angles parameterising
the orthogonal transformation O. In section [2| we will define, in a natural generalisation of the single-
scale case, the beta-functions of the couplings as their derivative with respect to the eigenvalues of the
RG-scale matrix, i.e. with respect to p; (¢ =1,..., N). It will be shown in this context that the explicit
computation of the beta-functions involves the derivatives of M with respect to its own eigenvalues,
namely

d b 3 ib
=M = 0O 42
fi g M = 00 (4.28)

It is then important to note that a limiting case arises when M is proportional to the identity matrix,
i.e. when M = p1 for some scale y. In such a case, the matrix O is not uniquely defined, meaning in turn
that neither are the beta-functions. Based on this observation, it therefore appears that an additional
renormalisation condition must be introduced in order for the theory to be properly renormalised. Such
a condition must unambiguously fix the orthogonal basis that defines the RG-scales p; (i =1,...,N) at
each point in the RG-space (i.e. the N-dimensional space of renormalisation scales). While an infinite
set of such conditions may be given, defining a family of mMS renormalisation schemes, one choice of
particular interest consists in defining the renormalisation scales in the mass-basis, namely:

M =UTuU . (4.29)

As expected, this condition extends the validity of even in the case where M o 1, and comes
with an interesting interpretation: to each propagating mass-eigenstate ggi unambiguously corresponds a
renormalisation scale u;. In the remaining of this chapter, we shall assume that such a renormalisation
condition always holds, so that M and its matrix-logarithm £ = Log M are diagonal in the mass basis,
namely:

//\/lvEU.MUT:p,:diag(,ul, ceey HN) (4.30)
ZEUEUTzLog/J,:diag(logul, ceey log,uN). (4.31)

Nonetheless, when possible, we will carry out the forthcoming computations by keeping M and £ in
a general matrix form in order to establish a set of general results holding independently of the above
renormalisation condition.

1.3 Two-loop renormalisation

One of the main goals of this chapter is to obtain the form of the beta-functions and anomalous dimensions
in the newly defined mMS scheme. In analogy with the single-scale case, one needs to express the
n-point functions beyond leading order, and to subsequently regularise them by minimally subtracting
the divergent contributions. From the expression of the counterterms, we will in turn be able in the next
section to compute the beta-functions from the requirement that the bare couplings are independent of
all renormalisation scales.

One-loop two-point function

We begin this discussion with the renormalisation of the two-point function at the one-loop level. In
order to consistently keep track of the non-integer powers of dimensionful quantities, it is a necessary
first step to compute the corrections to the matrix of self-energies with mass-dimension 2, 7(p?) from
which II(p?) can be later recovered using

02| = MM 707 (4.32)
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As previously, the only diagram contributing to 7(p?) at one-loop readsﬂ

~ 1 | — 5kl
—iF = \_/ = fM(ié“ME/‘L Nef ,JME/‘*Mj{‘L/ddei,. (4.33)

k2 —my + e

It is then useful to define the dimensionally-incomplete basis integral {Iél)} .,
ij

— 5ij
1(”} _ /ddk 0 4.34
{2 ij k2 —mg; +ie’ (4.34)
abef
with mass-dimension 2 — e. We may construct in turn the basis integral integral noted [J él)} - with
ij
canonical mass-dimension:
|:J(1):| abef (M5/4M5/4> (M6/4M€/4 |:I(1):| ) (4 35)
ij ae Kl ’ .

bringing %’i})) into the form

N O 1~ abe f
—Z’]T(%)) :7,,)_1,,,25)\6]&”‘ [ él):| . (436)
ij
Reusing the results of chapter [1} the integral Iél) is explicitly given by
] =it (an )2 2 (log gy — 1)| +O), (4.37)
ij 1672 €
and inserting the e-expansion of M/4 in Eq. ([.35) yields, up to order O(e°),
1 abe f 7 2 1
|:Jé )i|’l] 167’(’2 { mwéaeabf - |:m Logm - 5 {m *C/} - I]-:| 4 5a65bf
(4.38)
1 7~ ~
— im” (ﬁ;eébf + 5ae£;;f) } + 0(5),
where we have defined the logarithm of the MS-corrected renormalisation scale matrix,
L' = Log [(47T2677E)1/2 ./’\/lv} = Log M’ . (4.39)

As compared to the single-scale computations, the logarithms of the RG-scales are now localised in the
diagram, giving rise to a rather intricate tensor structure already at the one-loop level. In particular,
the adimensionality of the logarithmic contributions is obtained from a non-trivial combination of the
logarithm of the mass matrix, m, with occurrences of £’ stemming from both internal and external legs.

It will help simplify the forthcoming expressions to define the tensor structure [A(ﬁz)]jfef as
_ abef_ _ " 1 ~ 1"',, ~, ~
A(m)| = |mLogm — 3 1™ L Saelbf — P LeOvf +0aelyy) (4.40)
17 ij
so that Eq. (4.38]) takes the form
abef 2 1 1 abef
4 [t
[J2 ;=6 ( Tiigbuctns = 5 [ AG)] ) +0(). (4.41)
yielding in turn,
(1 1 abef 7 1~ 1~ _.qabef
—iF) = 2>\e i |35 =6 ZPe — s [A(m)]ij +0(e). (4.42)

5We omit for clarity the argument p? of which the self-energy is independent at one-loop.
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Finally, we may recover from Eq. the expression of IO in terms of the renormalised mass matrix
M, properly performing in addition the e-expansion of each occurrence of m outside the argument of the
logarithms. Doing so removes the logarithms of the RG-scales attached to the external legs, so that II(1)
can be put into the form

i

LW -
Hab = 162

i (135, - 3 [AGD) ) +00), (4.43)

ij

where
(AGD)| = [Mrogin— {M. L'} ~1] (4.44)
ij ij
is the analogue of the single-scale function A(z) = z(log(z/p?) — 1) defined in Eq. (1.42). We then
observe from Eq. (4.43) that the one-loop mass-matrix counterterm takes the same form as in the case
of single-scale renormalisation, that is

Xabis Mij . (4.45)

. 1
SMap = ———s b
b e(1672) bij

One-loop four-point function

Turning to the case of the 4-point function (which we shall only compute at zero-momentum), we write

= 1
7iF((11b)cd = Aabef)\ghchE/4M6/4ME/4ME/4 [1(1)}

74“ [J(l)] Aohed » 4.46
2 be f co.fh ghed ( )

ik,jl
where the 4-point basis integral Ifll), with mass-dimension —e¢, is defined as

— 5ab 5cd
v = [ dik 4.47
[4 Lbcd k? — Mgy k2 — Mea (447)

and can be directly expressed by reusing the results of chapter

ab scd 1
(1) (S 1) 2 —vp e/2 g . ~ . ~
{14 me 162 (4me77) [5 ; dx log [xmap + (1 — z)Meq] | + O(e) . (4.48)

Its dimensionless counterpart, noted Jil), is then computed as
[ng)} _ Ms/4Ms/4Ms/4M€/4 [I(l)]
ab,cd ij,kl

7 5ab50d 1 b <ed _ B ., .
~ 1672 QT N dx 676 log [xmap + (1 — ®)Mea) — Lopbea — dabLleq | | + O(€)

0
21 gabged 1 —~
1672 ( e + 9 {B(M)} ab,cd) + 0(5) , (4.49)

where have defined the multi-scale analogue of the function B(x) (see Eq. -
—~ 1 ~ ~
BOD| - / dr §°°6° 10g [2ap + (1 — 2)iTca] — Lopdcd — SanLiy - (4.50)
ao,c: 0
From Eq. (4.49) we infer the expression of the one-loop quartic counterterm
6Xabcd =

m ()\abij)\ijcd + AabijAijed + )\abij)\ijcd) , (4.51)

taking the same form as in single-scale renormalisation.



100 Chapter 4 — Renormalisation group improvement in multi-scale theories

Two-loop two-point function

Turning to the two-loop contributions to 7, the two relevant topologies can be schematically decomposed
as

T //\\ X\\ /\)_\\
—~ {
—i7® [ oo~ LN+ N+ LN (4.52)

and

—i7? (p?) ] ~ el (4.53)

where it is understood that, in both cases, only the relevant quartic counterterm contributions are re-
tained. Conveniently expressing the first topology in terms of the one-loop basis integrals, we obtain

D abe f 1~ 7~ ~ abef
_ =2 = _ = g 2N 3 = o1 (1)
i ab [ R ‘| 6)\€f1] |: ]1] 2)\ab13 |:J4 i|ij,kl 6mk:l + 4)\ef2] |:J4 ]ij,kl Aklmn |:J2 i|mn
i 1+~ ~
= 1672 |:€2)\abij)\ijklmkl + O(l)] , (4.54)

and observe that the corresponding counterterm is, once again, equivalent to that obtained in the usual
MS scheme. Turning to the sunset topology, we define the momentum-dependent two-loop basis integral

5 5kl smn
@ / 29k _ S 455
|:2 ( zyklmn —m”(p—&-k‘—l-q) _mqu2_mmn ( )

and its counterpart with canonical mass-dimension,

abef —~ —~ —~
2 4 4 4 4 4 4 4 2
T 0] e = (ML) (MG AE557) (WA (MERAMER) (8760
(4.56)
so that the contributions of the sunset topology to 7 are given by
~ EN 1 ~ abef 7~ ~ abef
—imy) ()| -5 | = S 0heps; {Jél)} S AeikmAfjin [Jéz) (PZ)} 3 : (4.57)
2 1] 6 ij,kl,mn

abe f
The sunset loop integral was computed in chapter appendix from which the expression of [J 52) (pQ)} -

ij,kl,mn
is obtained by properly expanding of the e-dependent contributions. It is convenient to isolate the mo-

mentum dependence from the basis integral as follows:

abe f 2
1962 = L bij00mn + (ML) 98] +0(1), (4.58)
ij,kl,mn  2€ ij,kl,mn
where we have gathered in [J (2)} y the remaining pole terms with no dependence on p?, and con-
173,kl,mn

veniently factored out powers of the RG-scale matrix attached to the external legs: those will eventually
cancel when recovering H(z)( 2) from the expression of 7(?) (p?). Explicitly, we obtain:

18] (04 200, 2 a0

ij

) 6kl6mn
1 ~l Iy r Al
42 {M c } 8110 — Mij LoyGmn — Mo Ll
€ ij

+ (ij > kl) + (ij <> mn)} +0O(1). (4.59)
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We recognise in the first line of the above expression the same contributions which we had found from
the single-scale MS scheme computations (see Eq. ) In turn, taking into account the counterterm
contributions is expected to properly cancel the mass-logarithms contained in A(M ) and guarantee as
usual the absence of non-local divergences. On the other hand, additional contributions arise in the second
line of Eq. involving logarithms of the RG-scale matrix. Sch contributions are characteristic of the
presence of multiple RG-scales in the theory and naturally cancel in the limit M — pl. This is clear
from Eq. (4.59)), since

{JTI, E’} Ocabes = MapLpader = MardoaLl Mopt, (21\7ab — My — M’ab) 595 log 1/ = 0. (4.60)

Interestingly, these new contributions carry information on the structure of overlapping UV-divergences
(this justifies in particular their absence from the diagram with topology ): The non-trivial struc-
ture of the RG-scale matrix indeed implies that each occurrence of £ = Log M is attached to an internal
propagator, i.e. is localised in the loop-diagram. We have in particular that the terms in the second line
of Eq. signal the presence of a purely two-loop overlapping divergence, which cannot be reproduced
(and cancelled) by the composition of two one-loop integrals.

From Eqs ([#.57)—(@.58)), we obtain for the sunset contributions to II® (p?) the following expression:

. 2
I (AN I N AN P e e () ag
’LHab (p ) [ N ] (167‘(‘2)2{ (Mae be ) 126)\ezjk)\zjk:f + )\azef)\b]ef (52 % M’L]
(4.61)

1~ ~ — —
+ %Aaike)\bjle ({M7 ﬁl}ij Omt — 2Mij£;cl) } +0(1),

and, as expected from the above discussion, the two-loop counterterm acquires an explicit RG-scale
dependence:

—~ 1 ~ o~ 1 1\ ~ 1~ =~ —~ ~ — -
SO My = ——— I haserhvjer | = — = ) M + — Aaine Mo jte {M ’} Su — 2Mi 20 ) b (462
b (167‘&'2)2 fAbjef 22 2% j T % ke\bjl L y kl J’Ckl ( 6 )
We also obtain that the field-strength counterterm takes the same form as previously, namely:

5 1 15 5

S S S S 4.
¢ Lb (1672)2 12¢ Ik vk (4.63)

Two-loop four-point function

The case of the two-loop contributions to the four-point function is similar to that of the two-point
function, and we shall only report here the final result obtained using mMS renormalisation in the s-
channel configuration:

(2 DN ) ~ o~ o~ 1
—er(zb)cd [ //X\ X /‘<\ ‘| = W/\abij/\ijkl)\klcd |:€2 + O(l)] , (4.64)

.35(2) AN _ 7/\/ _ ) 1 1
=il ped [ ey 1 = (167r2)2{>\abij>\iklc>\jkld (52 - 26)

1 _ _ _ _
+ %Aabiin’kchj’k/l/d [(E;i/éjj’ + 5ii’£;‘j/> Okt Our — G330 054 (Ekk/fszz' + 5kk’£;l/)}

+ (ab + cd)} +0O(1),
(4.65)

2 Multi-scale beta-functions

With the expression of the two-loop counterterms at hand, one is able to derive the beta-functions and
anomalous dimensions in the mMS scheme. With multiple RG-scales at play, one has to define, for each
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coupling, a set of IV beta-functions characterising their evolution along the multi-dimensional RG-flow.
In addition, a new feature compared to the single-scale case is the appearance of explicit logarithms of
the RG-scales in the counterterms, which will propagate to the expression of the beta-functions starting
from the two-loop level.

2.1 General considerations

As mentioned in section a natural generalisation of single-scale renormalisation consists in defining
the beta-functions in terms of the eigenvalues of the RG-scale matrix M. We note, as previously,

K= dlag (/’[/17 ) /’[/N) ’ (466)

the diagonal counterpart of M. We shall use the renormalisation condition introduced in section by
imposing that the RG-scale matrix is diagonal in the mass-basis, namely:

p=M=UMUT. (4.67)

Hence, in the mass-basis, to each coupling corresponds a set of N beta-functions, defined as the e-
independent contribution in the RG-derivative expansion, namely:

5A(Xabcd) = DA}V\abcd ’ ﬁA(Mab) = DAMab ) (468)
e—0 e—0
where we have defined the differential operators
d
DA:/JLAi, AZl,...,N. (469)
dpia
Similarly, N anomalous dimension matrices are defined such that
Dag| =-Aad, (4.70)
e—0

in analogy with standard MS renormalisation. The derivation of the beta-functions and anomalous di-
mension matrices is similar to the single-scale case although rather technical, and shall be deferred to
appendix [A] to keep this presentation concise. We will therefore concentrate on the main results, com-
menting on the major differences that arise in the mMS scheme compared to its single-scale counterpart.

We find in appendix [A] that the beta-functions can be written in a rather compact form, by first
defining the set of matrices VE] such that

i 1 ., ..
48] = — 06 (4.71)

and which occur in the e-expansion of the anomalous dimension matrix in (4 — ¢) dimensions. Their
presence is associated to the anomalous scaling of the renormalised fields with mass-dimension 1 — &/4.
We similarly obtain that the RG-derivatives of the couplings contain at order O(e) contributions of the
form

1y _ I (1] Wear y— dar (1]
B Cavea) = (X =ty L B () = {21 <) (4.72)
For instance, for the mass term, we explicitly have
— — 6‘ — —
DaMay > e85 (Ma) = — (5“AMAb + MaAaAb) . (4.73)

With these definitions at hand, we show in appendix[A]that the multi-scale beta-functions and anomalous
dimension matrices take the form

- oo

1
Ya = 5/6,[41]()‘efgh) — —Vy (4.74)
efgh
~ <981 Aabe - _
1 Fol]Aabed (1] ~ A
Ba(Nabed) B (Aefgn) s + {5[1]/\ — V4 }abcd + {/\ - M}abcd , (4.75)
7 T 00UMy gy ar 00y Ma T 1 i
Ba(Map) = —BY e pon) et — BN ) 2 4 L5000 T SV N R ()
A(Map) = =By (Aeggn) Peon A (Mey) i, { [ VA }ab { WA}ab (4.76)
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where 51;], 5[1]X and 5[1]M respectively denote the first-order pole contributions to the counterterms g(b,
S\ and 6M. The skew-symmetric matrices V4 appearing in Eq. (4.74)) are defined as

Va=(DAU)UT, (4.77)
where U is the orthogonal matrix which diagonalises the mass matrix according to
M=UMU". (4.78)
The explicit form of V, is obtained from the requirement that the mass matrix preserves its diagonal
structure along the RG-flow, and reads
[UB4(M)UT]™

ab
S TS T

(4.79)

with M, = Mpp the p-th eigenvalue of the mass matrix.

Intuitively, the interpretation of the first two terms in Eq. (4.75) and of the first three terms in
Eq. (4.76)) is the following: each internal index contraction between two vertices, generically noted §*/, is
successively replaced by

. 1 .. .
69 — 55“‘51“] . (4.80)

It is in fact useful to define an operator D4 which, when applied to a particular tensor structure, performs
such a replacement. As an illustration, let us consider the tensor structure

AabijNijed (4.81)

appearing in the expression of the one-loop quartic counterterm. When then have

Dy [/\abij/\ijcd} = % (XabAjXAjcd +XabiAXiAcd> ) (4.82)

or, in a diagrammatic notation,
e B , S /
Da| A ¥ =5 A f + 5 A oo, (4.83)

where the small circles signal the presence of an open index A. In turn, the beta-functions take a more
compact form when expressed in terms of D4:

Ba(Aaved) = Da [5[1“@1;04 + {X — ;?A}abcd ;

Ba(May) =Da [5[1]‘7\7@} + {M% WA}ab . (4.85)

(4.84)

A subtlety arises starting from the two-loop level, where the logarithms of the RG-scales may explicitly
appear in the expression of the counterterms. In such a case, applying the operator D4 on a tensor
structure involving a contraction of the type

NaveiLijNjaer (4.86)

yields
SR 1/~ - -
Dy [/\abciﬁij)\jdef] =1 (/\abcAﬁAj/\jdef + AabciEiA)\Adef) ; (4.87)

which, since the RG-scale matrix is diagonal in the mass-basis, reduces to

SO 1 - -
Da |:)\abci£ij>\jdefi| = 5 IOg MAAabcA)\Adef . (488)
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2.2 Towards a basis-independent formulation

In the above discussion, the multi-scale beta-functions have been defined in the basis where the RG-
scale matrix M is diagonal, which also coincides with the mass-basis from the additional renormalisation
condition introduced in section[I.2] In their current form, the resulting expressions can hardly be extended
to the more general case where the couplings and fields are not initially expressed in such a basis, hence
breaking the manifest covariance which characterises the tensor formalism we have made use of throughout
this chapter. Let us consider as an illustration the one-loop quartic beta-function, 8(Agpeq), obtained from

Eqs. (.75) and (1:82):

BY Cabed) = 75 aadaica + (b ) + b d)| + {X =T} (4.89)

167T2 abed

From @(41) (Xabcd), we may recover the beta-function of the quartic coupling A,pcq expressed in the arbitrary,
original basis:

,(41)()\abcd) = ﬁ,(ql) (XefghUeanqucUhd)
= [ 5% ergn) + {X — VA}Pfgh} UeaUsbUgcUna
1 ACTTA
= 162 [Aabcw\mcd (o)t (be d)} uicutr. (4.90)

Two comments are in order. First, having rotated the quartic couplings back to the original basis has re-
moved as expected the contributions coming from the skew-symmetric part of the anomalous dimension.
Second, expressing ﬂg)()\abcd) exclusively in terms of Ay peq has generated occurrences of the orthogonal
matrix U, since the index A has not been rotated back to the original basis. In fact, in the above form,
it is not possible to covariantly transform the index A which merely labels the position of the renormali-
sation scale p4 of which we are taking the derivative.

Nonetheless, we observe that the non-covariant contribution UA¢UAP appearing in Eq.([#.90) can in
fact be obtained by differentiating the logarithm of the RG-scale matrix, £ with respect to one of its own

eigenvalues:

acep d _ 1CD
O -2 reP = py [UTEU} — yACyAD. (4.91)
dlog pa dpa

This means in turn that ﬁ(l)()\abcd) can be expressed as

BY (Aabed) = # [)\abcMDicd +(berc)+ (b d)} (DALP) = Bep(Aabed) (DALEP) , (4.92)

where we have defined the two-index auxiliary beta-function ﬁ(cl )D()\abcd) as
1
S Aabea) = 6.2 [)\abCi/\Dicd +(bec)+ (b d)} . (4.93)
It will be useful to introduce a compact notation allowing to rewrite Eq. (4.92)) in the form

BY (Aabea) = (DALP) Bep(ANavea) = [DaL - B] (Aabed) » (4.94)

where we have introduced the shortcut notation £ -8 = L°P - B¢p.

Generalising the above example, we may in fact always re-define the actual beta-functions in terms
of a set of 2-index auxiliary beta-functions. This holds for the anomalous dimension matrix as well, and
one may take as the new definition of the beta-functions the following relations

Y =DaL -, (4.95)
Ba(Aabed) = [DaL - B] (Aabed) (4.96)

BA(Mab) = [DA£ . /8} (Mab) P (497)
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holding in any basis, and with the two-index beta functions 8 and anomalous dimensions = properly
transforming (i.e. covariantly) under an orthogonal change of basis. These newly defined two-index beta-
functions and anomalous dimensions are defined in complete analogy with their one-index counterparts:

With view on Egs. (4.71)) and (4.72)), we define

ij 1, o
Wb =30, Bis0w = (A ealb) o Bih0w) = {M AL @)

and establish in turn the two-index analogues of Eqs. (4.74)—(4.76) in the arbitrary, original basis:

[1]
1o 95,
YaB = 5B15(Aefgn) (4.99)
2 AB g a)\efgh
[ 96111 Aabed [
Bapavea) = =Bap(Aepon) ——— + {5[1]/\ « 7AB} +{A < YaB}apea » (4.100)
efgh abed

95M Moy u 981 Map

5AB(Mab):—ﬁE]B()\efgh)m ap(Mey) DM,

+ {5[1]M — ’71[4113}(112 + {M — 'YAB}ab .
(4.101)

We note that it is always possible to enforce the symmetry of the two-index beta-functions and anomalous
dimensions under exchange of their indices (e.g. A and B in the above expression) without impact on the

expression of the actual beta-functions. To do so, one simply needs to define 7&1}9 as

ij 160,675 + 00 5o
H“ﬂ -3 A% B 5 B” A (4.102)
instead of B )
ij . .
i) = Lo, (4.103)

Finally, before turning to the next section, it is convenient to introduce an additional notation, allowing
to disentangle the pure-vertex contributions to the beta-functions of A and M and those stemming from
the anomalous dimensions. In particular, we decompose the above general beta-functions as

Bas(Naved) = Ban(Naved) + N Y48 aped » (4.104)
Ban(May) = Bap(Map) + {M < yap}y - (4.105)

where the definition of BAB()\abcd) and ,@AB(Mab) — the pure-vertex contributions to Bap(Aapeqd) and
Bap(Map), respectively — directly follow from Eqgs (4.100]) and (4.101]).

2.3 Two-loop beta-functions

Having established the general formalism allowing to compute the multi-scale beta-functions, we may
now specialise the above formulae to express the one- and two-loop beta functions of the general scalar
theory considered throughout this section. To keep the presentation general, we shall provide the relevant
expressions in the original basis using the two-index notation introduced above, keeping in mind that their
counterpart in the mass basis are straightforwardly obtained by (i) rotating all fields and couplings to
the mass-basis and (ii) taking into account the additional skew-symmetric contribution to the anomalous
dimension matrices, stemming from the relation

Dad=Da(U¢) =~ [UyaU" = Va] 6. (4.106)

At one-loop, anomalous dimension matrix vanishes and we obtain for the quartic coupling

W) R N
Bap(Aabed) = 3 XX+ 5 X K + (t-channel) + (u-channel)
RN TN
1 1
= 16:22 [AabairBica + (b > ¢) + (b <> d)] + (A« B), (4.107)
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where we have used the symmetric definition of 34p5. We similarly obtain for the mass-matrix:

1 ' 1 1 1
(1) (Mab) ‘\\ // + — N /+ —

SRS 5 - -soc = 1625 MabaiMpi + AapiMai) | (4.108)

where a black dot on an internal line indicates a mass insertion. It is interesting to note that the single-
scale MS beta-functions may be recovered by contracting the two open indices, namely:

B Cavea)| = 5428 Oavea). 8D (Mar)|__ = 647 B} (Man) (4.109)

At two-loop, the anomalous dimension matrix acquires its first non-zero contributions, obtained from the
expression of the field-strength counterterm in Eq. (4.63]). From Eq. (4.99)), we find

{ (2)} B N S ST S S S A N
’YAB ab 24 |4 \\_/’ 4 \\<// 2 l\\_//
1 1|1 1 3
= (1672)? 24 |:46aA)\Bijk>\ijkb + Z/\aijk)\ijkA(SBb + 2)\aijA>\z‘ij:| ; (4.110)

and contracting the indices A and B allows to recover the single-scale MS-result, namely

2 1 1
548 [’Y,&}g]ab = WE)\aijk)\zjkb %Eb) — (4.111)

Turning to the two-loop mass-matrix beta-function, it is convenient to express the first order pole terms
in Eq. (4.62)) in a diagrammatic form:

1 RN 1
M= —— ey
[1] 25 \\</ +2€

= PR PN
,,7({%*}” + e+ (=2) e | (4112)

- -_ - -_ -

where empty squares signal an insertion of the RG-scale matrix logarithm, £ = Log M. For the contri-
bution independent of the RG-scale logarithms, we find

1(421)3(Mab) D — (161 72 213 NaajkMBrAfiny + AacjkMearBiny + 2XaearMesArpie] + (A <+ B), (4.113)
and recover once again the MS result from the contraction of A and B. For the contributions which
explicitly depend on the RG-scale logarithm, the greater number of vertices produces a rather large
amount of terms, which for conciseness we will not report here. We reiterate however that, in the limit
M x 1, the sum of the RG-scale-dependent contributions vanishes, so that their occurrence is a new
feature compared to the single-scale MS scheme. In fact, for some generic coupling ), the two-index
beta-function can be parameterised, to all orders, as

Bas(N) = BL N + B opNLP + By cp pr(NLEPLEF (4.114)

where the notation ,B[k] (M) is introduced to label the contributions according to the power k of the
logarithms of the RG-scale they involve. Hence, the constraint of recovering the MS beta-functions in
the limit £ — log(u)1 translates into:

BN = BN,

MS

(;AB(SCDﬁ[l (4115)

3

aB,cp(N)

0
5AB50D5EF6E§]B,CD,EF()‘) 0,

and similarly for the contributions with & > 2. In other words, for £ > 1, the quantity

IBAB ,A1Bi,.. ,AkBk()‘) (4.116)
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is a traceless tensor, which furthermore can always be taken to be symmetric under the exchange of any
couple of indices with k£ > 1, i.e. under any permutation of the type

(AiB;) < (A;B;),  i,j>1. (4.117)

Finally, as noted in [28], a set of consistency conditions exists on the structure of the beta-functions,
stemming from the requirement that differentiation with respect to p4 and with respect to pp commute
forall A,B=1,...,N. In other words, recalling that

Dy = 4.118
A=pag (4.118)

this consistency condition (referred to as integrability condition in [28]) translates into
[Da,Dp] =0, AB=1,...,N. (4.119)

It is a non-trivial observation that the validity of Eq.(4.119) is in fact guaranteed by the presence of the
logarithmic contributions in the beta-functions. For instance, for some generic coupling A, we obtain up
to first-order in the RG-scale logarithm

[Da, Dp](X) = DaBp(N) — DBﬁA( )
= Da (BEO) + BlaMlog e + ... ) = (B 4)
= (A e 50 - B[O] o W) + [B5La ) - B )] (4.120)

so that the requirement [D4, Dg](A\) = 0 implies, at leading order in the logarithm of the RG-scale, a
cancellation between contributions of the type %0 B%1(\) and SIY()). In other words, a set of non-trivial
relations exist among the contributions to the beta-functions at different orders in the logarithm of the
RG-scales, and furthermore, across various loop-orders.

2.4 Application to a two-scalar model

To provide better insight into the form of the multi-scale beta-functions, we specialise in this section the
above formulae to the case of a theory with IV = 2 scalar fields ¢; and ¢5. The corresponding Lagrangian
density reads

£= 30,000" 01 + 50,010"01 — V(61,02), (1.121)

and we shall for simplicity restrict the scalar potential to the form

1 1
Vg1, ¢2) = M1¢1 + M2¢2 4)\162541L + ﬂ)\zfﬁ% + 1>\3¢?¢§ . (4.122)

One-loop beta-functions

At one-loop, defining for conciseness the loop-counting parameter x = 1/(1672), we find for the masses
the following two-index beta-functions,

( ) A1 My 0 (1) . A3, 0
p(M) = ( 0 /\3M2) , ap(Ma) = ( 0 M) (4.123)
In the quartic sector we find
o L3N0 o) (30
(4.124)
(1) _ (MM +2Xs) 0
ap(ha) = r ( 0 As(A2 +2)3) )

It is easily checked that taking the trace of each two-index beta-function (i.e. contracting Bap with §4B)
gives the MS result.
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Two-loop beta-functions

At two-loop, we obtain the following anomalous dimensions:
2 2 2 2 2
(2) KT (207 +3X5 0 2) KT (3)3 0
Yap(d) = 55 ( 0 32 Yas(@) =37 (70" aaz1an3) (4.125)

and recover the MS result by taking the trace of '71(42)9 (¢1,2). Noting as previously the pure-vertex contri-
butions to the beta-functions 8, we get at two-loop for the mass couplings:

~(2) (M) = _iQ (2)\% + )\g) M + )\%Mz 0
AB\HH1 2 0 )\g (M; + 3M3)
(4.126)
710g& A2 (2M; — M) 0
112 0 A2 (2M7 — 3M5) ’
2(2) (M):_f A%(M2+3M1) 0
ARV 2 0 (203 + A3) My + \3M;
(4.127)
M1 A3 (2Mo — 3M;) 0
+log 2 ( 0 A3 (2Ma — My) ) |7

As expected, the RG-scale dependent contributions only depend on ratios of the multiple RG-scales,
properly cancelling in the limit where py = po. In addition, taking the trace of the two-index beta-
functions yields

§ABBCL (M) = —k? [(A% +A2) My + 2)2 My — 2X2(M; — My) log ‘“}
Hz (4.128)

5483 (My) = —k? [(Ag +A2) My + 2)03M; + 203(M, — My) log l’ﬂ .
2

While the RG-scale-independent contributions indeed correspond in both cases to the MS beta-functions,
we observe that the terms proportional to log Z—; persist, and only cancel in the limit @y = puo. Further-
more, it can be checked explicitly that the consistency condition on the commutator [Dy, D] exactly
holds up to the two-loop level. For instance, with view on Eq. , we may compute on the one hand

%o g () — Y o B (M) = 262 (M — M)A + O(K°), (4.129)
and on the other hand
;"6'2 /‘62
il () — 8y () = | 5 (Mo~ 2M1))\§] - [2(2M1 - 3M2)} — 9k(My — Mp)AZ,  (4.130)
so that
[D1, Do) (My) = O (k%) , (4.131)

providing an explicit check that the consistency condition holds up to the two-loop level.

Finally, the expression of the quartic beta-functions does not qualitatively differ from those of the
mass parameters, so there is not much interest in reporting them here.

3 Resummation of logarithms

3.1 Parameterisation of the all-order N-point functions

We consider any renormalised N-point function, noted I' for simplicity. In the traditional MS scheme, it
can be parameterised as

11J1 i1]1 M 122
I'=c+cyy, [Log MQ} + Ciyji inja {Log MZ} [Log 112} +.., (4.132)
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where the coefficients ¢ themselves contain an infinite number of contributions in perturbation theoryﬁ
Regardless, we are mainly interested at this stage in the logarithmic structure of the full perturbative
expansion. The various coefficients in the logarithmic expansion are now tensors, transforming covariantly
under basis transformations. However, it should be noted that, in the basis where M is diagonal, for each
couple of indices ixjx, we have that

p

Cirg1,eyipip — 0 if \/ g 7& Jk - (4.133)
k=1

In other words, in the mass-basis, one necessarily has iy = ji for every k and for every coefficient of the
logarithmic series. Any non-zero component such that i, # ji would be irrelevant since the diagonal
structure of the mass logarithm only selects the diagonal elements of the tensors it is contracted with.
Hence, in the mass basis, a more compact expansion can be given in terms of the eigenvalues of the mass
logarithm:

IF=c+cylog—*+ciilog—r—2+.... 4.134)
1 12 1502 2 2 (

Now turning to the mMS parameterisation, we have seen in the previous sections that the renormalised
N-point functions exactly reduce to their MS counterpart in the limit where M — pl. We have also
observed the appearance of explicit logarithms of the RG-scales in the expression of the beta-functions at
two-loop. Such logarithms also generally occur in the expression of the renormalised N-point functions
beyond one-loop. These explicit occurrences of logarithms of the RG scales have the property to exactly
cancel in the limit M — p1, meaning that they only appear in the form of ratios, i.e.

log X2 | (4.135)
1

for some i, j < N. In a matrix formalism, this means that, in the logarithmic expansion, such terms arise
from the contraction of the RG-scale matrix logarithm £ with some traceless two-index tensor. That is,
schematically, contractions of the form

c...ij. LY, §7¢. ij.. = 0. (4.136)

In turn, when £¥ becomes proportional to the identity matrix, §*/, the contraction overall cancels as
expected. Another way of understanding this feature is to decompose the RG-scale matrix logarithm as

Ezi/_Tr(E)]l—i—(E—Ji/_Tr(L’)]l)Eﬁ]l—i-A. (4.137)
The first contribution is proportional to the identity, and with coefficient
1 1 o 1, &
N0 = 5 ; log i = logg i = log(jua -+ p) /N = log . (4.138)

The scale i appearing in the rightmost logarithm is obtained from the geometric mean of all eigenvalues
of the RG-scale matrixﬂ For this reason, we shall refer to i as the average RG-scale. The matrix A
defined in Eq. (4.137)) is, by construction, traceless. In the mass-basis, where L is diagonal, A takes the
explicit form

(log p1 —log pa) + -+ + (log pu1 — log pun) 0
A=— :
¥ .
0 (log pn —log 1) + - -+ 4 (log un —log pin—1)
(4.139)

SWe note also that, contrary to theories with a single scalar field, non-polynomial functions of the scalar masses can also
be involved in the coefficients ¢, and in particular logarithms of the form log AA;[[i
M;

for some i,j < N. For M; < Mj, a series

expansion can be given for such non-polynomial functions in terms of «a;; = < 1, involving contributions of the type

@] (afj log(ozij)q> , with p,q > 1. The absence of O(log c;;) contributions prevents the occurrence of IR divergences.
"We can also write % Tr(L) = % Tr(Log M) = % log(det M), so that [t = (det ./\/l)l/N.
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More concisely, the diagonal entry A¥ (i = 1,..., N) reads in the mass basis
1 E logul—logu':i E logﬂ (4.140)
N ‘ % j N ‘ 1 s .
1<j<N 1<j<N
J#i J#i

and therefore only depends on logarithms of ratios of the RG scales. In turn, any such ratio occurring
in the beta-functions or the renormalised N-point functions stems from the contraction of some tensor
with the traceless matrix A.

From the above discussion, we arrive at the conclusion that any renormalised N-point function I' can
be parameterised, in the mMS scheme, in the form

T'=c+ [calbl (Log M — L) + dalblAalbl]

+ [calblme (Log M — E)albl (Log M — E)a2b2 4 dayby agby AP (Log M — E)a2b2
(4.141)
+ €a1by,a2b, (Log M — E)albl A2tz 4 fa1b17a2b2AalblAa2b2}

o
where the tensors ¢;, j,,...i,j, are equal to those defined above, in the conventional MS scheme. This rather

intricate structure leads in fact to two different parameterisations, both of which will be helpful in the
resummation of logarithmic contributions. As a last preliminary step, we define the shorthand notations

1 - 1 1 M
inLogM, LEiLogM—LogM:L—EziLogW, (4.142)
where the matrix Log 4 is defined, by a slight abuse of notation, as the matrix with diagonal entries
log Jl‘fg in the mass—bas (we recall that M is diagonal in the mass basis).

A first parameterisation can be given in terms of the logarithms L exclusively. Namely, allowing for

A-dependent coefficients, noted Cj,j, ,....i,5,, We can write

I'=C+ Ciljlzhﬁ + Ci1j1112j2111jlfzzjz + Ciljl7i2j27i3j3f“hfl2]2123]3 +..., (4143)

where the individual tensors C' can themselves be decomposed in a series expansion in A. The leading
contributions to each of the C (that is, its A-independent term) corresponds to the MS coefficient c.

A second parameterisation is obtained from the opposite perspective, expressing the perturbative
series in terms of A. The L-dependent coeflicients hence obtained are noted B, and we write

I'=B+ Bi1j1 ARt 4 Biljl,i2j2Ailjl A=)z 4 Biljl,i2j27i3j3Ailj1 AT 4 (4144)

Rather importantly, the leading coefficient B corresponds in fact to the MS renormalised N-point function

(where log M 5 Jog M ). From the contraction with A, every high order coefficient is traceless:
h %

B I =0 V. (4.145)

R P TR
In the following, both parameterisations (4.143)) and (4.144) will be successively inserted into the
Callan-Symanzik equation to infer valuable information on the overall structure of the perturbative
expansion. From this point onward, we shall consider for clarity that every tensor and coupling is
expressed in the mass-basis, without using the tilde-notation used throughout the previous sections.

8 A more rigorous definition could be Log % =LogM~ MM~
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3.2 Callan-Symanzik equation in the A-parameterisation

In this parameterisation, we first need to express the derivatives of A with respect to the RG-scale. This
is most easily achieved by using the trace-decomposition of the RG-scale logarithm,

A=L—-Lq. (4.146)
The RG-derivatives of £ and £ being given by
ij _ si si ij_ 09 6%
DaL” =640y,  Dali =+ k§—1DA log = =, (4.147)
one has in turn 573
g g o i
DaAY = Da (L~ L1)" = 530) — N (4.148)

We shall in addition use the shorthand notation

B A A = By AP By A =B (4.149)

iljlr“vip.]}?

so the A-parameterisation, Eq. (4.144]), more simply reads

oo
I'=> By Al (4.150)

p=0
Finally, when taking the RG-derivatives to apply the Callan-Symanzik equation, we shall systematically
contract the open index A of D4 derivative with A 44, defining in turn an auxiliary differential operator

N
(A-D)=> A*Dy. (4.151)
A=1
This newly defined operator is introduced for mere convenience and will allow to maintain the forthcoming
expressions in a compact form. For instance, the (A - D)-derivative of A itself yields, from Eq. (4.148)),

N N
(A-D)AY =3 AMDHAYT =" AMGATA = AV (4.152)
A=1 A=1

where we have used in the last step the fact that A is diagonal in the mass-basis.

As a last preliminary step, we define the modified N-point function I" in exact analogy with the single-
scale case (see section , by contracting its legs with the matrix K which factors the RG-dependence
out from the scalar field multiplet:

¢6=Kp, DsK=-v4K, Dup=0. (4.153)

Doing so allows to recover an exactly RG-invariant N-point function, bringing the Callan-Symanzik in
the simpler form

DuT =0. (4.154)
Contracting the above open index A with A44 finally yields from Eq. (151
(A-D)T =0, (4.155)

which constitutes our starting point to study the impact of the Callan-Symanzik equation on the structure
of the A-parameterisation. Let us then proceed and insert Eq. (4.150f) in the above relatiorﬂ

0=(A-D)T

=(8-D)} By - A%

p=0
- i [(A . D) E] LAWY i pByy - AP (4.156)
p=0

{r} =0

9The hatted coefficients B are simply obtained after contraction of the open legs of B with the matrix K.



112 Chapter 4 — Renormalisation group improvement in multi-scale theories

Our notations allow indeed to maintain the expressions in a compact form, without the need to explicitly
write every index contraction. Gathering every contribution according to the powers of the matrix A it
involves gives

0=>"[a-D)B] AW 43 pBy, AW

o 1{p} i
p= b=
co [e'S) R

= Z (A-D)B AP Z(p +1)Byyny . Alpt1}
" 4{r} e
b= p=

-y :(A D)B| - AP} 4 (p4+1) By - AP (4.157)

3
I
o

This equation must hold independently of the precise values of the RG-scales, and hence independently
of the precise form A. Consequently, it must hold order-by-order in A and we obtain the relation

[(A . D) B} . APY 4 (p41)Bppyy - APT =0, (4.158)

allowing to obtain, for all p, the expression of E{pﬂ} - A{P+1} in terms of the previous coefficients:

~ 1 R
B AP =~ (A-D)B| Al 4.159
) T laDB] (4.159)
For p = 0, we infer from this recurrence relation that
~ ~ N ~ ~
Bpy- At =—(A-D)B=-) AD,B=-A"D,B, (4.160)
A=1

where we have defined A4 = A44 (A =1,..., N) the vector populated with the diagonal entries of A.
For higher values of p, we obtain

_ 1 . 1 .
Bpoy - A% = —2[(A-D) Bpyy - A| = ;A*AP DD B

Bygy - AP = —%AAABACDADBDcﬁ

~ 1 ~
By - AP = (_l)pﬁAAl - AMDy ---Dy B. (4.161)

P

The last relation, valid for any p > 0, allows to rewrite the entire A-expansion into the form

o~ (-1
—~ — " s ~
F:ZTA L A% Dy, oDy B, (4.162)
p=0
where each term in the expansion is now given in terms of the derivatives of the leading coefficient, B.
This expansion is very similar to a multivariate Taylor-expansion, and we shall now demonstrate that we
can indeed rewrite it in such a form. To see how, we recall that A can be given in terms of £ and £y
according to

A=L-Ly=—(L1—-L). (4.163)

Since all coefficients are evaluated at the arbitrary RG-scales (log 1, . . ., log un) populating the diagonal
entries of £, having expressed A in the form (4.163)) is indeed what we need to put Eq. (4.162) in the
form of a genuine multivariate Taylor expansion:

~ X1 . )
I'= Z ] (DA1 "'DA,,B) (L1 — L) (L — L) (4.164)
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This crucial result has a remarkable consequence: With every coefficient ﬁ initially evaluated at the
scales (log 1, ...,log uy), resumming the infinite tower of explicit logarithmic contributions amounts to

evolve every scale u; towards the average scale g = (u1 -+ p N)l/ N

~ 1 ~ ~ ~
I'= Z ;j (DAl o 'DApB) [‘Cll - E]Al e ['Cll - qAP = B£—>£1 = Blogmﬁlogfr (4-165)
p=0""

In other words, resummation to all orders of the ratios log Z—J appearing in the expression of the N-
point functions exactly cancels each of them by taking pu; — g for all ¢ = 1,..., N. Once again, this
is a remarkable result: the multi-scale description of the theory is systematically brought back, upon
resummation of explicit RG-scale logarithms, to a MS-like description with a single renormalisation scale

1. Recalling that the leading coefficient B corresponds to the MS resummed N-point function, this means

Fonis = Dasl—g - (4.166)

We insist that this result is completely general since it holds to all orders in perturbation theory, and for
any N-point function.

3.3 Callan-Symanzik equation in the L-parameterisation

It remains at this stage to explore the other possible parameterisation for the renormalised N-point
functions, expanded in terms of the mass-logarithms:

I'=C+ Oﬁjlfiljl + Ciljhiﬂéziljlzizjz + Oiljl71'2]'2viSjSZiljlziQ‘hfiSjS + ... (4167)

Adapting our previous notations, we define

C{p}f{p} = Ciljl’m,ipjpfiljl .- -Zipjp, C{O}Z{O} =C, (4.168)

So as to rewrite -
F=Y C,I™. (4.169)

p=0

Inserting this expression into the Callan-Symanzik equation gives
AN A\, A —{p}
0=DaT => (DaCpy) T + CppyDa () . (4.170)
p=0

The situation is more involved here that in the case of the A-parameterisation, since the mass-logarithm
L depends implicitly on the scales g (A =1,..., N) through the beta-functions of M. Namely,

—ij 1 - .
DALJ = DA (2 LogM—E) = DALZJ - (5124(534 (4-171)

From this point onward, we shall switch to a notation where the components of the (diagonal) matrices
are traded for vectors of eigenvalues. For instance,

—-A —=aAA 1 My 1
L =L :il()gﬁ’ LAELAA:§10gMA, LA =L =logpa . (4.172)
In turn, we have
Con L™ =Ca,  a, LV I, (4.173)
and, from Eq.(4.171)),
DAL” = D4LP — 68 = —HAB, (4.174)
where we have defined the matrix H such that
1
HAB = 4B _ _pD,LP (4.175)

2
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In turn, the Callan-Symanzik equation (4.170|) takes the explicit form

0=DaT=3) DaCayn, L 7

p=0

0o R ~ i By -
_ ZHAB |:CB,A1,.<~,AP + CA17B7~.-,AP 4o+ CA1,...,AP,B:| T . TA»

p=0

%) ~ A, —A, oo ~ . .
:ZDACAl,...,ApL L _Z(p—"_l)HABCB,Al,W,APL L , (4176)

p=0 =

where the last equality follows from the symmetry of the coefficients under permutation of their indices.
Since this equality must hold independently of the precise value of the mass-logarithm eigenvalues, we
obtain the following recurrence relation:

HAPCp 4, a, = ——DaCa, 4, . (4.177)

The matrix H departs from the identity starting at first-order in perturbation theory and can hence be
inverted. We define the differential operator

D,=[H " Dp, (4.178)

as the analogue of the single-scale operator D defined in chapter |3| as

1
D= D. 4.1
1-DL (4.179)
Tteratively applying Eq. (4.177)) then gives
HABCp=D,C — Cp=D,C (4.180)
~ 1 ~ ~ 1 ~ 1 ~
HABCBA1 = iDACAl — CAB = §DACB = gDADBca (4.181)

from which we conclude that, since 5,43 is symmetric under A < B, the differential operators D 4
(A=1,...,N) necessarily commute:

D4, Dpl=0 VY(A,B)=1,...,N. (4.182)

For arbitrary p, the tensor contracted p times with the mass-logarithm then reads
Ca,,.... Ap:HDAl...DA C, (4.183)
and the L-expansion of the renormalised n-point function can be rewritten in the compact form

~ X1 ~\ —A —A,
F:ZH(DAl...DAP(,‘)L LT (4.184)

It is important to reiterate that the derivatives involved in the above expression contain explicit occur-
rences of the RG-scale logarithms, which would only cancel after resummation of the A-expansion, as
explained in the previous section. In fact, the occurrence of these logarithms is a necessary condition in
order to for the differential operators D 4, to commute with one another.
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3.4 All-order resummation

We are now ready to proceed with the complete resummation of the logarithmic contributions to the
mMS resummation N-point functions. Starting with the L-expansion computed above,

~ X1 A\ —A —A,
FI;)p!(DAl...DApC)L LT (4.185)

we first resum every ratio of RG-scale logarithms using the results obtained in the A-expansion. This
amounts to run every coupling from (logui,...,logun) to (logg,...,lognm). At this stage, the beta-
functions involved in the above expression are now completely independent of the RG-scale since pu; = i
for all ¢ = 1,..., N. Reusing the results of section [2| the operators D4 applied to any function of the
couplings are now given by

Da= ZB[O] (4.186)

where BL?] is the contribution to the beta-functions which was independent of the RG-scale logarithms
before their resummation, and where \; denotes any generic coupling of the theory.

The very final step allowing to resum the logarithmic contributions is, from a generalisation of the
procedure established in the single-scale case, to define a new set of z-dependent couplings, with z a
parameter ranging from 0 to 1. In particular, we define

Aabcd(z)a Aabcd(o) — )\abcd(log ﬁl) ’ (4187)
Mab(z)v Mab(o) = Mab(log .E]]-) s (4188)

and similarly for any other coupling that would have been included in the Lagrangian density. We define
the z-derivatives of the couplings as

dAabe —A —A___11AB —A [ __{1AB
#(2) = Ty Daravea = Ly [H]"" DpXavea = Lo [H']" B Aabea) » (4.189)
dM, —A —A . __11AB —A [ __11AB
o ®(2) = Ty DaMupea = Ly [H']"" DpMy, = Ty [H']"7 85 (M), (4.190)
where A
— 1 _ _ 1. MAlognul
LS‘ =13 log M(logpl) —logpl| = 3 log % , (4.191)
m

—A
is kept constant under evolution of the parameter z (the subscript 0 emphasises this feature). Hence, L,
simply stands for the eigenvalues of mass-logarithm evaluated at the initial average scale .

Exactly as in the single-scale case, having defined these z-dependent parameters and their derivatives,
the L-expansion of the renormalised N-point functions now takes the very simple form

P A
_Z 1d , (4.192)

p' de

and, as previously, is nothing else than the Taylor expansion of the coefficient C around the initial value
z =0, evaluated at z = 1. This brings us to the most important result of this chapter,

I'=C(1). (4.193)

Namely, the renormalised N-point functions in which logarithmic contributions have been resummed to all
orders are obtained from their leading coefficient evaluated at z = 1. The z-dependence of the couplings
is governed by the set of differential equations, Eq. and Eq. (trivially generalised to models
with additional interactions), and their value at z = 0 simply coincides with their initial value in the
MS scheme at the scale fi.
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4 Summary and discussion

4.1 Summary of the results

Before discussing the possible implications of our findings, let us summarise the main steps that have
led us to the above results. First, we have carried out the renormalisation of a general scalar theory
using dimensional regularisation in the presence of multiple renormalisation scales, and obtained general
expression for the beta-functions in such a renormalisation scheme, called mMS. These multi-scale beta-
functions explicitly depend on (ratios of) the logarithms of the RG-scales. Following the discussion in
section this means that, to all orders in perturbation theory, the mMS beta-functions of a generic
coupling A; take the form (for A=1,...,N)

d

pa g () = Ba0) = 8810 + AL ) + A%APBRL 00 + (4.194)

where A4 stands for the eigenvalues of the traceless component of the RG-scale matrix logarithm. In
this logarithmic series, the leading contributions 61[2] are directly related to the conventional MS beta-
functions, since

> B = By - (4.195)
A

In addition, 5,[2]()\1‘) can be directly obtained from the general expression of the mMS beta function,
successively “opening” the internal propagators in the loop diagrams, replacing them with

69 — %525{4, (4.196)

and taking the sum of the diagrams with open index A thereby obtained. For instance, for the one-loop
quartic beta-functions, this procedure can be schematically summarised as

N . .
ox = P S (4.197)

1
, - N 2/ N o N 2/ o o N

In the mMS scheme, the renormalised N-point functions have been shown to take the general form of a
logarithmic series involving both the mass-logarithm L,

— 1 mass basis =it 1 M
L=glogh—L mesbelsy, TH_ Jjop=ii,
1%

7

(4.198)

and the traceless matrix A, populated with the logarithms of ratios of the RG-scales. Starting with a
description of the theory at an arbitrary set of scales (u1,...,un), we have demonstrated in section
that the resummation of A contributions was equivalent to performing the running of all couplings towards

the average scale 1 = (1 -+ N)l/ N, hence cancelling every ratio of the form log % (that is, resumming
J

them). Such a resummation therefore brings the expression of every renormalised quantity back into its
MS form, evaluated at the single scale fi. On the other hand, instead of performing the A-resummation,
inserting in the Callan-Symanzik equation the mass-logarithm parameterisation gives a set of recurrence
relations between the coefficients, which one could not have obtained from MS renormalisation. First
removing the leg-dependence of the renormalised N-point function I' by defining

[=KND,  where DuK =—vya, (4.199)
these recurrence relations bring the all-order RG-invariant quantity T into the form

~ 1 N — _
F:ZE(DAl...DApC)LAl...LAp, (4.200)
p=0""

where the differential operator D4, is the direct multi-variate generalisation of the operator D obtained
in chapter [3[in the process of resummation in single-scale theories (see Eq. [3.50)):

D,=[H " Ds, Hyy=0,,-DL7, (4.201)
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where L’ denotes the J-th eigenvalue of L = 1 LogM. Similar to the denominator 1/(1 — DL) in
single-scale theories, H ! is crucial in guaranteeing the exact RG-scale independence of the perturbative
expansion. Finally, directly generalising the methods established in chapter [3| we may trade the RG-
dependence of every coupling for a dependence on a dimensionless parameter 0 < z < 1. With couplings
originally evaluated at the MS-scale jo, we define, for any generic coupling A, its counterpart A(z) such
that

A(0) = A(log pol), (4.202)
and .
() =LgDa(), (4.203)

where ZUA = % log W. Noting c (2) the z-dependent leading coefficient of the logarithmic expansion
0

of f, we have finally shown that, to all orders in perturbation theory,
r=C(). (4.204)

In other words, running the z-dependent couplings towards z = 1 resums every mass-logarithm in every
N-point function of the theory (that is, in the full effective action), bringing them into a form where only
their leading coefficient contributes, and has to be evaluated at z = 1. We reiterate that, by construction,
this procedure fully eliminates the dependence on the initial renormalisation scale. Finally, we note that
the non-modified N point function I' is simply recovered from

I=[K(1) T, (4.205)
where the z-dependent matrix K (z) is defined such that

d

K =—~y4, (4.206)

where ~ results from the application of the operator D 4 on the scalar fields, namely
ya=[H ] 578 (4.207)

4.2 Interpretation in terms of multi-scale RG-running

Similar to the single-scale case, the differential evolution of the couplings from z = 0 to z = 1 can be
interpreted in terms of a multi-scale RG-flow, where each of the u;, initially set at u; = p;, will be driven
towards their fixed-point value u;, such that

1
log pis = 3 log M; (log pi14, - .., log ) - (4.208)

This means in turn that the cancellation of all logarithms can still be interpreted, as in the single-scale
case, in terms of the simultaneous evolution of the y; (at z = 0) towards p;. (at z = 1). To understand
this property, we first compute the derivative of the z-dependent mass logarithms L4 (A =1,...,N):

dEA 8
dz Lo
e
L,

[Hil]Bc DcL*

[H7] o (DeL” = dca)
= Lf [H_l]BCHCA
—A
0

=-T (4.209)

In turn, since L*(0) = f(? , this yields the following explicit dependence on z

LAGZ)=(1-2)I,, VA=1,...,N. (4.210)
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Solving the above relation for log pa, the z-dependent counterpart of the scale log u4, yields
log pa(z) = LA(z) — (1 —2)Ip (4.211)
and we recover that

—A
log 1a(0) = L*4(0) = Ly =logp,

. 1 (4.212)
logpa(l) = L7(1) = 5 log M(1) = log ras -

Therefore, although made implicit in the formulation of the theory in terms of the z-evolution, there
are indeed multiple RG-scales p14 involved in the process of resummation. All of them are set to the
same initial value p, but individually run towards their fixed-point value log pz 4. when z departs from
z = 0 and approaches z = 1. In conclusion, this completes the proof that the multi-scale approach to
renormalisation group improvement is indeed able to resum the UV logarithms in the effective action in a
straightforward way. On the other hand, starting from the two-loop level, residual logarithms of the form
log % are generated, for which it might be possible to perform a further resummation. The investigation

of such a possibility is left for future work.

4.3 Generalisations
There are a number of straightforward generalisations of the above results.
The effective potential

First, we have assumed in the previous discussion that the theory was formulated at its true vacuum
(or at least at a stable minimum of the effective potential). Exactly as in the single-scale case, one may
introduce a non-zero background-field component, so as to determine the location of the ground state
from minimisation of the resummed effective potential. Every result presented above still holds when the
couplings are replaced with their background-field-dependent counterparts. For instance, M has to be
replaced with the field-dependent mass matrix m(¢) such that

22V
- D Opb ) -
Most of the discussion of chapter [3]in the single-case case can be transposed and generalised. In particular,
skipping the details of the computation, it is not difficult to compute the field derivatives of RG-improved
potential. In particular, the field derivatives of the z-dependent leading coefficient C(z, ¢) can be shown
to take the form (omitting the arguments for clarity)

d

de?

in exact analogy with the single-scale result. Following the discussion in chapter |3 section the sta-

tionary point equation can be solved by continuously evolving the solutions @min(2z) from z = 0 towards
z =1 based on a system of differential equations imposing VZ'C(Z, quin(z)) =0 for all z € [0,1].

m®(¢) (4.213)

C=v.C=0,C+|oLA—(1- z)aifg‘} D.C, (4.214)

Global symmetries and degenerate masses

When global symmetries are imposed on the theory, degeneracies may in general appear in the scalar
spectrum. As long as the symmetry remains unbroken, the mass matrix takes, in the mass basis, a
block-diagonal form
Myl,, ... 0
M = : : , (4.215)
0 c Mip) 1y,

where P is the number of sub-multiplets transforming under particular representations of the Lie algebra,
and where nj denotes the dimension of the k-th such representation. In such a case, a consistent approach
to mMS renormalisation only requires to introduce P distinct RG-scales in the regularisation process.
That is, the general prescription consists in introducing one renormalisation scale per massive propagating
multiplet transforming under some representation of the Lie algebra.
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Extension to general gauge-Yukawa theories

Up to this point, we have only considered in our discussion the case of a theory containing N interacting
scalars. In practice, any phenomenologically relevant application would require to extend our formalism
to general gauge-Yukawa theories. We believe that such a generalisation is in fact very straightforward.
One simply needs in practice to assign to every propagating state a renormalisation scale a4, p; or pg,
depending on the species of the field — vector boson, fermion or scalar, respectively. In the (4 — £)-
dimensional theory, we use a generalised prescription where the renormalisation scales are attached to
the kinetic terms. One should however carefully inspect the mass-dimension of each species in such a
prescription. The treatment of vector bosons, with canonical mass-dimension 1, is analogue to that of
the scalar field. However, for the fermion fields, one should inspect the dimensionless Yukawa couplings

Yaij " VY, (4.216)
in order to infer the mass-dimension of the fermion fields. Recalling that [¢] = 1 — ¢/4, we obtain
3 €
l—c/d+2[]=4—¢c — [w]_§(1—1)7 (4.217)

consistently with the observation that, in this prescription, the mass-dimension of the renormalised fields
is obtained by multiplying their canonical mass-dimension in 4-dimension with the factor (1 —e/4). Since
the bare fermion fields have mass-dimension

3 ¢
[l =35~ 7 (4.218)
an anomalous scaling for the renormalised fields will stem from the difference
€
[¥] = o] = =3 (4.219)
to be compared with the scalar- (or vector-)field anomalous scaling
€
[#] = [¢o] = 7 - (4.220)

As a direct consequence, the general prescription to compute the mMS beta-functions based on the
MS result is generalised to (introducing a new type of index, u,v,w, ..., to label the multiple RG-scales)

NS _, qmMS
M= B

1
Scalar propagators: 6% ———* 55362,

MS mMS 1
Vector propagators: 648 i N 55;4(55, (4.221)
. MS mMS 1 X .
Fermion propagators: §" i 15;(% .

Every subsequent result obtained in this chapter then follows from the expression of the multi-scale beta-
functions. In particular, every mass-logarithm involving scalars, fermions and massive bosons will be
resummed in the process of evolving every z-dependent coupling from z = 0 to z = 1. In this regard, the
general formalism presented in chapter [2| as well as its implementation in PyRQTE 3 [9] can prove very
useful.
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Appendix

A Multi-scale beta-functions: general derivation

While the explicit derivation of the beta-functions in the mMS scheme is analogue to the single-case,
the occurrence of a renormalisation-scale matrix, M, instead of a single renormalisation scale makes the
computation rather technical. We provide below the details of this calculation, the main results being
summarised in the main text in section 2

A.1 Quartic beta-functions

In the quartic sector, it is convenient to use the relation between the bare couplings and Zabcd (the auxiliary
quartic couplings with mass-dimension ¢) as a starting point to derive the beta-functions. Namely, we
have

Aobed = (Zefgh + 5Zefgh) 200752, 7, ) (4.A1)
leading after differentiation to
0= Dalusea + Dadlanea = {4+ s} (4.A2)
where the differential operator D4 has been defined in Eq. (4.69) as

d
Dy = _—, 4.A3
A= HA djin ( )

and where the auxiliary anomalous dimension matrix 74 is defined as
Va=27'DaZ, (4.A4)

and is to be distinguished from 74, the anomalous dimension of the (1 — ¢/4)-dimensional renormalised
scalar fields. The latter is defined from the relation

" = ZM~/1g, (4.A5)
yielding after differentiation
Dad == (ZM )" DA (ZM 1) = 746 (1.A0)
In turn, 74 can be expressed in terms of ¥/, as
Fa = MEPFLM 4 MDA M = MEF M/ AR (4.A7)
where, since M is diagonal,
A = ot way

The auxiliary anomalous dimension matrix 4’y has to be regarded as the anomalous dimension of the
scalar fields ¢’ with canonical mass-dimension in the (4 — €)-dimensional theory,

¢ =M. (4.A9)

Since ¢ has canonical mass-dimension, we expect the e-dependent contributions to its beta-function to
vanish. For the same reason we shall assume that 7’4 is independent of . To obtain the beta-function of

7, we then need to express the contributions at order O(g°) in the derivative of the counterterm. This is
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most easily achieved by observing that, to all orders, 50 takes the same form as d\ if one replaces \ with

¢ and every mternal mdex contraction by powers of the RG-scale matrix M. For instance, at one-loop,
with view on Eq. (4.Al] , one has

- ~ 1
0D labed = Oheggn MEL MG MELAMG! S 5(167r2))\ef” Nijan MELAMS MELA MG

1 i e/2 3y 6/2
= meamezk M Eklcd

1 ~ _ _ ~
méabijui E/Q,Uj 6/2£ijcd . (4A10)

At higher orders, we have seen that powers of the logarithm of the RG-scale matrix, £~, may occur in the
expression of the counterterms. In that case, the expression of §¢ is simply obtained by performing the
additional replacement

[ZP} LT (log ia)? bap — |:/K/lv*€/4zp,/§/lv*€/4} L N;E/2 (1og 11a)" Sab - (4.A11)

We further note that the explicit dependence of the counterterms on the logarithms of the renormalisation
scales does not introduce additional sources of order-O(g°) contributions in Eq. . It is then clear
that applying D 4 on the counterterms will select the first-order pole contributions through the derivatives
of the powers of the renormalisation scales, namely

Dap; % = _255 i < (4.A12)

Contrary to the single-scale case, the selection of the first-order pole term 5[1]Z keeps track of the position
of the renormalisation scales in the diagram, and we obtain for instance from Eq. (4.A10|) that

_ 1 _ o o~ ~ _
(1) . ) e/2 - e/2 ] ) - / 5/
D 46" lapea O 216772 |:€abAj/’[/A ;" ajea + Laviaps; ZzAcd} . (4.A13)

Commuting the renormalisation scales through ¢ back to their original position, we obtain
~ 1 ~ ~ ~ o~
D0 apea > 2(16m)2 {)\efAj)\Ajgh + )\efiA)\iAgh} M5/4M€/4M5/4M€/4 (4.A14)

More generally, we conclude that the contributions of order O(£°) in Eq. are obtained by “opening”
each internal line in the diagrams contributing to the first-order pole contributions, noted (5[1]Z, and
inserting at this position an open index A associated with the scale @4 of which we are taking the
derivative. It is convenient to define an operator, noted D4, which performs this operation when applied

on a particular tensor structure. This allows in turn to derive a simple expression for the beta-function
of ¢,

Ba(f) = Da(?) = %DA (om8) + {7+ 74} . (4.A15)

which in the limit € — 0 coincides with the beta-function of the dimensionless, renormalised coupling by
Otherwise, one needs to differentiate the relation

Zabcd = efgth/4M6/4Ms/4M224, (4A16)

yielding

DaXavea = Ba (Begon) Mo Myl Mo M5 + 2 {3 e ) }abcd , (4.A17)

where 'y[] was defined in Eq. (4.A8]). The inverse powers of the RG-scale matrix in the first term
systematically cancel those appearing in the expression of ¢ in Eq. (4.A15)), yielding

Ba ( efgh> MM MM, = *DA (5[1]X) + {X “ /\75/45,4]\/7*5/4} : (4.A18)
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while the second term in Eq.(4.A17) is easily evaluated using Eq. (4.A8):

_ 1 _ _ - _
{/\ “— ’YE]}abcd =1 (5aA/\Abcd + 0paradcd + Ocaracad + 5ad/\abcA) . (4.A19)

Conveniently defining

E] (Xabcd) = {X <~ 'YE] }abcd ) (4A20)
we arrive at the following expression for D AX:
~ - 1 ~ ~ _ i~
Daasea = B Raea) + 5D (6[1])\) + {)\ — M5, M 6/4} . (4.A21)

The first contribution, of order O(e) stems from the anomalous scaling of X in the (4 — ¢)-dimensional
theory, and is the analogue of the single-scale MS contribution 8(Aaped) DO —€Aabed- It is in fact interesting
to note that taking the sum of Eq. (4.A21]) over A, one effectively recovers the standard single-scale result:

N ~ N _
Z DA>\abcd D) Z 56[41] ()\abcd)
A=1 A=1

(4.A22)

=] M

N
Z (5aA)\Abcd + 6padaacd + 6caracad + 5ad/\abcA)
A=l

= _5)\abcd .

Finally, while the second term in Eq. only contributes at order O(£°) (i.e. to the beta-function),
the third term involving the anomalous dimension matrix produces an infinite series of positive powers of
€. This is a new feature compared to the single-scale case, where the beta-functions of the renormalised
couplings were at most of order O(g).

A.2 Anomalous dimension matrix

It remains at this stage to determine the expression of the anomalous dimension matrix 74/;. For this
purpose, we shall consider as our starting point the following relation:

D (ZTZ) - (DAZT) Z+7" (DAZ) =2 2+ Z 774, (4.A23)

and, inserting the decomposition of the field-strength renormalisation matrix in terms of the corresponding
counterterm, s ~
Z'Z =UZ°U" =1+ U,UT =144y, (4.A24)
we obtain B ) B o
Dady =4 +7a 406674 +7a 05 - (4.A25)

In analogy with single-scale renormalisation — and with the expression of 6~¢ and hand — the next step to
compute 7/, is to decompose the RG-derivative of the counterterm according to

~ ~ 8D,
Dpdy = DA)\efgh~7¢' , (4.A26)
efgh

in order to isolate the order O(g”) contributions. However, we have seen from Eq. (4.A21)) that the
RG-derivatives of A involve an infinite series of e-dependent terms, which by cancellation with the poles
of §4 will a priori contribute to the finite part of the anomalous dimension. Fortunately, it is possible to

avoid such a difficult computation by providing another expression for D Agd), first observing that

D (M5, MET) = M/ [ DGy + MO (DAME) Gy + 8y (DAME) M/ ME, - (a.A27)
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yielding in turn
Dady = M4 [ D (MG MO )| MEE = M= (DAMET) 55 =8y (DAME/*) M7/ (4.428)

As compared to Eq. (4.A26), the e-expansion of every term in the above expression is finite, rendering

the O(e°) contributions tractable. The computation of the first term is in fact completely analogue to

the case of D AZ presented above, since the powers of M can be commuted through the quartic couplings,

effectively trading A for ¢, whose beta-function does not contain powers of €. For instance, at two-loop,
we have

N/, N/ bt

[M 0 M Lb ° 12 (1672)2

1

= T2 (1622 iedate”

M Arierns [

b

P g gy (4.A29)

As previously, differentiation with respect to the RG-scales will only generate positive powers of ¢ through

the explicit derivatives of g e/ (x =e, f,g). Hence, we obtain after commuting powers of the RG-scale

matrix back to their original position:

— 1 — SO -~ - -~ - —
e/4 e/4 e/4 ) ) ) . . ) e/4
D4 |:M 5¢M :|ab D 724 (167T2)2 |:M :|ai (AzAfg)\Afgj + )\ZeAgAeAgJ + )\wa)\efA]) [M :|jb .
(4.A30)
Making use of the operator D4 defined above, we then arrive at the simple result
— — — 1 -
—/4 c/4 c/4 —e/4 _ _ = 1] -1
M=/ [ Dy (ME/5,0M5/4) | M 5Da () +0 (7). (4.A31)

where ;51(;] stands for the first-order pole contributions to 5¢- With M a diagonal matrix, the last two

terms of Eq. (4.A28|) are easily evaluated and the components of D Ag¢ can eventually be brought into
the form

], =S Pa()], - ], - F ] w06

We are finally able to determine the expression of the symmetric part of 74 by collecting the e-independent

contributions in Eq. (4.A25)), yielding

7,47, =1 [pa oL P N 1 [ W b, (4.A33)
ab 2 ab 4 *lap 4 aA

which corresponds exactly to the expression one would have obtained from (see Eq. (4.A26))
0y 0%

a4+ AT = B Napea) =2, (4.A34)
abed

with
~ 1 ~ ~ ~ ~
6[41] ()\abcd) = _Z <5aA)\Abcd + 6bA)\aAcd + 5CA)\ACAd + 5ad)\abcA> (4A35)

the order-O(g) contributions to D4\ stemming only from the first term in Eq. ({f.A21)).

In a final step, we may recover the expression of vy, the anomalous dimension matrix in the original
basis,
Yo =2Z2"'DaZ, (4.A36)

recalling that ~
Z=zU", (4.A37)

with U is the orthogonal matrix which diagonalises the mass-matrix, m. From Eq. (4.A37]), we have

Ay =27 DaZ =U~,UT + UDAUT. (4.A38)
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As discussed in chapter [I} section the introduction of the RG-dependent orthogonal matrix U effec-
tively induces a skew-symmetric component to the anomalous dimension matrix. Defining

Va=(DAU)U" = -V, (4.A39)
we obtain from Eq. (4.A38)), rewritten in the form
Fa=UvaU" =V, (4.A40)

that )
Ay + 74T =2UyaUT. (4.A41)
In turn, the expression of v/4 rotated to the mass basis is simply obtained from Eq. (4.A34), yielding
1 n)~ 89,
UyaUT = =84 epgn) =, (4.A42)
2 6>‘6th

in analogy with single-scale renormalisation. Finally, the skew-symmetric component of 7/, is computed
from the requirement of a diagonal mass matrix at all scales, namely that the off-diagonal components
of Dam vanish. Explicitly, we Writ@

Dam = D4 (UmU") = [(DAU)UT, ] + U (Dam) U™ = [Va,m] + U (Dam)UT, (4.A43)
and obtain from the evaluation of the vanishing off-diagonal components,

ab
[Va]® = (U (Dam) U] : (4.A44)

Mg — My

where m, = m,, stands for the p-th eigenvalue of m. In the limit of a 4-dimensional theory where ¢ — 0,
we arrive at .
[UBA(M)UT]

M, — M, ’
in exact analogy with the single-scale case (see Eq.(1.227)).

[Va]® = (4.A45)

A.3 Summary of the results

At this stage, it is useful to reiterate the main results that we have obtained from the above discussion.
First, the anomalous dimension matrix for the renormalised scalar fields ¢ decomposes as

Fa = MEPFLM 4 MDA M = MEF M/ AR (4.A46)
where , )
A" = Jos. (4.A47)

The auxiliary anomalous dimension matrix of the scalar fields with canonical mass-dimension, 7/, de-
composes according to
Fy=Ur,UT Vs (4.A48)

The first contribution is a symmetric matrix, and is obtained from the first-order pole contributions to
the field-strength counterterm,
1 n1,~ o)
UFAU™ = 585 Cepan) = (4.A49)
8>\efgh
while V4 is a skew-symmetric matrix accounting for the RG-dependent orthogonal rotation maintaining
the fields and couplings in the mass-basis.

10We reiterate that the orthogonality of U translates into the relation (DaU) Ut +U (DAUT) =Va+ V;‘F =0.
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In the quartic sector, we have shown that the RG-derivatives of the couplings are expressed in terms
of the first-order pole contributions to the counterterm,

DA}V\abcd = 55[41] (Xabcd) +Da <5[1]X) + {X — ME/4514M7€/4} (4A50)
where
oy X AU Lis X X X X
Ba' (Nabed) = {)\ —va } ot =~ 1 (5aA>\Abcd + 0pAraacd + 0caracad + 5ad)\abcA> - (4.A51)

Skipping the explicit computation for the mass matrix — carried out in exact analogy with the quartic
couplings — we only report here the final result,

DAMab = 5/31[41] (Mab) +Da (5[1]M) + {M — M‘“a/4§j4ﬂ—s/4} , (4.A52)

with
— — 1 — —
,BE] (Map) = {M — ’Y,[;]}ab =71 <5aAMAb + 5bAMaA) . (4.A53)

The operator D4 is defined in such a way that, when applied on a particular tensor structure, each
internal contraction d;; is successively substituted with

dij — %5’&146.4]' . (4.A54)

It can be more rigorously defined in terms of the auxiliary differential operator D[j] acting on the couplings

of the theory, such that
DY Aavea) = =B Qavea) s DY (M) = —BY) (M. (4.A55)
In turn, for any tensor T' with rank n, D4(T) can be defined as
DA(T) = DI(T) + {T “ ’y[l]} . (4.A56)

Explicitly, the corresponding contributions appearing in the RG-derivatives of the quartic couplings and
of the mass matrix then read

~ ~ ~ o) )\abcd g
D a(Xabed) D Da(dp1Aabed) = —5,[;]()\efgh)£\]7m + {5[1]>‘ A %[i]}abcd ; (4.A57)
efg
— — ~ 96NN, — 801 My —
Da(Ma) > Dal0uMas) = =85 Cpgn) S22 = B (M) ZEE=2 - oM 5]} . (4.458)
6/\efgh aMef ab
Finally defining the beta-functions as
Baabed) = DaXaped ) Ba(Map) = DMy, ) (4.A59)
e—0 e—0

we arrive at the final result of this appendix, namely the expression of the multi-scale beta-functions and
anomalous dimensions in the 4-dimensional regularised theory:

1)
Ya = 15[1] (Xefgn) ! Va (4.A60)
— aMA efg ~ - ) .
2 OXefgh
B4 (aved) = —BH (e 2o Aabed {5[1]X - 7“]} + {X « %} (4.A61)
A g efgh A abed abcd ’
— ~ L 9sWM, — 961/ Mgy — —
Ba(Map) = =83 eggn) e = B ML) ZH - (oM = o4} o+ {M - 7a} . (4.462)

OAefgh OM. ¢
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Chapter 5

The Two-Higgs Doublet model in a
gauge-invariant form

1 Introduction

The Two-Higgs Doublet Model (THDM) was introduced by T. D. Lee decades ago [82] in order to have
another source for CP violation — necessary in particular to address the imbalance problem of baryonic
matter over baryonic antimatter in the observable Universe [83]. Still today this argument remains one
of the main motivations to look for physics beyond the Standard Model of elementary particles [84].

The electroweak precision measurements give strong restrictions for extensions of the Standard Model
with respect to further Higgs multiplets. In particular the p parameter [84], relating the electroweak gauge
boson masses with the weak mixing angle, is in very good agreement with the prediction of the Standard
Model. In general, the p parameter is very sensitive to any new Higgs multiplets [85] which couple to
the electroweak gauge bosons. However, at least at tree level, the p parameter remains unchanged for an
arbitrary number of Higgs-boson doublets in the model. This opens the possibility to study models with
an extended number of Higgs-boson doublets. Here we want to consider the simplest extension with two
Higgs-boson doublets, the Two-Higgs Doublet model (THDM). In the past decades lots of effort has been
spent since the seminal work of T. D. Lee in the THDM; we refer in this respect to the review [86] and
some newer works like [87] [88] [89] [00, 911 (92, (93 [94] [95] [96].

Extending the Standard Model to two Higgs-boson doublets, it is clear that the model has a much
richer structure: First of all, the most general Higgs potential [97] which can be formed out of two
doublets contains already 14 real parameters compared to two in the Standard Model. Of course, not
all parameters can be chosen arbitrarily. For instance, in order to achieve stability, that is, a potential
bounded from below, the parameters are restricted. Similar, in order to achieve the observed electroweak-
symmetry breaking SU(2)r x U(1)y— U(1)em, further restrictions appear. In addition, following the
philosophy of the Standard Model to write down all Lagrangian terms not violating any symmetry of the
model and not violating renormalisability, the most general Yukawa couplings of the two-Higgs boson
doublets with the fermions of the model yield large flavour-changing neutral currents — not observed in
Nature. The usual way to avoid these unobserved interactions is to impose symmetries on the model. A
simple example is a Zs symmetry, such that only one Higgs-boson doublet transforms non-trivially with
a sign flip. This restricts the Yukawa couplings to only one of the two Higgs-boson doublets. Symmetries
of the general THDM have been studied in some detail; see for instance [98] [99, [91], [100].

It has been shown that stability and electroweak symmetry breaking of any THDM can be studied
concisely with the help of bilinears [I01],[102, [I03]. In particular, all unphysical gauge degrees of freedom of
the Higgs doublets are systematically avoided. The principal idea is to consider the gauge-invariant scalar
products of the doublets instead of the gauge-dependent doublet components themselves. This formalism
has turned out to be rather powerful not only for the study of stability and the electroweak symmetry
breaking but also to study symmetries of the potential or the renormalisation-group equations [1] [9].
Since the gauge dependency obscures the physical content, new insights could be gained based on the
gauge-invariant formalism.

Let us also mention some of the interesting works based on bilinears. For an extension of bilinears to
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models beyond Higgs-boson doublets we refer to [104]. Custodial symmetry of the general NHDM has
been studied based on bilinears in [105]. We also refer to [I06], where the bilinear formalism has been
extended to the Yukawa couplings.

In this work we want to show how to extend this formalism to the complete model, avoiding systemati-
cally gauge redundancies in the scalar trilinear and quartic couplings, the gauge-boson-Higgs interactions,
and the most general Yukawa couplings. We shall illustrate in examples how this can be achieved together
with the advantages of the method.

In the scalar sector, the starting point is to derive the squared mass matrix in a gauge-invariant way.
We shall see that this can be done without resorting to the actual form of the potential. Therefore, the
resulting expressions are valid for any THDM potential, at tree-level or effective, to any perturbation
order. In turn, the trilinear and quartic couplings are obtained by taking suitable derivatives of the mass
matrix, leading to concise and gauge-invariant expressions which reveal new insights. For instance, we
find an all-order expression for the mass of the charged Higgs boson, valid for any THDM.

Let us briefly outline this chapter: In order to make this work self-contained, we briefly recall in
section [2] the bilinear formalism and show how the electroweak-symmetry breaking behaviour can be
studied concisely. In section [3] we derive the scalar mass matrix to all orders in perturbation theory
in the THDM and apply these results to a general tree-level THDM potential. Then, we derive gauge
invariant expressions for the trilinear and quartic scalar interactions, the gauge-boson-Higgs interactions,
and the Yukawa interactions in the respective sections [dH6] Finally, in section [7} we summarise our main
results and draw some conclusions. A more detailed discussion of the structure of the scalar mass matrix,
extending section |3| is presented in appendix E A list of analytic expressions for all relevant tree-level
couplings of the general THDM in gauge-invariant form can be found in appendix

2 Review of the bilinear formalism

Here, we briefly review the bilinears in the THDM [101), 103, [102] in order to make this article self
contained. We will also discuss basis transformations. In the convention with both Higgs-boson doublets
carrying hypercharge y = +1/2 corresponding to upper charged components, we write

(o) = (5)) = L () ko)
Pl(x) V2 \mi(z) +ioi(z))’
= () = L (cfio i)
pa(z) V2 \m3 () +ioj(x)
Explicitly we have decomposed the complex fields into their real and imaginary components. From now

on we suppress the space-time argument of the fields. We will also write the real and imaginary upper
and lower components of the two doublets in the form of one eight-component vector:

(5.1)

¢ = (nl,7},0}, 08, 7}, 73,0},08)" . with ¢ € RS (5.2)
The most general, tree-level, gauge-invariant potential with two Higgs-boson doublets reads [97]
Viupm (91, 92) = miy(plen) +m3y(phes) — miy(ples) — (mly) (pher)

1 1
+5M(elen)? + Sha(ehen)” + As(elen) (hen)

i i 1 V2 1 At (oh e )2 (53)
+ Aa(o102) (pop1) + 3 [As)(%@z) + A5 (phe1) }

+ | Xelel02) + AZ(%E%)} (ler) + [M(wim) - A?(w&m)} (Phea).

In this potential we have two real quadratic parameters m?,, m3,, and one complex quadratic param-
eter m2, as well as seven quartic parameters \j, ..., A7, where the first four are real and A5, \g, A7
complex. Altogether this corresponds to 14 real parameters in the potential.

Bilinears systematically avoid unphysical gauge degrees of freedom and are defined in the following
way: First, the 2 x 2 matrix of the two doublets,

T + 0

_(PL) _ (P11 P
— = ) 5.4
v <w§) <<P§r w%) (54
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is introduced. All gauge-invariant scalar products of the two doublets ¢; and @5 can be arranged in one

matrix ; ;
K =gyt = (@m <p¥<p1> . (5.5)
P1P2 Pop2

This by construction hermitian 2 x 2 matrix K can be decomposed into a basis of the unit matrix
and the Pauli matrices,

1
K=g <K0112 + Kaoa>, a=1,2,3, (5.6)

with the usual convention to sum over repeated indices. The four real coeflicients Ky, K, are called
bilinears. Building traces on both sides of this equation (also with products of Pauli matrices) we get the
four real bilinears explicitly,
0= P1¥P1 T P22, 1= P1P2 T P2ab1,
Kz = i(pher — ¢les), K3 = olp1 — oo (5.7)

Inverting these relations we can express any THDM potential in terms of bilinears:

1 1 )
pleor = 5 (Ko + K3), plpa = 5 (K1 + k),

1 1 (5.8)
Phor = 5 (K1 —iK3), Php = 5 (Ko~ K).
The matrix K is positive semi-definite. From Ko = Tr(K) and det(K) = (K — K,K,) we obtain
Ky >0, K — K,K, > 0. (5.9)

As has been shown in [102] there is a one-to-one correspondence between the original doublet fields and
the bilinears apart from unphysical gauge-degrees of freedom. In terms of bilinears we can write any
tree-level THDM potential (a constant term can always be dropped) as

Vo (Ko, Ka) = €0Ko + £aKq + 100 K2 + 2Kona Ko + Ko Eay Ky, (5.10)

with real parameters &y, £a, 100, Ma, Eab = Eba, a,b € {1,2,3}. Expressed in terms of the conventional
parameters appearing in (5.3, these new parameters read

o= 5 (mhy +my), €= (6) = 5 (~2Re(mb), 2m(mi), miy —md)" (511)

Moo = é(h +A2) + iks, n= () = i (Re(As + A7), —Im(Ag+X7), (M=),  (5.12)
)\4 + Re(Ag,) 71111()\5) Re()\g — /\7)

E=(Es)=>| —Im(\s)  A—Re(rs) —Im(As—Ar) |. (5.13)

Re(A¢ — A7) —Im(Xg — A7) 5(A1+X2) — A3
As has been shown in [102], we can also form Minkowski-type four-vectors from the bilinears,
— K K
K = (KO> , with K = [ Ky | . (5.14)
K
Writing the parameters of the potential in the form
g fo) > (7700 77T>
= ; E = , 5.15
- (% o (5.15)
the tree-level potential (5.10) can be written as
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The conditions (5.9)) for the bilinears can, with the help of
g = diag(1, —13), (5.17)

be expressed as o
Ky >0, KT3K >0. (5.18)

We will consider unitary mixing of the two doublets,
o =Uijp;, with U = (Uy), U'U = 1,. (5.19)
These basis transformations correspond in terms of bilinears to
Ky =Ko, K;=Ru(U)K,, (5.20)

with Rgp(U) defined by
UloU = Rap(U)o® . (5.21)
It follows that R(U) € SO(3), that is, R(U) is a proper rotation in three dimensions. We see that

the potential ((5.10) stays invariant under a change of basis of the bilinears (5.20)) if we simultaneously
transform the parameters [102]

5{) = 507 f; = Rab&n 7]60 = Too, 77,/1 = Rabnb7 E{:d = RcaEabREd . (522)

Note that by a change of basis we can diagonalise the real symmetric matrix F.

Let us also briefly recall from [102] how electroweak symmetry breaking translates into conditions on
the gauge-invariant bilinears. First, we suppose that the potential of the THDM is stable, that is, it is
bounded from below. Then at a minimum of the potential becomes,

(W) = (g 52) . (5.23)

Here, we have introduced the vacuum expectation values of the components of the doublets, that is,
UT/Q = <‘/’T/2> and U?/z = <‘/’?/2>'

In case that we have a charge-breaking (CB) minimum, the matrix (1), and therefore also (K) =
(¥) (1T, has full rank and this translates to the condition (suppressing the angular brackets in the notation
indicating the vacuum)

CB: Ky>0, K -K'K=K'GK>0. (5.24)

In contrast, in case we have a neutral, charge-conserving (CC) vacuum, the matrix (1)) together with
(K) has to have rank one resulting in

CC:  Ko>0, K:-K'K=K'GK=0. (5.25)
A vacuum which does not break the electroweak symmetry at all corresponds to
Ky=0, (5.26)

where we also have K = 0.
In case of a charge-conserving minimum we can, by a basis change, achieve that only the component !
gets a non-vanishing vacuum-expectation value and we set in this basis

o/ _ v

(@)) =v) = 7 (5.27)

with the conventional factor 1/v/2. This basis, in which only the neutral component of ¢; gets a non-
vanishing vacuum-expectation value, is sometimes called Higgs basis. The bilinears in this basis read

K=(v2/2, 0, 0, v2/2)".
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For a stable potential, the minimum can be found from the gradient of the potential. In the case of
a charge-breaking minimum, the conditions read

ov
CB: o,V = DR = 0 (5.28)
on the domain ((5.24)). An unbroken minimum is simply given for vanishing doublets, corresponding to
Ky = 0 and therefore for a vanishing potential. The correct electroweak-symmetry breaking minimum
can be found by introducing a Lagrange multiplier u in order to satisfy the second equation in (|5.25)),
that is, for a minimum with the correct electroweak symmetry breaking,

CC: 9,V =2u(GK), (5.29)
on the domain (5.25).

Let us also recall the dimensionless expressions of the bilinears. First we note that for Ky = 0 the
potential is trivially vanishing. We define for Ky > 0 [102]

K,
ho=25 a€ {123} and k= (ki k k) . (5.30)
0
With (5.30) we can write the tree-level potential (5.10)) in the form
Viuou = Ko (S0 + £7k) + K§ (n00 + 20"k + k' Ek) (5.31)
defined on the compact domain, as follows from ({5.9)),

k| <1. (5.32)

We will follow the convention to use Greek indices p, v, ... € {0,...,3} for the Minkowski-type four-
vectors, for instance we write K,. The two doublets themselves are distinguished by Latin indices %,
Jy--. € {1,2}. For the component fields of the two doublets we also use Latin indices ¢, j,... €
{1,...,8}. Let us note that we do not distinguish between upper and lower indices, that is, for instance

we have K = K, with (K*) = (K,) = (Ko, K, K>, Kg)T as well as for the 8-component vector ¢* = ¢;.

3 Gauge-invariant scalar mass matrices

The conventional procedure to compute the scalar mass matrices in the THDM is to firstly check that the
potential is stable, that is, bounded from below. Secondly, a minimum (typically the global minimum)
has to be found. Thirdly, the electroweak symmetry-breaking behaviour of the minimum has to be
checked. For a physically acceptable minimum it has to be verified that the electroweak symmetry is
broken SU(2)r, x U(1)y = U(1)em. At a fixed gauge, the second derivatives of the potential with respect
to the excitation fields about the vacuum give then the squared mass matrices.

In contrast, here we want to express the mass matrices in terms of gauge-invariant quantities. The
mass matrices are defined as the second derivative of the Lagrangian with respect to the fields. Therefore
we have first to establish the connection of the component fields of the doublets , ¢, ie{l,...,8}
to the bilinear fields K*, v € {0,...3}.

The gauge invariants, that is, the bilinear fields can be written in terms of the components of the

doublets (5.2))

1 i .
K+ = §A?j¢ ¢, i,j€{1,...,8}. (5.33)
For instance, in the basis given in (5.2)), we find explicitly the four real and symmetric 8 x 8 matrices Affj:
1y 1y
1 1
0 _ 2 1_ 2
Al = 1, ’ A= 1 ’
].2 I]-2
]].2 ]]-2
-1 1
2 _ 2 3 _ 2
A“ = 1, , A° = 1, , (5.34)

]].2 _12
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where 15 is the 2 x 2 unit matrix and the the blank spaces have to be filled with zeros. It should be noted
that the matrices A?3 resemble the Pauli matrices 023, respectively, in that they satisfy a Clifford
algebra {A%, A’} = 25913 (but not a Lie algebra).

The connection between the bilinears and the component fields are therefore given by the four 8 x 4

matrices I', defined as
' = LKH = ;K" = Al¢l. (5.35)
i a¢z g 1]
Note that the Greek indices correspond to the gauge invariants, whereas the Latin indices correspond to
the component fields ¢°.

We would now like to derive the algebra of the four 8 x 8 matrices Afj To this end we compute
v v v v : 1 v ;
(P)" = (UT0)"™ =TTy = AAR 676" = 5 (A, A, 676", (5.36)
where {A# AV} is the anti-commutator of the A-matrices. From (5.36]), we observe that I'? is a gauge-

independent object (since it only carries Greek bilinear-field indices) and that it depends quadratically
on the fields. Therefore, a rank-3 tensor 74" can be defined such that

)" =T K. (5.37)
It then follows from Egs. (5.33)), (5.36]) and (5.37) that
{A" A"} =TAY . (5.38)

Observing that the symmetric A-matrices obey a closure relation
ALAY = ALAY = Tr(A"AY) = 86, (5.39)
we can provide an explicit expressiorﬂ for T{:
v 1 1%
" = gTr({A“,A FA) . (5.40)

In particular, we obtain

Ky Ki Ky Kj
K Ko 0 0 2(1{0 KT)
K, 0 Ky 0 K Kols) -
Ky 0 0 K,

r? =2 (5.41)

Since det(I'?) = 16K? (Kg — K2) = 16K} KTﬁﬁ, the electroweak symmetry-breaking behaviour de-
pends on the nullspace structure of I'?. As discussed in the last section, a charge-breaking minimum
satisfying leads to a complete breakdown of the SU(2)r, x U(1)y group, whereas leads to
the viable, charge-conserving SU(2)r, x U(1)y — U(1)ern, breaking. We now consider the scalar mass
matrix with respect to the charge-breaking (CB) and charge-conserving (CC) case separately.

The field-dependent scalar mass matrix is expressed in our formalism as

(M2),; = 0,0,V = 0; (T} 0,V) = A9,V + T{T59,0,V . (5.42)
With the definition
M, = 0,0,V (5.43)

and writing M = (M) as well as A* = (A};) we express (5.42)) in matrix form,

M2 = AF9,V +TMIT. (5.44)

INote that an alternative expression can be given in terms of Pauli matrices:

T = %Tr ({o*,0"}on).
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With this form we have achieved an intuitive understanding of the scalar spectrum at a minimum of the
potential. In particular, for a charge-breaking minimum, where 9,V = 0 according to , the 8 x 8
scalar mass matrix reduces to

M2 L rmrT (5.45)

and can only possess four non-zero eigenvalues (i.e. as many as the number of independent gauge-invariant
scalar operators). The four remaining massless states correspond to the would-be Goldstone bosons
associated with the four broken generators of the SU(2)r, x U(1)y gauge group. On the other hand, as

we will show below, at a charge-conserving minimum, where 9,V = 2u(§K), or det(I'?) = 0 according
to (5.29)), the TMI'T matrix possesses at most three non-zero eigenvalues and the full scalar mass matrix

M2 = 2u(GK) A+ TMDT (5.46)

contains five massive states and three Goldstone modes corresponding to the broken generators of
SU(2)r x U(1)y = U(1)em. Now we want to consider an orthogonal rotation of the component fields,

o' =U"¢) with UYUM =6 i jke{l,...8}. (5.47)

In matrix notation we write simply (/5 = U¢ with UTU = 1g. By an orthogonal rotation - only applied
to the component fields, leaving the gauge invariants K unchanged - we can always achieve a form for
the 8 x 4 matrix I with the first four rows Vanishinﬂ

[=U.T= <04;4) , (5.48)

where we will call U, a canonical rotation and the corresponding bases, where T has this form, canonical
bases. The matrix - is obviously a 4 x 4 matrix. We get

2 =TT =TTT =47+, (5.49)

meaning that the v matrix can be obtained from a Cholesky—likeﬂ decomposition of I'?, and that the
resulting expression only depends on gauge invariants, i.e. the bilinear fields. Requiring v to be lower-
triangular fixes its components uniquely, and we find

/1 — kT T
3

In a canonical basis we can always express T in terms of the field components $ =U.¢:

(5.50)

I'=UT =UA¢=UAU ¢ = Ao, (5.51)

where A = U.AUY is simply obtained from the canonical orthogonal rotation U..
Moreover, two canonical bases can always be related by an orthogonal transformation since

(U“X‘* O4X4> r=r. (5.52)
O4xqa 14

We want to show now that in a canonical basis the electroweak-symmetry breaking behaviour of the
scalar mass matrix at the vacuum becomes manifest. First, at a charge-breaking minimum, Eq. ([5.45)
directly yieldsE|

OB a A 0 0
M2 BT MET = (Jaxa Paxa ) 5.53
s Ogscs Y MAT ( )

2The matrix I consists of four 8-component vectors spanning a 4-dimensional hypersurface. It is always possible to
choose a basis such that the 8-4 dimensional space orthogonal to the hypersurface is represented by the first four basis
vectors such that the corresponding components of the four 8-component vectors are zero.

3The usual Cholesky decomposition would have made v an upper-triangular matrix, while it is in our case lower-triangular.

4Here and in the remainder of the section, hatted quantities are understood to be expressed in a canonical basis.
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Clearly, the mass matrix expressed in this basis takes a block-diagonal form, where the Goldstone and
physical sectors have been manifestly disentangled. In addition, the number of massive states, the
number of gauge singlets and the number of independent vacuum-expectation values all equal the number
of independent gauge invariant operators, namely four. This equality is characteristic of a maximal
breakdown of the gauge grou

Turning to the case of a charge-conserving breaking, we show in App. [A[that the mass matrix ([5.46|)
in a canonical basis takes a block-diagonal form,

M? Fou (GK) A* + TMTT

:2u<A55 05><3>+<05><5 053 ): M Osxs (5:54)
O3x5  Bss O35 Y3 M3 O3¢5 M 7

neutral

where M\%c accounts for mixed contributions between massive and Goldstone states, both possibly
charged under the new residual subgroup (here, U(1)em). The matrix 3, which appears in (5.54)) is
defined to be the non-vanishing, lower 3 x 4 block of the matrix v evaluated at a charge-conserving

minimum where 1 — k2 = 0: o
v < 2K, (O 0 ) = (0“4) . (5.55)
k13 V3

The matrices As5 and B33 read explicitly

0o oT o0
Ass =2Ko |0 kET 0], Bss = 2K, (13 — kk™) = —v3g73 - (5.56)
0 o7 1

By a further transformation from one canonical basis to another we can completely disentangle the
electrically neutral from the electrically charged contributions,

O3x3

‘Z/\ZSQ C:C Mgharged (557)

o~

M2

neutral

In App. |§| we show in detail how we arrive at the form of the scalar mass matrix (5.57)). Similarly, we
show that the charged mass matrix can be diagonalised,

M(Q:harged = dlag (m%[ia m?{i) = dlag (4UKCH 4UKO) 5 (558)
and the neutral scalar mass matrix reads
Mz yiral = 73 (M — 2ug) 77 . (5.59)

Having found the scalar mass matrices for the charge-conserving minimum, we go ahead and diagonalise
the neutral part . The similarity transformation to diagonalise the real symmetric matrix (5.59))
corresponds to a change of basis of the bilinears. Let us denote with R the corresponding rotation in the
3-dimensional bilinear field space, defined as

M?leutral = RﬂieutralRT = dla‘g (m% m%’ m%) . (560)
As shown in Sec. |2 by this basis transformation the bilinears transform as
Ky= Ky, K =RK. (5.61)

With respect to the four vectors we write also

K—RK withiz (L O (5.62)
= wi =lo Rr) .

5Generally speaking, mazimally broken does not mean that the residual gauge group is trivial, but instead that the
number of gauge singlets is maximal given a specific field content. In the present case however, SU(2)r, x U(1)y is indeed
broken down to the trivial group.
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that is, R is a 3 x 3 matrix, whereas R a 4 x 4 matrix. The dimensionless bilinears transform as k = Rk.
Similar, we find for I'}" and Afj the following transformation behaviour under a change of basis:

% = ReTY, Al =REAY,  with (RY) = R. (5.63)

After applying this rotation in the bilinear field space, we obtain the expression of M2 in a basis
which will be referred to as the mass basis in the following. In this basis, the scalar mass matrix finally
reads -

M? = diag (O, 0, 0, m%i, m%{i, m2, m3, m%) . (5.64)

We finally note that the vacuum-expectation value of the scalar multiplet ¢, noted (¢), can readily be
computed in the mass basis from the relation

I = Al(9) (5.65)
and using the expressions of I' and A given in Appendix [A]l Explicitly, one has

O4x1
(9)=V2Ko | « (5.66)

with a = v/1 — kTk vanishing at a charge-conserving minimum.

Let us briefly recap how we get the mass spectrum in any THDM for the charge-conserving vacuum,
that is, a vacuum respecting the observed electroweak symmetry breaking. First, we express the potential
V in terms of gauge-invariant bilinears employing . From the potential we compute M = 9,0, V.
In turn we can compute M\ﬁeutml in with ~3 given in (5.55). Diagonalising the matrix M\ﬁeutral
according to we get the scalar mass squared eigenvalues. The degenerate charged Higgs-boson
masses squared follow directly from the minimum of the potential from (5.58).

We emphasise that we have not specified the explicit form of the potential V in this section. Indeed, it
can be any THDM potential, for instance the tree-level potential or a higher loop effective THDM
potential. All the expressions given above in this section remain valid. This holds in particular for the
scalar mass spectrum given in and . The charged Higgs-boson mass squared is qui =4uKy
for any THDM to any loop order — a quite remarkable result: From the minimum of the potential, that
is, from the solutions of —, we get Ky and u at the minimum directly giving the charged Higgs-
boson mass squared. These results illustrate the benefits of working with gauge invariants in general,
and in particular in studying THDMSs using the bilinear formalism. We emphasise that we have derived
the mass matrices in a completely gauge-invariant way.

3.1 Tree-level scalar mass matrix

Eventually, we would like to explicitly show our result in the case of a general THDM tree-level potential.
The charged scalar masses squared are
my e = duky (5.67)

as discussed before. Furthermore, the neutral 3 x 3 matrix (5.59)) becomes in this case
M2 iral = 4K [nookk™ +nk™ + kn™ + E +u(1s — kkT)] . (5.68)

which is explicitly gauge invariant. This real symmetric matrix can be diagonalised with the rotation
matrix R, (5.60). Under this change of basis, the bilinears transform as shown in (5.61)) and the parameters
of the tree-level potential transform as, (5.22)),

fo==¢&, &€=RE Moo=mwo, 71=Rn, E=RER". (5.69)
Therefore, the neutral mass matrix becomes

M2 iral = 4Ko [nookk™ + nk™ + kn" + E +u(15 — kk™)] . (5.70)
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Let us note that in practical calculations we can use (5.70) and (5.67) together with the parameters 70
and 7 to fix the parameter matrix E of the THDM in terms of the scalar masses. The scalar mass squared
matrix for the tree level case, given in (5.70]), agrees with the known result in the Higgs basis (where

k= (0707 1)T); see for instance [102]. In particular we get the squared masses of the scalar sector as
known from the conventional formalism.

4 Scalar trilinear and quartic interactions

Having found the scalar squared mass matrix in terms of gauge invariants in the last section, we can now

proceed and express the scalar trilinear and quartic couplings in a gauge-invariant way. The connection

between the bilinears and the component fields is given in terms of the I" matrices . From these

I' matrices we can express the cubic and quartic couplings in terms of the squared mass matrix ((5.42)).

We emphasise that this matrix can be any THDM mass matrix, not restricted to the tree level THDM.
We find for the cubic and quartic interactions in any THDM

N = (M) = (ALTY + ALTY + ALTY) M, (5.71)
i = (0,0;M2)™ = (AL AT, + AR AY, 4 ARAYY M,,, . (5.72)

In the mass basis (5.64]), this yields

Nijk = (Aﬁ‘jf‘z +ALTY + A?J‘f) M, (5.73)
Aijit = (DB AL 4+ AL AY + ALAY Y M, . (5.74)

The expressions of A and T can be inferred from (5.63) in the last section. The matrix M is defined
in (5.43) and M follows from M by (5.59)) and then (5.60).

In order to get simple expressions, we first want to introduce new indices for the different scalars
appearing in (5.64). For the 8 x 8 matrix ([5.64), we have (Mf)ij with 4,5 € {1,...,8}. The entries

i,j = 1 correspond to the neutral Goldstone mode G°, the two following entries, that is, i,j € {2,3} to
the charged Goldstone modes G*, whereas i, j € {4,5} correspond to the charged Higgs bosons H + and
the entries 4,j € {6,7,8} to the three neutral scalars — in the CP conserving case usually denoted by h,
H, Aor hY, H°, A°.

We use in the following the index G = 1 corresponding to i = 1, the indices G;t, qu € {1, 2} referring
to the second and third index 4, j,... € {2,3}. This means that the indices G;‘E, qu are shifted by one
unit down with respect to the indices 4,j. Similar, for the charged Higgs bosons we use the indices
H;t,Hgt € {1,2} referring to the original indices {4, 5}, that is, shifted by three units. Eventually, we
use the indices s,t,... € {1,2,3} corresponding to 4, 7j,... € {6,7,8}, hence, shifted five units. With this
notation, we can write down all the non-vanishing components of the matrices I' and A:

%= 2K, k*, [ = /2Ky 6%, (5.75)

A, = 5%, A% = 5%kt 4§10k — 5%k, (5.76)
_ —n
_ Km _ K
Agrar = 705% ¢, By s = gKO S (5.77)
A= B2 Ao = —g45tk? (5.78)
GOGO Ko ’ sGO asth - .

We recall that the index a € {1,2,3} denotes the three spatial components of Minkowski-type vectors
with indices p, v, ... € {0,1,2,3}. Similar, we have non-vanishing A* matrices mixing the charged Higgs
and Goldstone components. The corresponding entries are not uniquely fixed due to the possibility of
rotating the corresponding real components (i.e. performing phase redefinitions of the charged fields).
However, one can always write

T Y Gy Hy GEHE
A _ a ~Ya _ H
g = (ya x) =), (5.79)
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where the 3-vectors  and y are defined such that (x,y,k) constitutes an orthonormal basis of the
3-dimensional bilinear field space, i.e.

2'k=y'k=2Ty=0 and zTz=yly=kTk=1, (5.80)

oriented such that  x y = k. In fact, & and y characterise the orthogonal transformation Ry allowing
to rotate k to the Higgs basis which was used in App. |A| to diagonalise the mass matrix. Namely, one
has

-y" —Y1 —Y2 Y3 0
RH = ZyT = 3’_]1 ZE'Q %3 s RHk =10 s (581)
kT S 1

which, from is manifestly orthogonal. In turn, the reason why x and y are not uniquely defined is
clear: there exist infinitely many orthogonal transformations R/, rotating k to the Higgs basis, related
by arbitrary rotations around the z-axis.

While the matrices x, are themselves not uniquely defined, it is useful to observe that since

zxt +yy" +kkT =13 and zxy=kF, (5.82)

we obtain

TaZo + Yo = Oab — kaky  and  zayp — Ty = Eabek” - (5.83)

Therefore, for any two matrices x, and xp, one has

Sap — kak Eabck®
T __ ab alvb abchv
XaXp = ( —eabk®  Oap — kakb) ) (5.84)

independently of the basis chosen to express & and y.

4.1 Tree level scalar cubic and quartic interactions

Eventually, we would like to give the explicit expressions for the tree-level cubic and quartic interactions
in gauge-invariant form. These interactions are derived from the tree-level potential.
The neutral scalar mass matrix in the mass basis has been computed already in (5.70). Together with

the expressions (5.75)—(5.79) we get the cubic and quartic interactions (5.73)), and (5.74)), respectively. It
turns out to be convenient to define the following 3-vectors:
[ =8Kq (nook® +17%) — k*m}, (5.85)
f4 =8Ko [(noo — u) k* + %] = 8Ko (nook® + 71%) — 2k“m%; . (5.86)
Let us note that an index appearing with a mass does not imply summation, for instance in the expression
k*m?2.
The part of the Lagrangian containing the scalar cubic interactions can be written, after spontaneous
symmetry breaking and rotation to the mass basis, as

1< 1< 1-
—£3§&MMMW+ikwumﬂﬁ+§&@@mdwo

B B B (5.87)
FAspgrpgt PH HT 4+ Aygra: R°GGT + [)\SgiHi WG HT + h.c.] .
The complex charged fields H*, G* are given by
Lo e
H zgiz;—UﬂrizBB), (5.88)
L ey
G = (G £iGy) , (5.89)

V2

where the inclusion of wy and w¢ reflects the possibility of performing arbitrary phase redefinitions of the
complex fields. The analytic expressions for the various cubic couplings are readily derived through (5.73),
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(5.75)—(5.79) and put into the form

i = o { (67 = FR) 6 o =) o+ (5 0 )+ (0600,

2K,
2
_ ms — m“ -
/\stGO = Estu 2K0 =g y
— 2 —
NeGon = —2*
9K,
_ fe (5.90)
AsHEHE = TR
2
_ m _
)\sgigi = 2;(0 k’s 5
2 2
5y mg — Tnf‘]i i(we—wmH)

AeGrHt = ——¢ (x® +iy®) .

V2K,

From the last expression, we see that a phase redefinition involving wg — wgy can always be compensated
by a redefinition of the vectors  and y already mentioned above. More precisely, by defining a new pair
of vectors ' and gy’ such that

()= (sl e mbee o) (1) .

the hyGTH? vertex is simply rewritten as

~

2
Asqt e = ———H= (2! +iyl) . (5.92)

Therefore, here and in the following, we shall for clarity drop the arbitrary phases wg g from the ex-
pressions of the tree-level vertices without any loss of generality. Instead, one should keep in mind that
vertices involving two distinct charged fields can only be defined up to unphysical phase redefinitions.

The part of the Lagrangian corresponding to the scalar quartic interactions reads

1< 1< 1-
—L2 st KRR + S hauco RHRGO + ZAagogo hh' GG
1< 1-
+ gAsGOGOGO h*G°G GO + E)\GOGOGOGO ellexteNes
1< ) < ) 1<
+ §AstHiHi RWH HY + Aygogepys WWG'H HY + iAGoGoHiHi G'G°'H-H*
1< ) < X 1-
+ 5)‘stGiGi héhtG_G—i_ —|— )‘sGoGiGi héGOG_G+ + 5)\@0@0gici GOGOG_G+
1- o N o 1- 00 e (5.93)
+ QAstGiHi hsh G H+ + )\SGOG:!:H:!: hsG G H+ + iAGOGOGiHi G G G H+ + h.C.
1- _
+ Z)\HiHiHiHi H H"H H" + Ngigrpy+pg G GTH HT

1.
+ Z)\gi@icigi G GTG~G*

1- 1-
+ |:2)\Gj:Hj:Hj:H:t G HTH HT + 5)\(;:!:@:(:(;:(:]{:(: G GTG H' + h.c.] )

The analytic expressions for the various quartic couplings in gauge-invariant form can be derived using

Egs. (5.74)), (5.75)—(5.79) and are given in App.
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5 Gauge sector
5.1 Definitions

Turning to the gauge sector, we are interested in expressing all relevant quantities (gauge boson masses
and vertices) in terms of gauge-invariant quantities. The gauge generators of the 8-component scalar
multiplet ¢ under SU(2)r x U(1)y are denoted by Tj{, A =1,...,4, where T? stands for the U(1)y
generator while TQ‘% 3.4 correspond to SU (2)1, transformations. The kinetic part of the Lagrangian which
couples the scalar fields to the gauge bosons is given, before symmetry breaking, byﬁ

1 .
LD §D“¢iDu¢‘ , (5.94)
where the scalar field covariant derivative can be generically written as
) ) i
Dy’ = 0,8 +iVAGAD (Tg) & (5.95)

In the above expression V#A stands for the vector fields whereas G is a 4 x 4 diagonal matrix populated
with the gauge couplings ¢g; and g» according to

G = diag (g1, g2, 92, 92) - (5.96)
Expanding (5.94) yields
1 . (/I o1 ij oo
L5 50"6:0,0' — VLG (18)" 6'0u07 + Jvivhaacarr {1135} 66’ (5.97)

After spontaneous symmetry breaking, the scalar multiplet is shifted according to

o= (P) +w (5.98)
such that the Lagrangian contains in particular the following interactions
r 1M2ABA;¢ uiajl A i, L Ay, i j
broken B ( G) Vi Vg +9aij Viw'ouw’ + igABiVM Vw' + ngBijVu Vaw'w? (5.99)

where the gauge boson mass matrix and the vector-scalar-scalar (VSS), vector-vector-scalar (VVS) and
vector-vector-scalar-scalar (VVSS) couplings are respectively given b

()" = Jaream [1e, )" (6o (5.100)
gayy = —iGAP (Tg)” , (5.101)
gam = GACGEP{TE, Tz—?}” (@), (5.102)

gapij = GA°GBP {Tg,Tg}U . (5.103)

5.2 (Gauge-boson mass matrix

With the definitions of the previous subsection let us first examine the gauge-boson mass matrix MC%
With standard conventions for the gauge symmetry generators, the entries of Mé cannot generally be
expressed in terms of bilinear fields in a basis-independent way. On the other hand, its matrix invariants
— and in particular its eigenvalues — can be expressed in such a way. From a direct calculation, it is
straightforward to show that M2 can be rotated into the diagonal form

Mg = diag (M3, Mg, Mg, M3) (5.104)

SHere and in the following, we use a metric of signature (+,—-,—,—)-
"We have defined the couplings so that they match the conventions in [107], despite a different convention for the
Minkowski metric.



142 Chapter 5 — The Two-Higgs Doublet model in a gauge-invariant form

where the eigenvalues are given in terms of the bilinear fields by

1 1 1
My = (2 - ) Ko = ok, M3, =g |d Ko JIL K+ (5 - KD (509
with ) ) , ,
g = 91 —592 and g% = 91 ;gg . (5.106)
At a charge-conserving minimum where K¢ = K?, we obtain from (5.105) the familiar result
1
M3 =giKo = (g; +93) Ko, M, =0. (5.107)

2

In what follows, we are only interested in the physically relevant case of a charge-conserving minimum
where K3 = K2, that is a spontaneous symmetry breaking of the type SU(2)r x U(1)y — U(1)em. In
that case, the gauge-boson mass matrix in the original basis (i.e. before diagonalisation) conveniently
reduces to

9t 0 0 —gg
K 0 0 0
2 _ o 93
ME = 3 0 0 g2 0 (5.108)
~g192 0 0 g3
and is diagonalised according to
M¢ = RwMERy, = diag (0, My, M3, M2) (5.109)
where
cosbyy 0 0 sinfy
0 1 0 0
Ry = 0 0 1 0 , (5.110)
—sinfy 0 0 cosfOw
with Ay, the weak-mixing angle, satisfying
M
cos Oy = ——22 W (5.111)

VAE+E Mz

5.3 Scalar generators in the mass basis

While expressing the gauge-boson mass matrix in terms of bilinear fields at a charge-conserving minimum
was a trivial task, the derivation of the scalar-vector vertices/couplings in the physical basis is considerably
more involved. With view on (5.101)—(5.103), we see that such a computation reduces in fact to the
determination of the expression of the gauge generators in the mass basis. Recalling that the bilinear
fields are given by

KF = %A%qﬁiqﬁj, (5.112)
the invariance of K* under infinitesimal gauge transformations of the form
o (118 + ieAij)ij & (5.113)
translates, for all 4 € {0,...,3} and A € {1,...,4}, into the condition
[A“,T;ﬂ Y _0. (5.114)

Clearly, the above relation remains valid after rotation of the scalar multiplet. In particular, defining the
scalar generators T rotated to the mass basis, (5.114)) translates to

A, 7] Y 0. (5.115)
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With the analytic expressions of A* in terms of bilinear fields at hand, the derivation of Tf; simply
amounts to solving a system of linear equations. Doing so yields a four-dimensional basis of purely
imaginary skew-symmetric matrices, noted {©p}, such that

(Tj;)ij = XABQ4 . (5.116)

The matrix of coefficients X4 is most easily fixed by considering a set of quantities independent of the
basis chosen for the scalar multiplet. For instance, requiring that the quantity

j
iy (13) " =TT (5.117)

remains unchanged (for all indices u, v, A) after rotation to the mass basis provides a set of linear
constraints on the coefficients X4Z. Requiring in addition the gauge boson mass matrix Mé to be

invariant under a change of basis allows to uniquely determine the expressions of Tf{. Before presenting
the final expression, it is useful to define two generators sz such that

T\  [cos® —sin®\ (T?\  [cosOT? —sinfT? (5.118)

T:,? sind  cosf T sin@Tf +cosOT?) '
where the precise value of § depends on the basis chosen to express the vectors « and y (we will come back
to this point further below). We may now provide the main result of this section, namely the expression

of the gauge generators Tff 4 and Ti in the mass basis. It is useful to reiterate that, in this basis, the
dynamical field multiplet reads

¢=(G° Gf, Gif, Hf, Hy, hY, h3, h3). (5.119)
We have:
0 00 00 k" 0 0 i 0 0 O1x3
0 by 00 0 0 0 0 0 —ikT
_ 1]0 2 0 0 728 _ 1] —i 00 00 0
¢ _ - ¢ _ = 1x3
h “92]10 00 0 » Ty 21 0 0 0 0 0 iyt , (5:120)
0o 00 72 T 0 00 00 iz"
—ik  O3x2  Osx2 iAg 03x1 itk O3x1 —iy —ix O3x3
0 00 0 0 —ikT 0 —i 0 0 0 013
0 - 0 0 0 7 0 0 0 0 O1x3
— 1]0 20 0 2x3 _ 1] o 0 0 0 0 —ikT
¢ 1 ¢ _ 1
=510 0 o o  Tm=351 0 00 00  —igt |+ (12D
0 00 2 2x3 0 00 0 0 iy™T
itk O3x2 Osx2 —iAg O3x1 O3x1 tk iz —iy 03x3
where 0,,x, is the m X n zero matrix and where the auxiliary matrix Ay is given by
(AR)"7 = eijnk® . (5.122)

A few remarks are in order. First, we may check that the generator of the residual gauge group U(1)em
is given by
0
TS =T¢ +T¢ = 72 U , (5.123)
2
O3x3
as expected from the fact that only G* and H? are electrically charged. Then, the presence of z and y

in the expressions of Tj: (and, hence, of TQQ? 3) indicates an unphysical dependence of the gauge generators
on the basis chosen to express these vectors (see also the discussion in Sec. . A similar statement holds
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regarding the angle 6 introduced in ([5.118). More precisely, if we apply a phase shift to every charged
field in the scalar-gauge sector,

W — W,
H* = ewnfg*, (5.124)
G* — o G*,

the analytic expression of T;f 3 remains unchanged if @, y are redefined according to (5.91) and 6 according

to
0 =0 =0—-wg—ww. (5.125)

In other words, 6 is arbitrary and may always be absorbed by a phase redefinition of G* and/or W*.
Hence, we shall take 8 = 0 in the forthcoming analytic expressions without any loss of generality.

As a final remark, we note that the generators (Tf;)ij presented above have only been rotated to the
basis of the scalar mass eigenstates. To obtain in addition their expression in the basis of the gauge mass
eigenstates, one only needs to apply the rotation Ry, defined in (5.110)), to the gauge index:

(T9)7 — RAP (TS . (5.126)

5.4 Vector-scalar interactions

Having determined the expression of the scalar generators in the mass basis, it is straightforward to
compute the expression of all vector-scalar interaction vertices at tree-level in terms of the bilinear fields,
using ((5.101)—(5.103f). The part of the Lagrangian density describing the vector-scalar interactions reads

Ly_s=Lvss+ Lvvs+ Lvvss, (5.127)
where, from ,
Lvss = gaijVie'oue, (5.128)
Lyvs = %QABinVg ‘ (5.129)
Lyyss = igABijVMAvg@i@j : (5.130)

Applying (5.101)—(5.103) (the expectation value of the scalar multiplet in the mass basis can be read
from (5.66)) and retaining only non-zero couplings gives

Lyvss = gsqozh®0,G°Z" + gps gz H 0, H 7V + gge g+ zG~0,GTZ"
+ gHiHi,yH_auH_FAM + g(;igi,yG_a“G-i_Au
+ Gemrwr WO, HTW ™ 4+ goqrw+ B 0,GTW ™" + ggogew+GY0,GTW ™+, (5.131)

1
Lyvvs = igsZZhSZ“ZM +gswiwih5W7”W; + ggiZWiG*Z“Wj +ggj:,ywiG7AuW:, (5132)

1 1
EVVSS’ = ngtzzhshtZuZM + igstwiwi hshtW_Hle_ + JsHEZW=* th_ZMW;

+ gsgtzw+ fLSC"rYiZMI/V'u+ + sHEyW =+ hSH*AMWJ + IsGEyw =+ hs(;iA'u’VV;r

1 1
+ ZggogozzGOGOZ‘uZu + §ggogowiwiGoGOW7'uW,j + ggogizwiGOGiz'uWJ

+gGOGi.YwiGOG7A’uW:Lr + %gHiHizzHiHJrZ'uZH + %ggigizzG7G+Z“ZH
+9ptptz H HYZVMA, + 9o 2,G~ G ZFA, + gge e H HTAFA,

+ gGigi77G7G+A”A# + gH:tH:thtw:tHiH+W7'uVV;r
+ggigiwiwiG_G+W_MW:. (5.133)
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All couplings can be found in App.

6 Yukawa sector

6.1 A basis-invariant description

While the bilinear formalism offers, for any type of THDM, a compact and elegant basis-independent
formulation of the scalar interactions, it is a priori unable to describe the scalar-fermion interactions
which are by construction linear in the scalar fields. The purpose of this section is to show how such a
basis-independent formalism can in fact be extended to the Yukawa sector. Combined with the gauge-
invariant approach developed in this work, we will be able to derive every Yukawa coupling in terms of
gauge-invariant quantities, thus providing a complete description of the interactions among all physical
states (scalars, vectors and fermions) in the most general THDM.

The part of the Lagrangian describing the Yukawa interactions involving the two Higgs doublets ¢
and o can be first parameterised in the standard way:

—Ly = [@L (yu @1 + €uw P2)ur + Qp (Ya o1 + €ap2)dr + L(ye o1 + € 902)63} +h.c.. (5.134)

As usual, Q1 denotes the left-handed quark doublets and L the left handed lepton doublets, ug, dg are
the right-handed up- and down-type quark singlets, and eg the right-handed leptons. The corresponding
Yukawa coupling matrices are denoted by 4., Y4, Ye, as well as €, €g, €.. The conjugate doublets ¢, are
given, as usual, by A

(Pa)' =€ (#});,  with  &=iog, (5.135)

where the indices ¢ and j refer to the weak-isospin components of the doublets ¢, (a = 1,2). We note that
the position of the family index a is relevant, since ¢, transforms under the fundamental representation
of U(2)g (the group describing unitary mixing of the two doublets), while ¢* and @, transform under
the anti-fundamental representation of the family symmetry group.

For each fermion species f = u,d,e, the Yukawa matrices y¢ and €; can in fact be unified into a
single object F = U, D, £, transforming under the (anti-)fundamental representation of the family group.
Namely, we define

Ut = (i’:) U=yl €, (5.136a)
a y]L

Dy = (ya €) , D" = (j), (5.136b)
d
a 1

Ea= (Y €) , & :(‘Zi>, (5.136¢)

in order to rewrite the Yukawa Lagrangian ([5.134)) in the more compact form
Ly = [@L UGy in +Qp Do p® dp + L E, o° eR} the., (5.137)

manifestly invariant under a change of basis in the Higgs family space, that is, a unitary transformation
U of the two doublets, provided

" > U%¢" = D, —D, (U, Ea— & (U’ U — U U’ (5.138)

While the Yukawa interactions themselves are only linear in the scalar fields (and the Yukawa matrices),
some physically relevant quantities such as the fermion mass matrix squared, M%, depend on them
quadratically. For such quantities, the bilinear formalism can be appropriately used and can in fact be
extended to the basis-dependent objects D, £ and U. In analogy with the definition of the bilinear fields
in which we repeat here for clarity,

o _ gt L “
K, = ol = 5K (04)" | (5.139)
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we may write
1 a
UUl = SYL ()" (5.140)

as the definition of the bilinear up-type Yukawa coupling Y,. Similarly, the four-component bilinear
Yukawa couplings Yy and Y. can be defined through

1 1
D, D!’ = Y @) gt = Y (@), (5.141)

with ik . b b .
(Du(DY))™ = DY (D)}, = (D)2, D (5.142)

Contracting both sides of (5.140) with ((j")ba7 and both sides of (5.141)) with (¢¥)", allows to obtain
the expressions of Y, 4.:

YY = (0¥, U], Yy = ("), DD, Y2 = ("), £ (5.143)

Explicitly, the components of Yy (f = u,d, e) are given by the hermitian matrices

i i
Yuyl, + €uel, Yalg + cdcq Yoyl + €€l
Yuel, + €uyl, v, = | Ydacala yeel + eyl
i(yuel, —eayl) [ 7T | =i R —i (yeel — ecyl)
uCqy Uy Yd€g — €dlYq L \Ye€e — €CelYe
Yulh — €uel, yayh — eqel Yeyl — ecel

w =

, Ye=

(5.144)

Under changes of basis, the four-component bilinear Yukawa couplings transform in the same way as K ,
namely (for f =u,d,e)

YP =Y, Y= R(U)*YY, a=1,2,3, (5.145)

where R(U) is an orthogonal 3 x 3 matrix defined in Eq. (5.21)).

_ From these transformation properties, we may define in particular the Yukawa couplings U, D and
& obtained after performing the change of basis which diagonalises the neutral mass matrix, described
in Egs. (5.60) and (5.61)). Similarly, the four-component bilinear Yukawa couplings in such a basis are

denoted by
_ Y?
V= <f ) (5.146)
Y
for f =u,d,e.

6.2 Yukawa couplings in the mass basis

Having established a basis-independent formalism to describe the Yukawa sector of any THDM, we are
now interested in computing the tree-level Yukawa vertices involving the physical states, 7.e. in expressing
such vertices in the mass basis. Having determined the form of the scalar generators in such a basis in
Sec. one way to proceed to compute the Yukawa vertices is to rely on the gauge-invariance of the
Yukawa interaction Lagrangian. First, let us note that the Yukawa interactions can generically be written
as

1 .
—Ly = iy{ Topiplyp”? +h.c. (5.147)

where all left-handed two-component spinors of the model were gathered in the fermion multiplet .
Under SU(3)c x SU(2)r x U(1)y, the scalar and fermion multiplets simultaneously transform as

. 1] . I1J
¢Z—>(1+i9ATj’)]¢J, ¢I—>(11+¢9AT}4") W, A=1,....12, (5.148)

with TY the gauge generators of the left-handed fermion multiplet. Extending the notations of the

previous section, the generators T, T;gﬂ and T;ff/ilz correspond to U(1l)y, SU(2)., and SU(3)¢
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transformations respectively. The invariance of ((5.147)) under infinitesimal gauge transformations implieﬁ

«\ TK KJ ij
(787) " w7+l (13) 7 = (12) "yl =0 (5.149)
for all values of the indices A, I, J and 4. Since this relation must hold independently of the basis chosen to
express the various types of fields, we may in particular express it in the scalar mass basis, thus obtaining

o\ TK KJ RN
(737) " g+ (h) = (1) 5 =o, (5.150)
with § denoting the tensor of Yukawa couplings obtained after rotation of its scalar index towards the
mass basis. This relation is linear in ¢ and can be solved without too much difficulty, based on the known
expressions of T% and T?. While the linear system of equations thus obtained is underdetermined, we
may, as previously done in the gauge sector, supplement it with a set of relations which are independent
on the basis chosen to express the scalar fields. For instance, imposing

I‘éTVyZ”y;” F“I‘”y{"y;” (5.151)

suffices to compute the entries of 7!/ unambiguously, completing the determination of the Yukawa inter-
actions in the mass basis.

After symmetry breaking towards U(1)em, the Yukawa interaction Lagrangian can be expanded, in
terms of two-component fermions, as

—Ly = {ha [E_g UEUR —+ f_g dTLdR + f_f;‘ eTLeR} + GO {gg;o UEUR + gg;o dEdR + f_éo 6263}
H™ (&t uldn + & vien| + G~ |88t uldn+ & vien (5.152)
+ HY & dbug + GT ELd dTLuR} +he.,

where a sum on the index a = 1,2,3 (i.e. on the three neutral scalars) is implied in the first term.
In addition, if more than one generation of fermions are considered, we assume that the fermion mass
matrices have been properly (bi-)diagonalised so that ur g, dr g and ey g correspond to fermion mass
eigenstates. The expressions of all Yukawa matrices involved in in terms of bilinear fields are
given in App. These expressions involve the complex two-vector £, defined such that

—a 1_ a —a =%
K", = K" (0,)", = &R} (5.153)

It should be noted that such a decomposition is made possible by K being of rank 1 at a charge-conserving
minimum (and, more generally, within the charge-conserving hypersurface). Explicitly, & can be written

o [Ko 1 <1+k3>_,/K0 V1A ks (5.154)
2 /14 ks ky + iks 2 \V1—kge€)’ ’
where the phase ¢ was defined such that
ky +iko = (/K2 + k3 e = /1 —kZec. (5.155)
From (5.154)), it is straightforward to check that
Ko ((14ks ki —iko
k1+iky 1—ks

R%R

b
as expected from The complex 2-vector & thIlb defined allows to write the various Yukawa
vertices in a very compact form. For instance, the h%u uR and h“dT dg interactions given in (5.B58a))

and (|5.B58b)) read

(5.156)

_ 1 _ _
£ = o (0a)sR5U”, &l = (04)"3 Dok’ . (5.157)

8Note that the generators Tff; are purely imaginary such that Tj* = —Tj;.

g“
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6.3 Fermion masses

After symmetry breaking, the scalar multiplet acquires a vacuum expectation value according to ([5.66]),
and the part of the Lagrangian describing the fermion mass terms reads

Lo {uTLMuuR +df, Mydp + eTLMeeR} +he, (5.158)

where, for f = u,d,e€, _
My = /2K k"€l = \/2Ko k&l . (5.159)
For instance, we find for the up-type quarks

My = \/2Ko k€l = (k0a)"5 kU . (5.160)

To further simplify this expression, we note that since

a 1 « KO a a *
K B = iKu (U:U') 8 = 7 |: aﬁ + (k Ua) 8 = K}a:‘ﬂ?ﬁ, (5161)
we find 5
(kao'a)aﬁ = EHQHE —0“ 5 (5162)
so that 5 5
% « * _ 2 * 7 /00
Finally,
so M, is simply given by
M, = kU (5.165)

In turn, the up-type quark mass matrix squared, M2 is computed as

1

* 1 "
M2 = MM = 52U U} = K° ueuf = SK" (o) UUl = S YL (5.166)
Similarly, we obtain for the down-type quark and lepton mass matrices:
_ 1
My = DyR?, M2 = 5KMY(;‘, (5.167)
_ 1
M, = E,RY, M? = F KLY (5.168)

7 Conclusions

In the THDM potential it has been shown that gauge-invariant expressions give new insights [108]. With
the introduction of bilinears [101] [103] [102] gauge-invariants have been introduced which have a one-to-
one correspondence to the Higgs-boson doublets - except for the non-physical gauge redundancies. In
particular, it has been shown, that bilinears form Minkowski-type four vectors. Stability, electroweak
symmetry breaking and the symmetries of the potential can be studied in a concise form based on
bilinears [102, [99] 08].

Here we have extended this gauge-invariant bilinear formalism to the squared mass matrices and the
interaction terms of the THDM, that is, the trilinear and quartic scalar couplings, the gauge and Higgs
boson interactions, and the Yukawa couplings.

With the help of the connection I, , between the component fields of the two doublets and
the bilinears we were able to get a completely gauge-invariant form of the scalar squared mass matrix.
We revealed the general expressions for the cases of full electroweak symmetry breaking as well as for
the charge-conserving breaking case, without specifying the actual form of the potential. We derived
the scalar mass spectrum for the general case in terms of gauge-invariant expressions. In particular,
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the respective Goldstone modes appeared in a very transparent way. From the gauge-invariant form of
the mass matrix we then derived the cubic and quartic scalar interactions. Then, from the expressions
of the scalar gauge generators in the mass-basis, we calculated the full set of vector-scalar couplings
in a gauge-invariant form. Finally, we have extended the bilinear formalism to the Yukawa sector and
obtained expressions for the fermion mass matrices squared that are invariant under mixing of the two
Higgs doublets. Starting again from the expression of the scalar generators and employing the gauge-
invariance of the Yukawa Lagrangian, we obtained gauge-invariant expressions for the Yukawa couplings
after electroweak symmetry breaking.

With these results, we have extended the bilinear formalism to all interactions in a general THDM,
making it a truly powerful tool to study any specific THDM.
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Appendix

A Structure of the scalar mass matrix

This appendix extends the discussion of section [3]on the structure of the scalar mass matrix. In particular,
we provide explicit forms for the various quantities involved in the expression of the mass matrix, both,
at a charge-breaking minimum and at a charge-conserving minimum. The various quantities expressed in
this appendix will allow in turn to compute analytically the derivatives of scalar eigenvalues, as required
to express the derivatives of the effective potential. First, let us recall the general form of the scalar mass
matrix in our formalism: N L

M? = A*9,V +TMIT. (5.A1)
In particular, the hatted quantities correspond to the canonical bases; see section In this basis, the
connection matrices I' are of the form . To simplify the forthcoming expressions, we define

— N\ 1/2
.
a= (K gK) =V1-kTk (5.A2)

K3

so that v (5.50) can be written

Y = 2R (Z (]i) . (5.A3)

We now want to derive the explicit form of M 2 in a canonical basis. We first need to examine the
form taken by the A* matrices. We may decompose the four symmetric 8 x 8 matrices A* into 4 x 4

blocks B "
~ A C
Ak — ( ;4T i“) . (5.A4)
(Cu) Bl
As we will show, A%, and C}, depend on the chosen basis, while B, is fixed by the requirement of
working in a canonical basis. In fact, it is possible to determine BY, by first computing the quantity

ST = TPARTT = T7ALTT = $ror, (5.A5)

or, in matrix notation ¥# = I'TA#T". This quantity is constructed in a way that all field component
indices are contracted and therefore it is gauge invariant. In order to get an explicit expression for X#
we first compute

TIAL, = AL AL ¢
=0, (A%A?k(?jfbk) — Al A ¢
=0, (T%)" — AL AL

=TT —TYAL (5.A6)

wa?

where the rank-3 symmetric tensor T has been defined in (5.37) and we have used (5.33)). By repeatedly
applying (5.A6) in the definition of ¥#, recalling that I'> = I''T, that is, (I'?)?? = I'/T'¢, we arrive at

1 v
o = 3 [ et - (00 1) (5.A7)
Let us show (5.A7) in detail, starting from the definition of ¥#, (5.A5)), writing all indices explicitly and
using (5.A6) twice,

Lpo o A o o A o A o o
SHPT — FipAfjfj = FjT)’\ij — Fé‘Aijj = Fij”Fj — Ff(l—‘i Tf — F?Aij). (5.A8)

For the first term on the right-hand side we get D}T{“T9 = T*(I'?)#? and for the second term T} T} Y7 =
(T2)#A T}, for the third term T¥TYAZ = THAZT? = DITLT? —T¢ ALT? = (I2)P7TH — $1P7 altogether,

g ij= g

DHPT = TH(I2)P7 — (D2)ATY7 4 (T2)P7TH — S (5.A9)
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This is equivalent to (5.A7).
With the explicit form for the 7}, matrices given in ([5.40)),

0 el
To=21,, T;=2 i) (5.A10)
e; 0Oszx3
we find - -
K K ; - 0 Kye;
0 _ 12 _ 0 i . 0€;
$0=T2=2 (K K013> . Y= 2K+ 2 (Koez- e KT Ke?) . (5.A11)

On the other hand, we can express ¥#, ((5.A5]) in any basis, since it is gauge-invariantly defined. In the
canonical basis we have

s# = TTAMT = TTART = (04ua 1Y) A <04X4> =4TBy. (5.A12)
(Cch)" By \ 7 “

At a point of the bilinear field space where + is non-singular (i.e., where det(y) = 4K2«a # 0), the relation
can be inverted using

A ( . (5.A13)
7T K, \—k aly '
and we finally get with (5.A11)):

-1 - . i 0 ael
BZ4 — (zyT) Eufy 1 that 18 B24 = ]]-4; B44 = 7]{:1]].4 + (O{ei eikT _‘: k:elT> . (5A14)

Having found the result for Bj, valid in any canonical basis, we want to determine a possible form for
Al and Cf). As stated above, these two matrices are not uniquely determined since a continuous set of

canonical bases exist. However, requiring that A* satisfies the same anti-commutation properties as A*

in ((5.38)), namely
{3“, 8”} = TP AN, (5.A15)

and that the components 3“, a = 1,2,3 properly transform under rotations in the bilinear field space,
allows us to first determine the set of possible expressions for C4, and then for A/,. These expressions are
valid anywhere in the field space, hence, in particular at the charge-conserving and the charge-breaking
hypersurfaces. We may now provide a complete set of A}, BY, and C; matrices valid for any values of
the bilinear fields but assuming a canonical basis:

0 o 1 0 ak.kT
A44 = ]147 44 = k?a]l4 - W Oék‘ak Qk‘akkﬁT—([ea % ki] kT Tk [ea % k}T) (5A16)
o 0 oze;F
B24 = ]].4, B44 = —kallél + (Oé € eakT + keT> ) (5A17)
1 0 [eq X k"
Ciy = Oaxa, Chy =75 : 5.A18
T M k| <k|2ea —kok a (kols — e,kT) (5.A18)

For the case of a charge-conserving minimum we have |k| = 1, corresponding to o = 0. In this case (see
(15.48)

/0 O4x4

I= ( 4“) = | O1x4 (5.A19)

gl
73

since

v e -0) e

3
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Here we have defined the 3 x 4 matrix 3 with index 3 in order to distinguish it from the 4 x 4 matrix ~.
As a consequence, the term TMTIT in the mass matrix - ) takes the form

Sa0r  [Osxs  Osxs
rME _(03><5 wBMys ) (5-A21)

Hence, at a charge-conserving minimum, the block-diagonal structure of A* is more appropriately
reorganised as
~ AL, CE
AW = 755 753 (5.A22)
Cys By

where the expression of the newly deﬁned blocks ALy, Bl and CE; can be readily inferred from Egs. (5.A16)—(5.A18]).
Next, we express the first term of (5.A1)) in the form

. U Ass  C
Avd, v L ou (GK) Ar =2u (7 T (5.A23)
” Cs5 DBss
with
0 0T o0
Ass =2Ko [0 kKT 0, Bag=2K (15— kk") = —ysg77,
0 of 1
OT
053 = OéKo kk)T - ]].3 =0. (5A24)
kT

Note that although o and therefore Cj3 vanish at a charge-conserving minimum, for later convenience
we want to have the expression for A* not only at the minimum of the potential. Eventually, we have
found that the off-diagonal blocks of M2 of vanish, simultaneously for the term 3“8”‘/ and for
the term TMT'T. This shows the convenience to choose a canonical basis, where this simple structure of
the scalar mass matrix appears. We may thus finally write with ,

- N PR A 42
M? oy @K) A¥ +TMIT = Mec ’\025X3 ) (5.425)
K 03><5 Mneutral
The block -

fully contains the Goldstone sector as well as the two massive charged Higgs fields H*. We can diagonalise
this matrix

Mo = UccM2oUS = diag (0, 0, 0, 4uK,, 4uKo)=diag(0, 0, 0, m%., m%.).

(5.A27)
The rotation matrix Ucc can explicitly be decomposed as
1 0T o
Usc=10 Ry O (5.A28)
0 of 1

with Ry given by the 3 x 3 matrix in the bilinear field space which rotates k to the Higgs basis with
k = (0,0,1)™. Turning to the neutral sector, the matrix

'/\//\lieutral =73 (M - 2“‘5) ’73T (5A29)

contains the masses of the three neutral states h, H and A. It is remarkable that Mneutral can in fact
always (that is, not only for the tree-level case) be diagonalised by a rotation in the bilinear field space,
i.e. a change of basis:

Mieutral = R//\/\lieutralRT = diag (m%, m3, m%) . (5.A30)
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The orthogonal rotation which diagonalises the 8 x 8 scalar mass matrix in the canonical basis introduced
above reads
2 Ucc Osx3
U= . 5.A31
(03><5 R ( )

With this rotation matrix U we get the transformations of 3, [ from the canonical basis to the Higgs
basis: - o R

A* =UA*TUT, T =0T. (5.A32)
Gathering up the above results, the scalar mass matrix in the diagonal basis reads

]\7[52:2u(§§)“5“+f‘/\/1fm:diag(0, 0, 0, m3., m%s, mi, m3, m%) (5.A33)

This concludes our discussion on the structure of the scalar mass matrix at a charge-conserving minimum.
We stress that all of the above is valid at any order in perturbation theory. We think that this illustrates
the convenience of working with the gauge-invariant formalism.

As an example the scalar mass matrix squared for the tree-level THDM potential is computed

in .
B THDM couplings

In this section we present the analytic couplings of the general THDM in gauge invariant form. We recall
that the indices a, b, ¢, d, e € {1,2,3} denote the three neutral Higgs-boson scalars. The squared masses
of the three neutral scalars are denoted by m?2. For repeatedly appearing indices a, b, ¢, d, e we employ as
usual the sum convention. Note, that we do not distinguish between upper and lower indices. We note
that the index of the masses of the scalars does not imply any summation, for instance the expression
k%mg in is simply a vector with component a, whereas in an expression like ,5.k%m? we have to
sum over the index a because it appears twice in tensor components, that is, in 4. and in k.

B.1 Scalar couplings

The cubic and quartic neutral scalar couplings can be found in section [ We repeat here for convenience
the 3-vector f® in terms of which some of the couplings below are expressed:

f* = 8Ky (nook® + ") — k*m?. (5.B1)

The scalar mass squared matrix M?2_ . is given in (5.70). The 3-vectors & and y are defined in (5.80).
The couplings then read:

he - hy - GO :
j‘abG'O = TI(OalbcI;C (ml% - mi) (5B2)
h-G°-@G° X
j\aGOGO = 2K0 l%“mi (5.B3)
h, - H* - H* )
_ fa
Aa = 5.B4
HEH* oK, ( )
he - G - G* X
Ao = Em? 5.85
GG+ K, myg, ( )
he - G - H*
- 1
AaGEHE = (m2 —mis) (z* +iy”) (5.B6)
2K,

ha = hp = he = by

)\abcd = YJabcd + Ycdab + Jacbd + 9bdac + YGadbe + Gbcad 5 (5B7)
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with the auxiliary function

5ab 5cd S o B o ) ) ) )
Jabed = <2k Mneutralk + k°k (ma +my —mg — md))

2K,
2
(0 = RRY) (FF oo — T 4+ 7R + 'R — "Ra) . (5.B8)
0
ha = hy = he - GO )
AabCGO = f(’zbc + féca + féab 9 (5B9)

with the auxiliary function

1

/ p—
fabc - 2K0

o _ 1 o _ _
(81(0 (60 — k“k") (7 x k)© — 55“%0(1@ (mZ —m2)kke — ekt (m2 — mf)k:c> . (5.B10)
ha = hy - GO - G°

_ 2

1 ab 7.a71.b Mygrm —T7,
Aabgogo = 2K0<8K0(5 — k“E®) (100 — ik, +7 k)

R (2 4 m2) — SR,k + zgcadgcbe;;dz;emg) (5.B11)

ha-GO-GO-GO

_ 3 o
)\aGOGOGO = E&‘abckbkc(m?) — mf) (5B12)
G°-GY-GY-@GY
_ 3 _
Agogogogo = %kTMﬁeutrulk (5.B13)

hg - hy - H* - H*
_ 1 o _ _
AabHiHi = 27](0 <6ab (kTMieut'r‘alk - 16K077Tk)
+ROR (8K o (o0 + 1K) — (m2 +m2)) + 8K, (7 + kbn“)) (5.B14)

he - G° - H* - H*

_ 1 N
AoGoHEtHE = ﬁgabc foRbES (5.B15)
GO - GO - gE - g=E
_ 1 - -
)‘GOGOHiHi = ﬁkafa (5B16)
ha - hy - GF - G*
- 1 o _ I -
Aabatgt = oY (8K0(§“b — kK" (oo + 0" k) — 0Pk M2, aik + EOEY(m2 + m§)> (5.B17)
ha - G° - G* - G* )
S‘aGOGiGi = mfabchkc(mg — mi) (5B18)
GO - @GO - Ggx-geE
- 1 _
AgogogEa: = TKOkTMieutmlk (5.B19)

ha - hy - GF - HE
j\abGiHi = 47’76(1‘C + iyc)(éab — ];'a];'b)+

e - _
T (ka(zb +iy?)(md —m2L) + kP (z® +iy®)(m2 — m%e) — k¢(2¢ + iyc)mgdab) (5.B20)
0
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he - G° - G* - H*
_ 1 = . .
Mot = ==k (2¢ +iy°) (m% e — m?) (5.B21)
2K,
GO - G0 - GgEt - H=E
- 1 -
AgogogE s = =k (2% + iy*)m? (5.B22)
2K,
B.2 Charged quartic couplings
H* - H* - H* - H*
- 1 /o = _ _
AHiHiHiHi = - (kTMieutralk: - 16K07_]Tk> (5B23)
0
G:I: _ G:I: - H* - g=
3 1 My | 1 P T\ 2 T ~2
AGiGiHiHi = 27[(0 8K0(7700 - 4K, +7 k) -2k Mneutralk + Tr (Mneutral) <5B24)
G* - G* - G* -Gt
- 1 o _
Aatararar = 7k Micuak (5.B25)
Ko
G:I: - Hf - g - g
2
AGEpgtgts = (ﬁa — ka%)(ma +iy?) (5.B26)
0
GE-QGr-qgft- gt
_ 1 _
AGEargtps = Fka(x“ + iy®*)m?2 (5.B27)
0
B.3 Vector - scalar couplings
he - GY - Z
_ VMz -
W0z =2 ko 5.B28
JaGoz N ( )
Ht -HY-Z )
Juinsy = —iV2 W (5.B29)
Komz
Gt-Gt-2Z )
_ . oMz — aMmwy
— —iv9 v 5.B30
Ht - H+ - v
_ 2mw (mz — mw)
=2 5.B31
9H+H+'y ? \/m ( )
Gt -Gt -+
2 —
JH+H+y = 21 o (117 — o) (5.B32)
Komz
he - HY - W
_ A 2myy .
= @ @ 5.B33
JaH+W+ ? m (217 + 1y ) ( )
hg - GT - W
Gocriws = 2 fo (5.B34)
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G -Gt -wt
2
Jeogrw+ = —ii\/%gv (5.B35)
hoe - Z - Z
_ mz <
wzz =4 k® 5.B36
Gazz K, ( )
he - WT -W+
_ mw s
a =4—k" 5.B37
Jaw+w+ Nexcoy ( )
Gt -7Z-W+
2
Jo zw+ = 2 (mw —mz) (5.B38)
Komz
Gt - v - w+
_ \/2(mz —mw)
Jeryw+ =21 w (5.B39)
KOmZ
hg -hy -2 -7
durrz = 2% gab (5.B40)
Jabzz = K, .
hg - hy - Wt - W™
4 2
Gabww+ = — 2 5ab (5.B41)
Ko
he-HY - Z -W+
2 0 _
otz e = 2202 0w) ((zm%V —my)(a" — i) + imye (2’ — y>k> (5.B42)
0
he -Gt -Z-WT
2 2
Gac zw+ = di X W T2 o (5.B43)
mz Ko
he - HY -y -WT
A )
gaG”r'yVVJr = 4mW Tz T (Ia - iya) (5B44)
K() myg
he -GT =y -WT
2 /o7 o
gaGJr'yWJr =4 Pw vz~ Ty k¢ (5B45)
K() my
G'-G°-Z-2Z
" (5.B46)
Jaoqo =4—= .
gaogozz Ko
GO-GO - Wt -wt
m
Jaocow+w+ = 4= (5.B47)
Ko
G°-Gt-Z-w+t ) )
Jeograws = 40 12— W (5.B48)
myzg Ko
G -Gt -y-W+t
LI/ ")
gaoGgryw+ = —yZw VI iy (5.B49)
KO myz
H*-HY-Z-2Z ) )
-2
JHVYHY 272 = 4—(mz miy) (5.B50)

2
Komz
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Gt-Gt-Z-Z7

Ht - H% - Z - ~

Gt -GT-Z7-4

HY - H" -v-v

Gt -Gt -v-y

H+ - Ht - W+ -w+

Gt-Gt-wt-wt

(m% — 2miy)?

Ja+rgrzz =4

KOmQZ
2 2
ms —m
- _ 2 2 Z W
9H+H+ZZ = 8mW(2mW - mz)ﬁ
omz;
2 2
ms —m
- _ 2 2 Z W
Jarat zy = 8mw (2myy, — mz)ﬁ
omz
2 2
JH+Hy~~y = 8m? Mz = Mw
Ty w KOmQZ
2 2
Jo+G+~y = 8m? mz — Mw
T W T e m?,
_ 4m%,[,
JH+H+W+W+ =
Ko
_ 4m%V
gg+rgtw+w+ =
Ky

B.4 Yukawa couplings

(5.B51)

(5.B52)

(5.B53)

(5.B54)

(5.B55)

(5.B56)

(5.B57)

We note that we only give here the Yukawa couplings involving right-handed Weyl spinors. Their analo-
gous parts for left-handed spinors are simply obtained through complex conjugation.

h'f}:-fR
GO - fl - fr
H* - 1l - 1h

o = ooy (Ua)aﬁ KZUﬁ
&= 21Ko (70)°% Do’
= 21Ko (70)°% &ai”
e
= — = Dai”
_ i .
Seo = = Jage CaR”
f}j{i = —\/LKioaagRaZ/{B
ud —\/;Toeo‘ﬁﬁ 5y
= — V%saﬁgakz

(5.B58a)
(5.B58b)

(5.B58¢)

(5.B59%a)
(5.B59b)

(5.B59c)

(5.B60a)
(5.B60b)

(5.B60c¢)
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G~ fl - fr
cud _ Lo (5.B61a)
G+ — T(O o :
cud i N =«
1 = Dy 5.B61b
G Ry k ( )
fve = L_E.R® (5.B61c)



Chapter 6

Grand unification and the Planck scale:
An SO(10) example of radiative symmetry
breaking

1 Introduction

Unification of the Standard Model (SM) gauge groups into a grand unified theory (GUT) [109, 110, 111]
remains an attractive new-physics scenario: GUTs have the potential to (i) provide an explanation
for the seemingly coincidental near-equality of SM gauge couplings at the high-energy scale Mgyt =~
10% GeV, see e.g. [112 [113]; (ii) (partially) explain the observed mass spectrum by unifying the fermionic
representations [114] [115] [116]; (iii) account for neutrino masses [117, [118] 119} [120, 121] with a suitable
see-saw mechanism [122] [123] [124]; and (iv) offer a scenario for leptogenesis, see e.g. [125] [126] [127] [128].

Yet, the explanatory power of a GUT — manifest in relations among SM couplings and charges — comes
with the caveat of having to construct a viable mechanism to break the large gauge group in just the
right way such as to obtain the SM. The unified gauge group can be reduced to the SM via spontaneous
symmetry breaking in a suitable scalar potential. Most GUT analyses to date simply assume that all
breaking chains, which are group-theoretically possible, can be realised by some — potentially contrived
and complicated — scalar potential. Oftentimes, the latter is not explicitly specified. Indeed, such po-
tentials remain largely arbitrary without specific knowledge about microscopic boundary conditions in
the theory space of couplings, for instance, at the Planck scale. As a result, the plethora of SM parame-
ters is effectively traded for a plethora of admissible breaking potentials. In particular, currently viable
GUTs require more free parameters than the SM itselﬂ In contrast to the Yukawa and gauge couplings,
the (quartic) couplings entering the GUT potential are not directly constrained by the experimental data.

On a seemingly unrelated note, in quantum gravity, any phenomenology is hard to come by. However,
several quantum-gravity scenarios hold the promise to predict Planck-scale boundary conditions, both for
the gauge-Yukawa sector and the scalar potential; in the context of GUTS, see [129] [130] for asymptotic
safety and e.g. [I31] [132] [133] [134] for string theory.

Quantum gravity (QG) and grand unification are thus two friends in need. Quantitative progress
requires a link between Planck-scale initial conditions and GUT phenomenology. Naturally, such a link
would benefit GUT model builders and QG phenomenologists alike:

e GUTs would aid QG phenomenology: The requirement of viable initial conditions promises to
indirectly constrain any predictive QG scenario.

e QG would aid GUT model-building: Any predictive QG scenario will, in turn, predict/constrain
the Planckian parameter space and thereby may exclude (i.e., be incompatible with) specific GUTs.

IFor instance, the SO(10) model with 455 @ 126 possesses 16 parameters in the scalar potential [124]. Considering
its realistic 10y @ 45y @ 126 5 extension would further increase this number.

159
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To build this link, progress on both ends is required: On the one hand, Planck-scale predictions of QG
scenarios have to be obtained and solidified. On the other hand, viable Planck-scale initial conditions
have to be identified in specific GUTs.

In the present work, we focus on the GUT side of progress. In particular, we point out that the
requirement of viable radiative symmetry breaking — or rather the absence of non-viable radiative sym-
metry breaking — places strong constraints on the underlying Planck-scale initial conditions.

To do so, we treat the GUT as an effective field theory (EFT)H The respective grand-unified effective field

theory (GUEFT) is fully specified by its symmetry group Ggur — including a local gauge group gg‘{f;”

as well as potential additional global symmetries g((}glljoTbal) — and the set of fermionic as well as scalar rep-

resentations Fgur and Sgur, respectively. The resulting EFT action includes all symmetry invariants
that can be constructed from the gauge and matter fields. The initial conditions for the corresponding
couplings specify an explicit realisation of the GUEFT.

We then assume that some UV dynamics provides said initial conditions of the GUEFT at some
ultraviolet (UV) scale. In the following, we identify this scale with the Planck scale and hence the UV
dynamics with QG. Still, the general framework presented here applies more widely.

Once the initial conditions are specified at the Planck scale Mp), the renormalisation group (RG)
equations evolve each such realisation towards lower energies, in particular down to the electroweak scale
where (some of) the couplings need to be matched to experiment. The evolution with RG scale p is given
by the beta-functions, i.e.,

0
Be, = uaci . (6.1)

Here, we focus solely on the perturbative regime. This allows us to make use of (i) the computational
toolkit PyRQTE 3 [9] to determine the full set of perturbative beta-functions and of (ii) perturbative
techniques for multidimensional effective potentials [I36] (see also [137]). Non-perturbative RG schemes
such as the functional RG [138] (see [139] 140}, 141,142} [143] for multidimensional effective potentials in the
context of condensed-matter theory), in principle, allow to extend our framework to the non-perturbative
regime. We leave such an extension and, in particular, the inclusion of gravitational fluctuations and
thus any trans-Planckian dynamics at u > Mp; (cf. Sec. for an outlook), for future work.

In this perturbative GUEFT setup, we will analyse the question of how radiative symmetry breaking
constrains the viable parameter space: We propose a blueprint that can be applied to any GUEFT and
demonstrate its application in a specific SO(10) example.

This chapter is organised as follows. In Sec. |2l we present the abstract blueprint for how to place
theoretical and phenomenological constraints on the parameter space at Mp;. In particular, our blueprint
encompasses a novel set of systematic constraints on a viable (perturbative) scalar potential. In the Sec
we review the required and previously mentioned (see (i) and (ii) in the paragraph above) perturbative
techniques. In Sec. We focus on a particular non-superymmetric SO(10) model. We discuss the possible
breaking chains, including those that lead to the SM (admissible) but also many that do not (non-
admissible). In Sec. [5] we present the explicit results for said model. In particular, we demonstrate
how the Planckian parameter space is constrained with each individual constraint in the blueprint. In
Sec. [6] we close with a wider discussion of our results and an outlook on future work. In particular,
we briefly comment on how to (i) extend our results to a GUEFT with a realistic Yukawa sector and
(ii) eventually connect these to QG scenarios that may set the Planck-scale initial conditions. Technical
details on the one-loop RG-improved potential (App. , the tree-level stability conditions (App. , a
quantitative measure of perturbativity (App. , cf. [144], the explicit scalar potentials (App. @[)7 and
the perturbative beta-functions (App. are delegated into appendices.

Readers who are not interested in the methodology of RG-improvement or the details of the specific
GUT model are encouraged to read Sec. and [6] which are kept accessible to a broad audience.

2To prevent potential confusion, we note that by the term EFT, we refer to a quantum field theory with unknown initial
conditions and a finite cutoff scale. In principle, such a theory includes all dimensionful couplings but in the present chapter
we will focus on marginal couplings only. In particular, we will not address the treatment of higher-order operators such
as, for instance, in Standard Model Effective Field Theory (SMEFT) [135].
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2 The blueprint: How to constrain grand-unified effective field
theories

The following section can be read in two ways: either as a physical description of the methodology applied
to the specific SO(10) models in this work; or as a more general blueprint applicable to any grand-unified
effective field theory (GUEFT).

(local)

We define a GUEFT by its symmetry group Ggut — including a local gauge group Giyp’ as well as

potential additional global symmetries Q((flljo;al) — and the set of fermionic as well as scalar representations

Fgut and Sgur, respectively. For instance, the two models that we will investigate in Sec. as an explicit
example, are denoted by

{98537, Four, Seur} = {s0010), 16, 45,1} | (see See.[I)  (6.2)
{QS%C%I), Faur, SGUT} = {50(10)7 16%, 16, @ 45H} - (see Sec. (6.3)

Herein, ¢ = 1,2,3 denotes a family index. The model in Eq. also exhibits an additional global
symmetry, ggfllfTba“ = U(1), cf. App.

The purpose of the following blueprint is to constrain the possibility that such a GUEFT is a UV
extension of the SM. We distinguish the notions of UV extension and UV completion. By UV extension
of the SM, we refer to some high-energy EFT which contains the SM at lower scales. In particular, we do
not demand that the UV extension itself is UV-complete, i.e., extends to arbitrarily high energies with-
out developing pathologies. By UV completion of the SM, we refer to a UV extension which moreover is
UV-complete.

In principle, the respective EFT action includes all possible symmetry invariants that can be con-
structed from the gauge and matter fields. For this work, however, we will focus on the marginal couplings
only. This amounts to restricting the EFT-analysis to the perturbative regime around the free fixed point.
Close to the free fixed point, canonically irrelevant couplings will be power-law suppressed.

Moreover, we omit potentially sizeable mass terms. In the presence of mass terms, the following
constraints have to be re-interpreted but are still of relevance for phenomenology. We discuss this further
in Sec. [6:21

In consequence, the GUEFT is parameterised by the initial conditions of all its marginal couplings
at an a priori unknown high-energy cutoff scale. In the following, we will tentatively identify the cutoff
with the Planck scale Mp;.

In this setup, we first focus on a set of constraints in the scalar sector. These arise from radiative
symmetry breaking and are necessary but not sufficient for the GUEFT to be a UV extension of the SM.

(I.a) We demand tree-level stability at Mp.

(Ib) We demand the absence of Landau poles between the Planck scale Mp; and the first symmetry-
breaking scale Mgur. (In addition, we define a perturbativity criterion, cf. [144] as well as App.
and demand that the GUEFT remains perturbative between Mgyt and Mp).)

(I.c) We demand that the deepest minimum induced by radiative symmetry breakingﬂ is admissible,

i.e., the respective vacuum expectation value (vev) remains invariant under the Standard Model
(local)

gauge group Gsy C Gopm -
Each of these necessary conditions may be applied on their own to constrain the set of initial conditions
at Mp;. Applying the constraints in the above order turns out to be most efficient as we will explicitly
demonstrate in Sec. [

On top of these constraints on the scalar potential, one may apply more commonly addressed phe-
nomenological constraints on the gauge-Yukawa sector, namely:

3Here, we do not account for the possibility of a meta-stable but sufficiently long-lived minimum, cf. Sec. @
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(IT.a) The requirement of gauge coupling unification and of a sufficiently long lifetime of the proton to
avoid experimental proton-decay bounds, cf. [145] 146 [147] [14§] for previous work;

(IL.b) The requirement of a viable Yukawa sector. (Realising a viable Yukawa sector is in itself a very
non-trivial question [149] [TT5] [150) 122] [151] [152] 153, [154, [155] (156, 157, 158, 159, 148 [153] [134].)

The necessary conditions (I) in the scalar sector and (II) in the gauge-Yukawa sector do, in principle,
depend on each otherﬂ Ideally, one would thus want to include the gauge and Yukawa couplings in the set
of random initial conditions and apply (I) and (II) simultaneously. Alternatively, one may fix the gauge
and Yukawa couplings to approximate phenomenological values, see [160} [148], [161] [I13]. Subsequently,
one has to then crosscheck that the constraints which we obtain from (I) are not significantly altered
when varying initial conditions in the gauge-Yukawa sector (see Sec. .

The above two sets of constraints can be viewed as necessary consistency constraints for a specific
realisation of a GUEFT to be a viable UV extension of the SM. In that sense, they realise a set of
exclusion principles in a top-down approach to grand unification. We refer to a specific realisation of a
GUEFT as admissible if it obeys the first set of constraints (I.a), (I.b), and, in particular, (I.c). We refer
to a specific realisation of a GUEFT as viable if it obeys both sets of constraints (I) and (II) (see Sec. [4.2).

In addition, one may specify an underlying UV completion. This extends the GUEFT to arbitrarily
high scales above Mp; and — for each individual underlying quantum-gravity scenario — typically results
in additional constraints.

(ITI) Strong additional constraints may arise from demanding that the initial conditions can arise from
a specific assumption about the transplanckian theory, i.e., from a specific model of or assumption
about quantum gravity.

We review the significance of such constraints alongside existing literature as part of the discussion in
Sec.[6] An explicit implementation is left to future work.

3 Methodology: RG-flow, effective potential, and breaking pat-
terns

3.1 Renormalisation group-improved one-loop potential

In this work we are interested in the radiative minima of the potential generated due to the renormalisation
group (RG) flow of the quartic couplings. Hence the renormalisation group equations (RGEs) constitute
the principal tool in our analysis. The schematic form of the one-loop RGEs are given in the seminal
papers [29] 30, 31], see also the recent discussion [38] 39, [10].

In the absence of mass terms in the tree-level potential, any non-trivial minimum must be generated by
higher-order corrections to the scalar potential. The dependence of loop corrections on the arbitrary RG
scale can be alleviated using perturbative techniques of RG-improvement of the scalar potential [81] [70] [71]
162, [72] [75], 28], [77, [78]. We caution that the computation of the full quantum potential may be impacted
by higher-order operators, scheme dependence, and non-perturbative effects, cf. [163] [164], [165] [166] for
analysis in the context of the SM Higgs potential. In any case, perturbative RG-improvement techniques
provide an important step towards the full quantum potential and are expected to provide a better
approximation than fixed-order perturbation theory. For these reasons, we employ the RG-improved
one-loop potential to study the breaking patterns of a GUT model, in a formalism that we now briefly
review.

Considering a gauge theory with a scalar multiplet denoted by ¢, and using the conventions of [136],
the one-loop contributions to the effective potential can be put in the form

2
v = AJrIB%log% (6.4)
0

4Interdependence of (I) and (II) occurs not only via higher-loop corrections. For instance, the gauge coupling will impact
the radiative symmetry-breaking scale. At the same time, the symmetry-breaking scale will impact the RG flow of the
gauge couplings, even at one-loop order.
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where pg is the arbitrary renormalisation scale and where ¢ = \/@;¢*. The quantities A and B receive
contributions from the scalar, gauge and Yukawa sectors of the theory. In the MS scheme and working
in the Landau gauge, they can be expressed (see e.g. [136]) as

A 1 § Tr | M} (1o M C (6.5)
= 1T . —_ ; .
6472 i i\o8 2 7
1=s,9,f
1 4
B= = _§ g:fniTr (M) . (6.6)

where the numerical constants n; and C; take the values

w

Ng = ng = ny = —2,

1,
3 (6.7)
Cs = 57 Cg =

| ot
N W

, Cr=5,
and where M; 4 ¢ respectively stand for the field-dependent mass matrices of the scalars, gauge bosons
and fermions of the model. The first two matrices can be straightforwardly computed once the scalar
potential and the gauge generators of the scalar representations have been fixed:

VO
(Msz)” = DI (6.8)
1 o
(Mg2)AB = 592 {Ta, TB}ij o'’ (6.9)

The 455 and 16y ¢ 455 models considered in this work contain no Yukawa interactions, hence we will
take the My mass matrix to vanish.

The dependence of V(1) on the renormalisation scale pig is an artefact of working at fixed order in
perturbation theory, and introduces arbitrariness in the computations. In some circumstances, simple
prescriptions on the value of g may be given that are appropriate for computations involving the quantum
potential. Such prescriptions are in particular suitable for single-scale models, thus giving a reasonable
approximation of the effective potential around this one scale. For computations involving a wider range
of energy scales, or in theories with multiple characteristic scales (e.g. several vevs and/or masses, possibly
spanning over orders of magnitude), one inevitably encounters large logarithms. Various RG-improvement
techniques were developed to resum such large logarithms (see e.g. [70} [71), 162} [72] [75] 28] [77, [78]), with
the aim of yielding a well-behaved quantum potential for multi-scale theories and/or over large energy
ranges.

The SO(10) model considered in this work (and generally any GUT model) is a multi-scale theory,
requiring an appropriate procedure of RG-improvement. Here we briefly review the method developed
in [I36] and further extended in [I37] to the case of classically scale-invariant potentials. The starting
point is to consider the Callan-Symanzik equation satisfied by the all-order quantum potential, stating
that the total derivative of the effective potential with respect to the renormalisation scale vanishes:

avet (9
dlogpo  \ dlog o

o 0
+ Zﬁ(gi) a9 (bz’v”aw> Vet =o. (6.10)

The above relation describes the independence of the quantum potential on the renormalisation scale,
given that the couplings of the theory are evolved according to their beta-functions, and the field strength
renormalisation values according to their anomalous dimension matrix «. Following [136], [137] and using
Eq. 7 we may simultaneously promote the RG-scale jq to a field-dependent quantity u(¢?), and the
couplings and fields to u-dependent quantities. Formally, we have

po — p(9")
A — A (u(eh) , (6.11)
o — ¢ (u(e") .
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The cornerstone of the RG-improvement procedure presented in [I36] is to note that for each point in the
field space, and as long as perturbation theory holds, there exists a renormalisation scale p, such that
the one-loop corrections V(1) Vanis

2
i \i i i i i ¥
VO (8, X5 1) = A (8 (1), X' (1) + B (8" (1), X' (1) log 5 = 0. (6.12)
The above relation gives the implicit definition of the field-dependent scale ji.(¢?), and allows for resum-
mation of a certain class of logarithmic contributions [136]. The full one-loop effective potential is then
given by its tree-level contribution, with the couplings and fields are evaluated at the scale p.:

Veﬁ(d)i) —_ V(O) (d)l"u*(gbl)) . (613)

The RG-improved effective potential takes the same form as the tree-level potential with field-dependent
couplings. This provides valuable insight on the conditions of radiative symmetry breaking in classically
scale-invariant models [136, 167, [137]. In particular, a necessary condition for symmetry breaking to
occur is that the tree-level stability conditions of the scalar potential must be violated at some scale
along the RG-flow. Crucially, this observation allows to determine whether the breaking of the SO(10)
symmetry towards a specific subgroup will happen at all, given some initial conditions for the quartic
couplings at the high energy scale.

3.2 Minimisation of the RG-improved potential

In order to identify the breaking patterns of the model, one needs to evaluate the depth of the RG-
improved potential at the minimum for each relevant vacuum configuration. The set of stationary-point
equations of the RG-improved potential are derived in App.[A] and would in principle need to be solved
numerically in order to determine the position of its global minimum. Such a numerical minimisation
procedure, however, can be computationally very costly and therefore rather inappropriate in the context
of this work, where a scan over a large number of points is to be performed. Instead, we propose a
simple procedure allowing to estimate (rather accurately) the position and depth of the minimum of the
RG-improved potential.

In App. we derive the radial stationary-point equation which restricts the position of the
minimum to an (n — 1)-dimensional hypersurface in the n-dimensional field space. In the O(h) approxi-
mation, where only contributions that are formally of first order in perturbation theory are retained, it
reads:

yeff 4 = —_— = — = 0. .
4 2B =0, / 0 and ; 0 (6.14)

As discussed in App. the quantity B must be strictly positive at a minimum, thus implying
Vel <. (6.15)

For all field values, V°f takes its classically scale-invariant tree-level form. In turn, the tree-level stability
conditions have to be violated at the RG-scale ™", defined such that

8vcff
9(e)’

More concretely, ™" is the value of the RG-improved scale p, evaluated at the vacuum (¢). For some
arbitrary high-energy scale g at which the tree-level potential is assumed to be stable, there must exist

a scale pgw characterising the breaking of tree-level stability, such that

(@u ((0)) ) =0 and VO ((9)'s ™ ((9)') ) = 0. (6.16)

P < paw < o (6.17)
Hence, at the RG-scale pgw the tree-level potential (without RG-improvement) develops flat directions,
along which a minimum will be radiatively generated through the Gildener-Weinberg mechanism [168],

see also App.

5In presence of negative eigenvalues in the mass matrices, one may instead require the real part of the one-loop corrections
to vanish.
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A first important observation is that pugw gives an upper bound on the value of u, at the minimum.
This bound can be further refined by observing that an additional scale 1 can be identified, at which the
quantity V() defined as

~ 1
VO = yeff 4 5B (6.18)

develops flat directions, see App. @ Since B > 0 near the minimum, one has

min

ettt << pow, (6.19)
such that i provides an improved upper bound for g™, In practice, the scale i provides, in most cases,
a remarkably accurate estimate for ™", cf. Appendix |A| for further explanation and explicit numerical
comparison.

Based on this observation, we employ an efficient simplified procedure to identify and characterise
the minima of RG-improved potentials — the alternative being the minimisation via numerical methods,
the numerical cost of which increases for vacuum structures with increasing number of vevs. For a given
vacuum configuration, this minimisation procedure is summarised as follows:

1. Starting with random values for the quartic couplings at some high scale pg, the stability of the
tree-level potential is asserted and unstable configurations are discarded.

2. Evolution of the quartic couplings according to their one-loop beta-functions is performed down
to some sufficiently low scale p;. In the present context of Planck-scale initial conditions for an
SO(10) GUTs and for any phenomenologically meaningful choice of gauge coupling g, a natural
choice for this scale is u; ~ 10*! GeV, where the gauge coupling usually runs into a Landau poleﬂ

3. The scale 11 at which VO develops flat directions is identified. To determine g in practice, we assert
the tree-level stability conditions at each integration step over the considered energy range.

4. At the scale [i, depending on the considered vacuum structure, the flat direction 7 is identified (see
App. . Along this flat direction, the field values take the form

¢ =i (6.20)

5. The unique value of (¢) such that
VO ()it ) = 0 (6.21)

is identified. The field vector (¢) = (@)@ constitutes an estimate of the exact position of the
minimum.

6. Finally, the depth of the RG-improved potential at the minimum, i.e.,

Ver((9)) = VO((e): ) (6.22)
is evaluated.

In this form, the above procedure is essentially equivalent to a Gildener-Weinberg minimisation (see
App. [A.2). However, as explained in App. it is can be straightforwardly extended to include O(h?)
corrections characteristic of the one-loop RG-improvement procedure. The accuracy of the this pro-
cedure compared to a full-fledged numerical minimisation of the RG-improved potential is studied in
Appendix From an algorithmic point of view, our method proves remarkably more efficient, in
particular for multidimensional vacuum manifolds. The reason is rather simple: Here, one avoids the
numerical minimisation of a multivariate function, whose evaluation at a point ¢ € RY is itself rather
costly. (Evaluating the potential at some given field value involves a root-finding algorithm to determine
the RG-improved scale p,.) Instead, two one-dimensional numerical scans are performed, to find the
value of 1 at step 3, then and the value of () at step 5, respectively.

SThe precise value of uj is mostly arbitrary, since, in practice, one observes either the breakdown of SO(10) or the
occurrence of Landau poles along the way from po down to py.
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3.3 Breaking patterns triggered by the RG-flow

As discussed above, the spontaneous breakdown of SO(10) — i.e., the occurrence of a non-trivial minimum
of the RG-improved potential — is triggered close to the RG scale at which the tree-level potential
turns unstable. While the knowledge of necessary stability conditions allows to discard points from
the parameter space for which the scalar potential is clearly unstable (see step 1. in the minimisation
procedure described above), the determination of the breaking patterns of the model requires additional
information.

Given some vacuum manifold, there are in general several qualitatively different ways of violating
the stability conditions (see App. . More precisely, the set of stability conditions for a given vacuum
structure can in general be expressed as the conjunction of n individual constraints:

S=S8 A ASn. (6.23)

Defining S as the condition for an unstable potential, one clearly has

S=8V-V8§,. (6.24)

The violation of any one of the .S; will trigger spontaneous symmetry breaking, in general towards different
subgroups of original symmetry group. To illustrate this rather general statement, let us consider a
concrete example. For instance, for the 16y @ 455 SO(10) model considered in the next section, a
possible vacuum configuration leading to a SU(5) breaking is obtained from Eq. in the limit
wr = wp = w/v5, xgr = 0, where w and x are the 455 and 165 vevs, see Sec.

13 5
<V>SU(5) = <)\1 + 20)\2> wh + (2)\8 + 2)\9) w2x2 + )\6X4 , (6.25)

and matches the definition of a general 2-vev vacuum manifold given in Appendix Bl Using the results
in Appendix [B, we derive the following tree-level stability condition

13
S1: M+ 2*())\2 >0, (626)
Syt Ag > 0, (627)
5 13
S3:2Xg + 5/\9 + 2\/)\6 (/\1 + 20/\2) >0. (628)

With these definitions at hand, the sufficient and necessary stability condition for this vacuum manifold
is given by
S=5ANSNAS;5. (6.29)

Note that Eq. only constitutes a set of necessary but not sufficient conditions for the stability of
the full SO(10) potential. Starting at an RG-scale 1o were S holds, spontaneous symmetry breaking will
occur around the scale pgw < po at which any one of the S; is violated. This can occur in three distinct
manners, generating in each case different vacuum configurations along the flat directions appearing at

How:

S s M (paw) + %AQ(MGW) —0 S (wi0) = (@), 0) (6.30)
Sy : Xe(paw) =0 = (w,x) = (0,(x) , (6.31)
_ 5 13

Sz |2Xs + Jret 2\/>\6 <>\1 + 20>\2)] (new) =0 = (w,x) = (W), AMw)) - (6.32)

Finally, based on group theoretical arguments, the residual symmetry group can be determined for each
vacuum configuration. Here, S and S3 generate an SU(5) minimum, although in the former case w
vanishes. In contrast, the minimum associated with S; preserves an additional U(1) gauge factor, such

"It is implicitly understood that in the definition of S3, S1 and Se must be satisfied.
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that the residual symmetry group is SU(5) x U(1).

The above example shows how to determine the residual gauge symmetry associated with a flat
direction of the tree-level potential in a specific vacuum configuration. In addition, one must be able
to determine the location and depth of the minimum of the effective potential. For this purpose, the
procedure described in the previous section can be used in practice, allowing to estimate the position
and depth of the minimum based on the study of the flat directions of V4. Such a procedure is reiterated
for every relevant vacuum configuration, so that a deepest minimum can be identified. In turn, all other
minima can at most be local and their respective symmetry-breaking patterns do not occur in practice.

4 The model: minimal SO(10)

In this section, we present the specific SO(10)-GUT model to be investigated. In the persistent absence
of any observational hints for supersymmetry, we focus on non-supersymmetric GUTs. After constructing
the corresponding tree-level scalar potential, we establish a (non-exhaustive) classification of the possible
breaking patterns of the model, clarifying in passing the distinction between the standard and flipped
embeddings of the Standard Model into SU(5) x U(1) C SO(10). Our classification includes breaking
patterns towards subgroups of SO(10) that do not contain the Standard Model gauge group, allowing us
in Sec. [p|to establish a novel kind of theoretical constraint on the parameters of the scalar sector. Finally,
we explain why some of the breaking patterns never occur (at least at tree-level), despite being allowed
by the group-theoretical structure of the model.

4.1 SO(10) with fermionic 16z, scalar 165 and 45y

For the SO(10)-GUT the fermionic content of the Standard Model (together with right-handed neutrinos)
fits into a unifying 16  spinor representation [I11]. The minimal scalar content to reproduce the Standard
Model electroweak theory is 16 5 @ 45y . In terms of its group-theoretical specification, the model reads

(Gaur, Faut, Scut) = (SO(10), 165, 165 © 455), (6.33)
The Lagrangian is given by
L=Lx -V, (6.34)

where the Lg is the fermionic, scalar and gauge kinetic part and V' is the 16y @ 45 potential. In order
to to break the electroweak symmetry, an additional real 10 representation is introduced. In this case,
a Yukawa interaction of the form 167105167 must be included and the Lagrangian reads

L=Lg+Ly—-V. (6.35)

We give in App. |§| a possible parameterisation of the most general scalar potential (and of Ly-) including
scalar representations 10y @ 16y © 45y.

We stress that the studied model fails to produce a viable (i.e. SM-like) fermion sector at low energies
for the simple reason that the single Yukawa matrix characterising the 16 p 10516  interaction can always
be diagonalised by a redefinition of the fermion fields. The question of constructing a minimal viable
S0(10) Yukawa sector cf. [149, [T15] 150l [122] 152 153, 154, [155] 156l 157, 158, 159, [148] [153] [134],
will not be discussed here. Nevertheless, one model with a potentially viable gauge-Yukawa sector
consists of a 10y @ 45y @ 126 scalar sector and features the same admissible breaking patterns as
the 10y & 16y & 455 model considered here, hence justifying our motivation to investigate its main
features despite its non-viable low-energy phenomenology.

We further simplify the setup by omitting the 10y representation and investigate models based on
the scalar representations 165 @ 455 and 45y, respectively. In the former case, the tree-level scalar
potential reduces to

V@) = 7 Tr(®%)* + ho Tr(®1) + 426 (xx)? + A7 (X Dax—) (X Tixy)

+ 2 (XTx) Tr(@35) +8Xo X @34 -

(6.36)



168 Chapter 6 — Grand unification and the Planck scale

where the \; denote the six quartic couplings of the potential and x denotes the 16y multiplet. The
auxiliary fields ®16 and x4+ (associated with the 455 and 16 multiplets respectively) as well as the T';
matrices are defined in App. [D}

A series of articles in the early 1980’s studying the 16y ® 45y model [169, 170, 171], [I72] pointed
out that the only potentially viable minima of the (tree-level) potential induce a breaking towards either
SU(5) x U(1) (which require large threshold corrections to be consistent with gauge-coupling unification
[148]) or the non-viable (i.e., phenomenologically excluded) standard SU(5). The other possible vacuum
configurations in the Pati-Salam directions (see below for more detail) are not minima but saddle points of
the potential. For this reason, the model has been discarded 30 years ago. More recently, models featuring
a 45y have been revived in [173] 160} [161] where it was shown that one-loop quantum corrections to the
potential could turn admissible (cf. Sec. |2)) saddle points into actual minima. This observation further
motivates the inclusion of quantum corrections to the scalar potential based on the formalism introduced
in the previous section.

4.2 Potential breaking chains of the minimal SO(10) model

A comprehensive discussion of symmetry breaking in the minimal SO(10) model introduced above would
require one to classify all potential breaking directions allowed by group-theoretical considerations. Here
we study a subset of possible breaking patterns, yet considerably extending existing results [169, [L70]
171] [172] 113 173, 1’74, 160, [161]. This includes all admissible breaking chains towards the Standard
Model (in fact, all of the potentially viable ones) as well as several non-admissible vacuum configurations
that break the SO(10) towards non-SM directions. As will become clear later, the inclusion of additional
non-admissible breaking patterns can impose significant additional constraints on the parameter space of
Planck-scale initial conditions.

Admissible breaking patterns

Following [161] [173], we observe that, in order to break SO(10) towards the Standard Model, the adjoint
field 455 must have, up to arbitrary gauge transformations, the following anti—diagonaﬂ vev texture:

¢’L] = antidiag (UJR7 WR, WhB, WA, WhB, —WB, —WwB, —WwpB, —WR, —UJR) ) (637)

where v/3wp and v/2wg respectively denote the vevs of the (1,1,1,0) singlet and of the (1,1, 3,0) triplet
contained in the 45y, following a 30272r1p_1 labelling conventiorﬂ The above vev structure gener-
ally corresponds to a breaking towards 3¢2;1gr1p_1, and different breaking chains can be conveniently
recovered as particular cases:

wr=0: 50(10) — 3c212rlB_1,
wp=0: SO(lO)—>402LlR,
WR =WB =Wws : SO(10) — SU(B) x U(1) x .

In comparison to [1611 [173], the standard and flipped SU(5) x U(1) configurations are not distinguished
at the level of the first breaking stage. The reason is that these two breaking chains are characterised by
a different embedding of the SM gauge group within SU(5) x U(1), independently of the embedding of
SU(5) x U(1) within SO(10) (which is essentiallym unique). In practice, in the case where wp = —wp
(identified in [161} [173] as the flipped SU(5) x U(1) vacuum structure), one can always perform a gauge
transformation effectively leading to wgp — —wg, and hence to wp = wg. Of course, such a transformation
also affects the other scalar multiplets, and in particular 16z . This will be discussed in more detail in
what follows.

8We use the anti-diagonal matrix notation from bottom left to upper-right entry.

9We follow e.g. [I61] and denote a multiplet of a semi-simple gauge group with n special unitary subgroups and m Abelian
subgroups by SU(N7) X «-+ X SU(Np) X U(1)1 X -+ X U(1)m. The respective multiplets are denoted by the dimensions
D; with which they transform under each SU(N;) and their hypercharge Y; with respect to each U(1); factor, i.e., by
(D1,...,Dn,Y1,...,Yn). Further, we use the standard shorthands Ny, for SU(N,) and 1,, for U(1)m.

10For instance, one always has the freedom to embed SU(5) x U(1) into SO(10) such that the branching rule of 16 is
either given by 16 — (10,—1) & (5,3) ® (1,—5), or 16 — (10,1) & (5,—3) ® (1,5), or any other physically equivalent
decomposition (see e.g. the discussion on symmetry breaking in [63]).
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We now turn to the vev structure of 16 5. In addition to the vev of the (1,1, 2, +%) doublet, denoted
by X r, we also consider a possibly non vanishing vev for the (1, —5) singlet under SU(5) x U(1), denoted
by x5. For the labelling convention of 3¢27,2r1 g, multiplets, introducing this additional vev, x5, simply
results in two possible SM vevs in the (1,1, 2, —l—%) doublet. With this notation (and in a basis in which
the adjoint field has the vev structure Eq. (6.37)) the scalar 16-plet can be put in the form[[T}

I . . , . T
X = ﬁdlag (Ou —tX5, 0, —XR> 0, XR 0, X5, 0, X5, 0, —IXR; 0, —UXR; 0, XS) .

(6.38)

Inserting Eq. (6.37) and Eq. (6.38) into the expression of the tree-level scalar potential Eq. (6.36), we
find:

2 A 2
(V) = A1 (3wl +20%)° + f (21w + 36wBw? + 8wh) + 4X6 (Ixal* + |xs]) 639
+ 4 (|XR|2 + |X5|2) (3%23 + QW%) + Ao (|XR|2 (Bwp — 2wr)” + Ix5)? (Bwp + QWR)Q) .

When wg,wp # 0, a direct breakdown of SO(10) towards Gsy = 3211y is triggered as soon as one of
the components of 16 acquires a non-zero expectation value:

&)

XR#07X5:0: SO(].O)—>QSM,
Xr=0,x5 #0: SO(lo)g%M,

where the embedding of Ggy into SO(10) may a priori differ between the breakings (1) and (2). In
the case (1), taking wr = wp, one exactly recovers the vacuum structure described in [161), [I73] in a
situation where wg = —wp (therein identified as a flipped embedding of the SM into SU(5) x U(1)),
while the latter breaking would correspond to wr = wp (identified as the standard embedding). However,
as stated previously, the latter relation can be recovered from the former making use of a class of gauge
transformations effectively leading to

WR < —WR, IXR| < [x5] - (6.40)

The gauge generators leading to Eq. are clearly broken in any one of the SM vacua. Hence at
a minimum they are associated with Goldstone modes, so both minima belong to a larger, continuous
set of degenerate minima. Therefore, considering that the breaking towards the SM occurs at once —
i.e. corresponds to a one-step breaking — the standard and flipped embeddings are formally equivalent.
The degeneracy can however be removed if a large hierarchy exists among the vevs, allowing to adopt an
effective description of the theory based on either SU(5) or SU(5) x U(1) over a given energy range. In
particular, if x5 > wr,wp (or equivalently xg > wg,wp), a first breaking towards SU(5) is triggered at
the GUT scale MguT, and the breaking towards the SM will be assumed to occur at an intermediate scale
M; <« Mgur. This case obviously corresponds to a standard embedding, since no U(1) factor can enter
in the definition of the hypercharge generator. Conversely, a first breaking can occur at Mgyt towards
SU(5) x U(1), with a subsequent breaking towards the SM occurring at the lower scale M. In this
case, one expects that the precise form of the scalar potential in the SU(5) x U(1) phase will determine
whether the SM embedding is standard or flipped, since RG-running effects in the SU(5) x U(1) phase
would have spoiled the SO(10) invariance of the vacuum manifold and therefore removed the degeneracy
of the minima.

Non-admissible breaking patterns

In addition to the admissible breaking patterns above, i.e. those involving intermediate gauge groups
which contain the SM, it is vital to also consider possible symmetry breakings towards other gauge
groups. Thereby, one can identify and exclude regions of the parameter space that specifically trigger
such breaking patterns. In particular, for the 165 @ 455 model, we have identified a family of non-
admissible breaking patterns towards subgroups of SO(8) x U(1) (one of the maximal subgroups of

HThis form is only unique up to gauge transformations preserving the vev structure of 45 .
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S0O(10)). Similar to the SM case, this family of non-admissible breakings can be parameterised by a
general vacuum structure for the scalar fields 455 and 16y, namely:

¢;; = antidiag (—ws, w4, wi, Wi Wi, —Wy, Wi —Wi —wWi Ws) (6.41)

and

. , . . T
X = ﬁ (ZX47 —tX5, 07 Oa 07 0 X4, 1X5, —X4, X5 Oa Oa 07 07 X4, X5) . (642)
We stress that the vev x5 that appears in the above expression has the same origin as the vev texture,
cf. Eq. (6.38)), for the SM breakings. This common origin is manifest in the present choice of gauge. With
these vev textures, the vacuum manifold takes the general form

2 A 2
(V) =1 (wi +4wd)” + f (wg + 24wiw] + 40wy) + 4X6 (|xal® + [x51%) " + 8A7|xal?[ x5/ 6.43)
+ 4>\8 (|X4‘2 + |X5‘2) (wg + 40.)3) + )\9 <|X4‘2 (w8 — 4&)4)2 + ‘)(5|2 (wg + 4W4)2) .

Tts similarity with the SM vacuum manifold is worth noticing. When wy,ws # 0 and either y4 # 0 or
X5 # 0, this vacuum manifold corresponds to a breaking towards SU(4) x U(1). Imposing particular
relations on the vevs yields larger residual gauge groups such as SO(8) x U (1), SO(7) and SU(4) x U(1)?,
as reported in Table

Finally, we note that an additional vev texture for 45y is considered in this work, leading to an
alternative embedding of SU(4) x U(1)? within SO(8) x U(1) (stemming from the so-called triality
property of SO(8)). This additional embedding only involves a non-trivial vev texture for 45y, given by

¢;; = antidiag (ws, wj, 0, 0, 0, 0, 0, 0, —wj, —ws). (6.44)

It is interesting to note that the constraint wj = ws induces a breaking towards 4¢2p1g, of which
SU(4) x U(1)? is indeed a subgroup. As discussed in the next section, this alternative breaking can only
be triggered by a local minimum of the scalar potential and does not occur in practice.

Non-observable broken phases

In a gauge theory with a specified particle content, a limited number of gauge invariants can be formed.
Allowing these invariants to get non-zero expectation values defines orbits of gauge-equivalent field con-
figurations. Each orbit is associated with a residual symmetry group (the orbit’s little group), and the
set of orbits associated with the same residual symmetry forms a stratum [175]. Specifying the scalar
potential of the theory fixes the stratum structure, and therefore the number of subgroups that can be
obtained after spontaneous breakdown of the original symmetry. Those strata (and associated phases)
will be called observable if there exists a field configuration minimising the scalar potential and leading
to the spontaneous breakdown of the gauge group towards the associated subgroup [176, [177].

For the 45 ® 16y model at hand, one can show that the strata corresponding to symmetry breaking
towards 3¢2.1rlp—r, SU(4)x U(1)* and [SU(4) x U(1)2]' are in fact non-observable. For concreteness,
we now provide a proof of this statement for the 3¢2;1zr1p_; breaking. While the model considered
in this work is classically scale-invariant, it is convenient for the purposes of the present discussion to
include the scalar mass term:

1
vO 5 —5Hs Tr(®3) . (6.45)
In this case, the 3¢0211r1p_ vacuum manifold reads:
A
VO = —py (3w +2038) + A1 (3w + 2w3)” + f (21w} + 36whw? + 8wh) - (6.46)

Solving the stationary point equations with respect to wp r yields the set of solutions (excluding the
trivial solution wp = wgr = 0)

2 2 Fo 2pug 2pug 2
. 4
(Wi, wh) € {(O’ 40 + 2/\2> ’ <12)\1 + 7/\2’0) ’ <20/\1 + 13X 20\, + 13X, (647)
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These three solutions respectively belong to orbits associated with the residual subgroups 4¢2p1g,
3¢212rlp_y, and SU(5) x U(1), and we conclude that the 3¢2;,1r15_1, broken phase is non-observable.
In fact, this statement persists in the classically scale-invariant model considered in this work (7.e. in the
absence of scalar mass terms), when one examines the residual gauge group along the flat directions of
the vacuum manifold. A similar reasoning applies to the SO(10) — [SU(4) x U (1)2]/ vacuum manifold
which effectively corresponds to a SO(10) — SU(5) x U(1) breaking after minimisation.

At this point, we would like to make an important comment regarding the 3¢02;,2grlg_r and 4c2;1glp_
breakings studied in e.g. [161) [TT3] [173] [I60]. In particular, still in presence of a scalar mass term in the
tree-level potential, it is straightforward to compute the depth of the minimum in the following vacuum
configurations:

min _31’63)
V3e2n2p1p 1 = 20 + 70 (6.48)
2
min 7”4,‘)
Vie2iipip_, = ISV W (6.49)
min _5M§5
Vsuisyxva) = 200 + 130 (6.50)
We can add to this list the depth of the minimum in a SO(8) x U(1) vacuum configuration:
2
min _ _'U’qb
VSO(8)>< U@ = 74)\1 Ty (6.51)

With these expressions at hand, we may establish a hierarchy for the depth of the minima in these four
vacuum conﬁgurationﬂ see also [178]:

Vsosxu) < Vieoiinis_r < Vaozr2ris_r < Vsu(s)xu@) i N >0, (6.52)
min min min min : )‘2

Vso(s)xu) > Vacoriris_r > Vae2r2ris_r > Vsu(s)xu) i N 0, (6.53)

Vsmou(ls)x U(1) — V4mci2nL1313,L = 31212HL2R1B,L = élllju(]5)x U(1) if A2 =0. (6.54)

Crucially, we observe that the 3c212r1p_1 and 4021, 1r1p_ 1, vacua cannot correspond to global minima,
except perhaps in the limiting case where Ao = 0, in which loop corrections to the scalar potential would
have to be included to lift the degeneracy. Such phases are referred to as locally observable in Table
reflecting their property to only corresponding to local minima at tree-level. They belong, at best, to a
degenerate set of global minima in a rather fine-tuned set of Planck-scale initial conditions.

Viability of admissible breaking patterns

We conclude this section with a discussion of the viability of the breaking chains eventually leading to
the Standard Model. These admissible breakings are summarised in Table. Independently of the
observable property of the SO(10) vacua (which is a priori dependent of the perturbative order of the
quantum scalar potential), a viable breaking is understood to feature desirable (and non-excluded) phe-
nomenological properties in the low-energy regime (e.g. down to the electroweak scale). In its strongest
version, such a definition encompasses a large number of criteria such as proper gauge coupling unifica-
tion, a proton decay constant large enough to evade current experimental bounds, a fermion and scalar
spectrum containing the Standard Model and compatible with negative new physics searches, among
many others. In this work, we will solely retain the first two criteria since any further considerations are
beyond the scope of the present analysiﬂ

First focusing on the Georgi-Glashow route, the one-step unification SU(5) — 3¢2p1y is not sup-
ported by the current measurements of the Standard Model gauge couplings, thus bringing us to regard

I2Note that when A\; = 0, the conditions A—? > 0 and i—i < 0 must be respectively replaced by A2 > 0 and A2 < 0.

I3Furthermore, as mentioned in Sec. the SO(10) model investigated here is anyways unable to reproduce some
phenomenological features of the Standard Model.
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Table 6.1: Summary of the considered breaking patterns. In each case, we indicate which vevs should
be non-zero in order to trigger spontaneous breakdown towards the relevant subgroups. A starred vev
(e.9. w§) can however vanish without altering the nature of the vacuum. As explained in the main text,
non-observable phases correspond to minima which cannot be global, while non-admissible breakings
occur towards subgroups of SO(10) which do not contain the Standard Model. An admissible breaking
is called viable if it can obey the proton stability and gauge coupling unification constraints (more detail
is given in Sec. {4.2)).

| Breaking chain | Vevs | Observable? | Admissible? | Viable? |

SU(B) x U(1) WR = wp Yes Yes Yes
SU(5) W =wh, X5 Yes Yes No
3c212rlp_1, wB, X5 Yes, locally Yes Yes
40211R WR, X5 Yes, locally Yes Yes
3c2p1rlp 1 WR,WR No Yes Yes
3c2ply WR, WB, X5 O XR Yes Yes Yes
SO(8) x U(1) wg Yes No No
SO(7) wE, X4 = X5 Yes No No
SU(4) x U(1)? wg, Wy Yes No No
[SU(4) x U(l)ﬂ/ wg, Wy No No No
SU4) x U(1) ws, W4, X4 OF X5 Yes No No

the SU(5) breaking as non-viable. On the other hand, the SU(5) x U(1) — 3¢211y embedding (flipped
or standard, see Sec. can be realised if large thresholdﬁ are present [148], thus implying large hier-
archies in the scalar and gauge boson spectrum at the SO(10)-breaking scale. Combined with constraints
stemming from the proton decay, this scenario is rather tightly constrained yet not ruled out.

For the Pati-Salam routﬂ including the breakdown of SO(10) towards 4¢211gr, 3¢212r1p—1, and
3c2r1g1p_1, we refer to [I13] and conclude that gauge coupling unification and proton-decay constraints
can be satisfied for the first two breakings. On the other hand, SO(10) — 3¢211r1p_1 is shown in [148]
to require sizeable threshold corrections in order to allow for a proper unification of the gauge-couplings.
This being said, we have mentioned in the introduction of this section that the 4¢211Rr, 3c212rlp_1
and 30211zl p_ breakings have long been disregarded due to the presence of tachyonic scalar modes in
their tree-level spectrum (put differently, the corresponding extrema can only be saddle points [181] 170,
1711 [172]). More recently, it has been shown that the inclusion of one-loop corrections could stabilise the
scalar potential [173] [160] [161], rendering such breaking patterns potentially viable. What the authors
did not consider however is the eventuality that a deeper minimum triggering a breakdown towards
S0(8) x U(1) would prevent the Pati-Salam vacua to correspond to global minima. While this statement
was proven at tree-level in the previous section, one cannot infer a priori that the non-observability of
the Pati-Salam vacua would persist after including loop-corrections. In Sec. |5, we investigate this matter
and show that in fact, the inclusion of one-loop corrections does not change this overall picture (at least
in the particular model considered here).

Finally, we comment on the viability of the one-step SO(10) — 3211y breaking. As compared to the
SU(5) = 3¢21,1y embedding mentioned above, gauge coupling unification does not necessarily have to
occur at once (7.e. at a single unification scale). In fact, an effective description of the model from the UV
to the IR regime can include multiple intermediate scales at which massive gauge bosons are integrated
out, and between which different sets of gauge couplings are assumed to run. This happens in particular
if a clear hierarchy appears between the various vevs involved in the description of the vacuum manifold
after minimisation of the scalar potential (see also the discussion on standard and flipped SU(5) x U(1)
embeddings in Sec. . Such a situation most likely involves rather fine-tuned relations among the
parameters of the scalar potential, which we however do not consider as a criterion for the non-viability

14T ,et us note that these corrections can be straightforwardly calculated within our approach and are indeed subject to
the investigation in the following paper [179]. This calculation will prove crucial for the low-energy observables such as
proton lifetime [180]. Here we simply assume that such a scenario can take place.

15This encompasses 3¢21.2r15_ 1, and 40211 as maximal subgroups of the Pati-Salam gauge group, SU(4). x SU(2), X
SU(2)gr [110).
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of the model.

5 Results

With the formalism for the one-loop RG-improved potential, cf. Sec. |3} and the group-theoretical struc-
ture of the specified SO(10) GUTS, cf. Sec. at hand, we now demonstrate how the EFT parameter
space of said GUTs is restricted by the various constraints introduced in Sec. |2} In order to determine
these constraints, we sample random initial conditions at Mp; to map out how each constraint reduces
the available parameter space. We do so first for a model with 455 as the only scalar representation,
cf. Sec. We then extend the analysis to a model with 455 and 16y scalar representations, cf. Sec.
An extension of our analysis to a model with realistic Yukawa sector will be discussed in future work [179].

The RG evolution of the scalar couplings is not just driven by self-interactions but, more importantly,
also by contributions of the gauge coupling g. The gauge coupling g tends to destabilise the quartic scalar
potential, i.e., tends to induce radiative symmetry breaking [130]. Hence, the RG scale-dependent value
of ¢ is a crucial input to explicitly determine constraints on the scalar potential. At the same time, g itself
also needs to be matched to the observed low-energy gauge-coupling values. To maintain this matching,
its viable initial value at Mp; thus needs to be varied with any variations of the RG dependence of g and
of the intermediate gauge groups’ gauge couplings between Mp; and Mgw. The respective uncertainties
include higher-loop corrections but are dominated by the dependence on different breaking schemes and
breaking scales, cf. e.g. [I13]. In principle, one thus also needs to sample over different values of g|y,

A phenomenologically meaningful value for g|y,, can be obtained by matching to the relevant breaking
schemes in [113}@ Evolving the gauge coupling from the respective GUT scale value g|pqyr up to the
Planck scale using Eq. results in g|m,, € [0.41,0.44]. In the following, we work with the central
value

glnp, = 0.425 . (6.55)

We caution that [113] only includes Pati-Salam type breaking chains. As we will see below, other breaking
chains turn out to be the most relevant ones. When cross checking the dependence of our most important
results on varying gauge coupling, we thus vary over a significantly larger range, i.e., glmp, € [0.35,0.5].

In principle, all of the above also holds for Yukawa couplings. Based on [130], we expect Yukawa cou-
plings to stabiliselZ] the quartic scalar potential, i.e., to delay the onset of radiative symmetry breaking.
Of course, this applies only to quartic couplings of representations involved in the Yukawa interaction.
Most excitingly, this provides a potential mechanism for a hierarchy of several breaking scales since some
of the scalar representations in a GUEFT couple to fermions via Yukawa couplings while others do not.
However, neither of the presently investigated scalar potentials admits Yukawa couplings to the fermionic
16y, i.e., to SM fermions.

In order to demonstrate the restrictive power of each constraint, cf. Sec. [2] we apply the constraints
individually: first, we demand tree-level stability (I.a); second, we demand perturbativity between Mp)
and Mgyt (I.b); third, we demand that the deepest vacuum be an admissible one (I.c), i.e., one which
still remains invariant under the SM gauge group Ggy. Since the last constraint is conceptually new, we
emphasise two important remarks.

The first remark concerns the inclusion of non-admissible breaking chains. On the one hand, a
successful application requires the inclusion of all admissible vacua in order to make sure that the ruled-
out EFT parameter space is in fact not admissible. On the other hand, it does not require the inclusion of
all non-admissible vacua. Yet, the more non-admissible vacua are included, the more the EFT parameter
space will be restricted, cf. Sec. for the respective group-theoretical discussion for the examples at
hand.

161n the notation of [113], the relevant breaking chains are VIIIb and XIIb. The respective values of Mgyt can be found
in Tab. III in [I13]. The respective values for g|nqy can be read off from Fig. IT in [T13].

17 As we evolve the potential from the UV to the IR, Yukawa couplings have a stabilising effect. This is in line with the
notion that Yukawa couplings tend to destabilise the Higgs potential when the RG flow is reversed and evolved from the
IR to the UV.



174 Chapter 6 — Grand unification and the Planck scale

Figure 6.1: Successive constraints arising from an admissible scalar potential, cf. Sec. [2| on the Planck-
scale theory space of quartic couplings in an SO(10) GUT with 455 scalar matter content and with
glMp, = 0.425. The left-hand panel shows allowed regions arising from (I.a) stability (light-gray region)
and from (I.b) perturbativity (dark-gray region). The middle panel zooms in on the resulting stable
and perturbative region and shows the additional constraint. (I.c) arising from the deepest radiative
minimum occurring in a non-admissible direction (red upper region). The right-hand panel zooms in
on the remaining admissible region (lower green region in the middle panel) and shows the additional
constraint (IL.a) from proton decay. The colour scale indicates log;,(Mgut), with Mgyt the breaking
scale. The breaking scale is constrained by proton decay, with only the lower green stripe remaining
potentially viable.

The second remark concerns the possible spontaneous symmetry breaking by additional mass terms,
which we neglect in the present study. We expect the admissibility-constraints to remain applicable as
long as additional mass terms are significantly smaller than the relevant radiative symmetry breaking
scale, cf. Sec. for further discussion. Nevertheless, we consider an inclusion of mass terms as an
important future extension of our work.

In addition to these sets of constraints (I.a-I.c) arising from an admissible scalar potential, one may
also apply more commonly discussed constraints arising from (II.a) viable gauge unification and (II.b) a
viable Yukawa sector. As mentioned, (I.b) does not apply to the investigated models. The application
of the gauge-unification constraint (IT.a) to the remaining admissible parameter space after application
of (L.a-I.c), is briefly discussed in case of the 45y, cf. Sec.

5.1 Constraints on an SO(10) model with 45, scalar potential

An SO(10) GUT with the 455 as the only scalar representation cannot fully break to the SM. Nev-
ertheless, the 45y is responsible for the first breaking step in many realistic SO(10)-breaking chains,
cf. Tab. It thus serves as a simplified toy-model for the first breaking step. The simplification is
justified whenever portal couplings to other scalar representations remain negligibly small. Note that it
is not consistent to simply set the portal couplings to zero since they are not protected by any global
symmetry and thus induced by gauge-boson loop corrections. The 45-model is thus a good approx-
imation for a realistic first breaking step only in a regime in which portal couplings remain negligibly
small. The subsequent extension to a scalar potential with 455 and 16y representation, cf. Sec. can
be interpreted as a test of this approximation. Indeed, we will see that the main constraint on the EFT
parameter space — while smeared out — will still remain important if the scalar potential is extended.
Group-theoretically, the 45 5 can break SO(10) to three different classes of observable vacua, cf. Tab.

and Sec. M for details:

o Admissible Georgi-Glashow direction: The 45 can break towards SU (5) x U (1) which still contains
the SM.

o Admissible Pati-Salam directions: The 45y can break towards two different Pati-Salam-type direc-
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tions, i.e., to 3c212rlp_1 or 4021 1R, which also still contain the SM.

o Non-admissible directions: The 45 can break SO(10) towards two non-admissible directions, i.e.,
to SO(8) x U(1) or SU(4) x U(1)?, which can no longer contain the SM and are therefore excluded.

One of the important results of this work is that we find that the Pati-Salam directions can never occur as
global minima: Either the Georgi-Glashow minima or the non-admissible minima is always deeper. This
statement is proven at tree-level in Sec. We find that it persists when radiative effects are included.
In fact, we find that all initial conditions either break towards SU(5) x U(1) or towards SO(8) x U(1).

The 45 toy-model also demonstrates clearly how the three scalar-potential constraints, i.e., tree-
level stability (I.a), perturbativity (I.b), and admissibility (I.c), successively constrain the EFT parameter
space at Mp;. This is presented in Fig. m where we summarise the results of a successive analysis of
uniformly distributed random initial conditions for A\; and As.

First, we determine tree-level stability: Stable initial conditions are marked with light-gray points in
the left-hand panel of Fig. As is apparent in this simple toy-model, the boundary of the tree-level
stable region simply corresponds to the analytical tree-level stability conditions such as Eq. .

Second, we apply the perturbativity constraint: Initial conditions which remain sufficiently perturba-
tive along the relevant RG-flow towards lower scales are marked with dark-gray points in the left-hand
panel of Fig. Unfortunately, there is no strict perturbativity criterion since the perturbative series
is assumed to have zero radius of convergence [I82]. The practical perturbativity criterion, extending a
proposed criterion in [144], is discussed in App.|C| It amounts to the demand that the theory-space norm
of neglected 2-loop contributions does not outgrow a specified fraction « of the theory-space norm of
one-loop contributions. For all the results in this work, we pick a = 0.1 which might be overly conserva-
tive but allows us to avoid convergence issues in the subsequent numerical determination of the one-loop
effective potential and its deepest minimum. In practice, perturbativity is determined as follows: We pick
a random point in the interval Ay, € [-2,2]. (If the point violates tree-level stability, we pick again.)
We evolve the respective initial conditions towards lower scales until the analytical conditions in App.
suggest that radiative symmetry breaking occurs. If the RG-flow remains perturbative until radiative
symmetry breaking occurs, the respective initial conditions pass the perturbativity criterion (dark-gray
region in the left-hand panel of Fig. . We iterate this procedure for > 107 points.

Third, we apply the admissibility criterion: For initial conditions which pass tree-level stability and
perturbativity, we determine the one-loop effective potential, the deepest minimum, and the respective
invariant subgroup (breaking direction). Construction of the one-loop effective potential following [130],
137] and the numerical method are detailed in Sec. In agreement with tree-level expectations in
Sec. we find that the global minimum occurs either in the admissible SU(5) x U(1) direction (green
region in the right-hand panel in Fig. or in the non-admissible SO(8) x U(1) direction (red region
in the right-hand panel in Fig. .

We find that minima along Pati-Salam-type directions never occur as the deepest minimum of the
RG-improved potential. For example, Fig.[6.2]shows the ratio of logarithms of the depths of the respective
minima, depending on Ag|my, and at fixed Ay |up,. For any value of Az |u,, in Fig.[6.2) (and any combination
of Aj|mp, in general), there is always (at least) one such ratio which is larger than one, 7.e., there is always
a non-Pati-Salam minimum which is deeper than the deepest Pati-Salam minimum. Hence, radiative
symmetry breaking towards a Pati-Salam minimum does not occur.

Fig. also exemplifies that violations of the perturbativity criterion, cf. App.|[C| close to Aa|up, & 0,
cf. middle panel in Fig. are accompanied by a near-degeneracy of different minima. The underlying
reason is that for initial conditions with 2|y, = 0, the scale of radiative symmetry breaking is delayed
and approaches the onset of the gauge-coupling Landau pole near p = 10''GeV, cf. right-hand panel in
Fig. As this happens, perturbativity is violated and the vacua become near-degenerate.

Moreover, Fig. 2 provides the opportunity to demonstrate that our results and, in particular, the
absence of deepest minima breaking towards Pati-Salam directions, are robust under varying the gauge
coupling in the range g|mp, € [0.35,0.5]. While the ratios of the depths of the minima quantitatively
change when varying g|my,, the result — i.e., the absence of deepest minima breaking towards Pati-Salam
directions — persists.
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Figure 6.2: Ratio of the logarithm of depths, i.e., V;/Vpati-Salam With V; = log ’Vimin|, of the minima
corresponding to non-Pati-Salam breakings (SU(5) x U(1) in green and SO(8) x U(1) in red dashed)
and the depth of the deepest Pati-Salam minimum Vpai_salam (breaking towards either 3¢2,2gr1p_1, or
40211R). For any Planck-scale initial condition, there is always a non-Pati-Salam minimum which is
deeper than the Pati-Salam ones (i.e., there is always one of the ratios which remains larger than one).
As an example, we show the As-dependence at A\; = 0.1 at gy, = 0.425, cf. Eq. . As a result,
symmetry breaking towards the Pati-Salam subgroups cannot occur. Gray regions indicate regions in
which the perturbativity (according to App. is violated, cf. Fig. All curves and regions are also
given for gnp, = 0.35 (thin dashed) and gu,, = 0.5 (thin).

Finally, we also demonstrate that viability in the gauge-Yukawa sector (see (II) in Sec. further
constrains the Planck-scale parameter space. In particular, the right-hand panel in Fig. shows the
logarithm of the breaking scale for each admissible (i.e. towards SU(5) x U(1)) point in the Planck-scale
parameter space. Increasingly green-coloured points (below the falling diagonal) indicate a higher and
higher breaking scale. Increasingly red-coloured points (above the falling diagonal) indicate a lower and
lower breaking scale.

Gauge unification and experimental proton-decay bounds demand that Mgyt remains sufficiently
high. A precise constraint depends on threshold effects [148]. Given that the present model lacks a
realistic Yukawa sector, we refrain from a more detailed analysis. Nevertheless, the right-hand panel in
Fig. clearly demonstrates that such additional constraints from a viable gauge-Yukawa sector can be
addressed within our formalism.

In summary: First, the Planck-scale theory space of quartic couplings is significantly constrained by
demanding an admissible scalar potential. Second, the one-loop effective potential will never develop a
deepest minimum along a Pati-Salam-type breaking direction.

We proceed to test how robust these conclusions are, when including a 16z along with the 45 scalar
representation.

5.2 Constraints on an SO(10) model with 16, ® 45 scalar potential

Including the 16 alongside the 455 scalar representation, the quartic parameter space, cf. Eq. ,
is 6-dimensional, cf. App. . This entails additional breaking chains which are discussed in detail in
Sec. [4.2] and summarised in Tab. [6.1]

We obtain a large sample of uniformly distributed random points in the region A; € [—1,1] and pro-
ceed as in Sec. by successively applying the three constraints on the scalar potential, cf. Sec. 2} For
each successive constraint, we only take into account points which have passed the previous constraints.
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Figure 6.3: Successive constraints (L.a-c), cf. Sec. [2, on the 6-parameter Planck-scale theory space of
quartic couplings (we suppress the subscript Mp; in the A;|up,) in an SO(10) GUT with 164 +455 scalar
matter content. The left-hand panel shows a statistical scatter-plot matrix of constraints arising from
(I.a) stability (light-gray regions) and from (I.b) perturbativity (dark-gray regions). The right-hand panel
shows a zoomed-in scatter-plot matrix of additional constraints (I.c) arising from the deepest radiative
minimum occurring in a non-admissible direction (red/darker points). The green/lighter points in the
right-hand panel remain potentially viable, see also Fig.

Figure 6.4: Probability-density functions (PDFs) of the admissible (green) and non-admissible regions
projected into the two-dimensional (A1|nmp,; A2|Mp, )-slice of theory space. Contour lines indicate the lo-,
20-, and 3o-regions obtained with a Gauflian kernel of width 0.05. The different panels quantify the mild
gauge-coupling dependence (g|np, = 0.35, g|ump, = 0.425, and g|mp, = 0.5 from left to right, respectively)
of the regions in theory space.

The results are shown in Fig. We present them in the form of statistical scatter-plot matrices which
project the 6D parameter space onto a full set of 2D slices. While such a projection reveals important
correlations, it also leads to a perceived blurring of presumably sharp boundaries in the full higher-
dimensional parameter space.

First, we determine tree-level stability: Stable initial conditions are marked with light-gray points in
the left-hand panel of Fig. [6.3] The stability-constraints on the pure-45y-couplings A; and Ay remain
the same as for the case without 165. There are similar constraints on the pure-16 g-couplings A\g and
A7. Finally, also the portal couplings Ag and Ag are constrained by demanding tree-level stability of the
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initial conditions.

Second, we apply the perturbativity constraint: Initial conditions which remain perturbative between
Mp; and Mgur, are marked in the left-hand panel of Fig. [6.3] as dark-gray points. We remind the
reader that we determine perturbativity by demanding that the theory-space norm of neglected 2-loop
contributions does not outgrow a fraction o = 1/10 of the theory-space norm of one-loop contributions,
cf. App. [Cfor details. In keeping with an intuitive notion of perturbativity, the remaining points cluster
around A; = 0.

Third, we apply the admissibility criterion: We obtain the one-loop effective potential, the deepest
minimum, and the respective invariant subgroup (breaking direction) to determine whether the latter is
admissible, i.e., remains invariant under the SM subgroup. The results are presented in the right-hand
panel of Fig. where due to significant constraints from perturbativity, we focus only on the remaining
subregion A; € [—0.5,0.5]. (Non-) Admissible points are shown in green (red).

We find that the pure-45y couplings A\; and As are still dominant in determining whether stable and
perturbative initial conditions are also admissible or not. Fig. presents this dominant correlation in
the form of probability-density functions (PDFs).

At the same time, non-vanishing portal couplings can apparently alter admissibility-constraints on
the pure-45y5 couplings A\; and Ao. This can, for instance, be seen by comparing the middle panel in
Fig. with Fig. Without the 16, the boundary is Ag|mp, =~ 0, with Ao|yp, < 0 (Aa|mp, > 0)
admissible (non-admissible). With the 16y, the projected boundary is smeared out. In particular, the
admissible region in a (A1|mp,, A2|nMp, ) Projection of theory space grows when the 16 is included: This
occurs because there are additional admissible breaking patterns in comparison to the pure-45y case,
cf. Tab. The additional breaking patterns include an admissible SU(5) breaking and, in principle, an
admissible direct breaking to the SM, i.e., to SU(3) x SU(2) x U(1). In particular, the SU(5)-breaking
can occur as the deepest vacuum, even for Ao > 0. This adds admissible initial conditions with A;—X\o
which were previously excluded in the pure-45z model.

Whether and if so which of these admissible vacua is the deepest one depends on the initial conditions
of all of the six quartic couplings. Fig. shows the most prominent correlations that we were able to
identify. We emphasise that there are still no initial conditions with observable Pati-Salam type breaking.

Multiple local minima in the scalar potential of a GUT, cf. Sec o, may be subject to additional
constraints in the context of cosmology. In cosmology, multiple (near-)degenerate minima may result
in long-lived cosmological domain walls [I83] [184] which could obstruct a viable cosmological evolu-
tion [184} [185] 180} [187]. Indeed, we find regions in the parameter space of quartic couplings which result
in multiple (near-) degenerate minima, cf. e.g. Fig. We caution that such near-degenerate minima
seem to be connected to regions of parameter space in which perturbativity (cf. App.|C|for our criterion)
breaks down.

In summary: The main constraints from stability and perturbativity are robust under the extension
of the 45 to the 16y @ 45 scalar potential. While Pati-Salam type breakings remain non-observable,
multiple other admissible breakings can occur.

6 Discussion

We close with (i) a brief summary of our results, some comments on (ii) low-energy predictivity in grand
unification and on (iii) trans-Planckian extensions in existing quantum-gravity scenarios, and with (iv) an
outlook on what we consider the most important open questions.

6.1 Summary of the main results

We have initiated a systematic study of how radiative symmetry breaking to non-admissible vacua places
significant constraints on the initial conditions of any potentially viable grand-unified effective field theory
(GUEFT). We embed this novel constraint in a systematic set of constraints, some of which have been
previously discussed in the literature. The resulting blueprint is given in Sec. [2| It encompasses several
constraints on the scalar sector: (L.a) a tree-level stability constraint, (I.b) a perturbativity constraint on
quartic couplings, and (I.c) the above-mentioned novel requirement of admissible vacua. These scalar-
potential constraints supplement well-known requirements on a viable gauge-Yukawa sector, cf. Sec. [2|as
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Figure 6.5: Probability-density functions (PDFs) of pairs of different admissible breakings (SU(5) in
cyan; SU(5) x U(1) in dashed and magenta; SU(3) x SU(2) x U(1) in dot-dashed and orange) for selected
projections into 2-dimensional slices of theory space. Contour lines indicate the 1o-, 20-, and 3o-regions
obtained with a Gauflian kernel of width 0.05. We only show those projections which best discriminate
the two respective breaking patterns.

well as [145] [146) [147, [148), [149] [TT5] 150, 122] [152] [153], 154} [155] [1506] 157, 158 [159] 148 153, [134].

As a first application, we exemplify these constraints in an SO(10) GUT with three families of 16
fermionic representations and a scalar potential build from a 165 and a 455 representation. Therein,
we have demonstrated how each successive application of the constraints (I.a), (I.b), and (I.c) reduces
the admissible parameter space of initial conditions.

In the absence of Yukawa couplings, the above concrete model cannot reproduce the SM fermion
sector. Still, we were able to draw some important specific conclusions. In particular, we find that
previously neglected non-admissible breaking directions prohibit any possibility of radiative symmetry
breaking to the Standard Model via Pati-Salam-type intermediate vacua. This conclusion exemplifies
that (I.c) poses a novel and highly restrictive constraint on GUEFTs.

6.2 Towards low-energy-predictive grand unification

Our first main motivation is to phenomenologically constrain GUT models. Here, we put our results into
context and emphasise why a quantitative understanding of scalar potentials is key to progress in GUT
phenomenology. Phenomenological viability and predictive power of grand unification have indeed been
extensively studied in the gauge-Yukawa sector (see e.g. [145] [146] [147], 148 [149] [115] 150} [122] 152, [153|
1541 [T55], 156, [157) [158] 159, [148] 153] 134]). Less focus has been given to complement such studies with
a quantitative analysis of the required symmetry breaking via scalar potentials. The latter is however,
for reasons detailed below, no less crucial.

On the one hand, the gauge-coupling unification paradigm provides strong constraints in the gauge
sector, enhanced by the consideration of a proton decay constant compatible with the current experimental
bounds. In the Yukawa sector, the common origin of SM fermionic representation tends to reduce the
number of free parameters in the unified description of the theory. Matching fermion masses and mixing
angles in the low-energy regime provides stringent constraints, conferring in some cases a certain predictive
power to the GUT framework (in particular in the neutrino sector). Both in the gauge and Yukawa sectors,
the lack of precise information on the structure of the scalar potential is handily compensated by the
introduction of a limited number of additional free parameters (threshold corrections in the gauge sector,
linear combinations of scalar expectation values in the Yukawa sector). Crucially, at one-loop (and up
to two-loop for the gauge couplings), the scalars do not contribute to the running in the gauge-Yukawa
sector.

On the other hand, the scalar potential determines both the scalar expectation values and the threshold
corrections, see e.g. the recent work [188]. Quantitative considerations in the scalar sector are thus a
crucial input for the gauge-Yukawa sector. However, the scalar sector comes with conceptual as well as
practical limitations. On the conceptual side, while the unification of vector and fermionic representation
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tends to reduce the size of the corresponding parameter space, the group-theoretical properties of large
scalar representations generally result in a vastly extended scalar potentia]lE, hence negatively (and,
often, drastically) impacting the overall predictive power of the modeﬂ On the practical side, the
required coexistence of vastly separated symmetry-breaking scales within the theory poses difficulties in
the construction of viable scalar sectors:

e One option is to introduce a sophisticated mechanism generating large hierarchies in the scalar
spectrum, possibly between states belonging to the same unified representation. This includes the
emblematic doublet-triplet splitting problem and its solutions in Georgi-Glashow SUSY models
(see e.g. [189, [190] [191]) or the ”missing vev” mechanism and its extensions in SO(10) GUTs
[192] 193] [194] [195] [196]. Oftentimes, additional scalar representations must be introduced, hence
reducing predictive power.

e Another option is to fine-tune relations among the free mass parameters to achieve cancellations
in the physical spectrum. Putting aside the question of whether and why such fine-tuned relations
would be expected to occur in nature, a fine-tuned parameter space poses practical difficulties in
attempting to make physical predictions. For example, a scalar mass couplinﬂ could be taken of
order Mgw while others are typically of order Mgyr. Such a setting is actually extremely unstable
along the RG flow (see for instance the expression of the beta-functions in Egs. —).
In turn, physical observables become highly dependent on the renormalisation scale prescription,
rendering current perturbative methods unreliable.

e As a third option, radiative symmetry breaking presents an appealing mechanism to dynamically
generate mass scales within the theory. However, to our knowledge, the question of knowing whether
significantly separated mass scales can thereby be generated remains to be addressed.

In any case, understanding whether, and if so how, the unified theory can reproduce a viable phenomenol-
ogy from the GUT scale down to the EW scale requires a quantitative exploration of the scalar sector. We
note that, once the physical vev has been identified, identifying the correct gauge-invariant bound-state
spectrum may deviate from perturbative expectations [197, [198], cf. [199, [200] for studies in the context
of GUT gauge groups.

In this work, we have chosen to focus on radiative symmetry breaking. We have introduced a set
of perturbative methods to exclude regions of the scalar parameter space by examining the structure of
the scalar potential. In addition to applying stability and perturbativity constraints, we have discussed
how the consideration of non-admissible breaking patterns provides valuable insights on the local or
global property of minima otherwise leading to potentially viable breaking scenarios. Indeed, we have
demonstrated that such considerations can entirely rule out specific breaking patterns. In the 16y ©45y
model, the non-observability of Pati-Salam breaking chains essentially obviates the need for a detailed
analysis of tachyons in the scalar spectrunﬂ [169, 170} [171], 172} 173, [160), 161, 188]. While our methods
were applied to a specific SO(10) model, we stress that these can be straightforwardly generalised to
any other GUEFT possessing non-admissible breaking chains in addition to those leading to 3¢2r1y. A
natural extension of the present work would be to transpose the analysis to the realistic 10y ®45 591264
model and to address, among other things, whether Pati-Salam breaking chains are observable or not.

A natural remaining question is how to generalise to scalar potentials including mass terms. We
expect the answer to depend on the ratio of the radiative symmetry-breaking scale and the bare mass
terms. First, mass terms can safely be neglected whenever they are significantly smaller than the radiative
symmetry-breaking scale. In this case, we expect all of our results to persist. Second, mass terms will
dominate if they are significantly larger than the radiative symmetry-breaking scale (obtained in the scalar
potential without mass terms). In this case, the mass terms dominantly drive symmetry breaking and the

18In particular, the lack of knowledge of the threshold corrections leads to very large uncertainties in the proton lifetime
and the Weinberg angle [I80].

19The situation worsens if one goes beyond a perturbatively renormalisable description of the GUEFT, including higher-
dimensional operators in the scalar potential.

20More generally, a combination of scalar mass and/or trilinear couplings.

21'We caution however that we have not proven that such breaking patterns would not become observable with other
parameterisations of the quantum potential (higher-order truncations or a different method of RG-improvement)
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presented constraints do not apply. Finally, the case of radiative symmetry breaking with comparably
sized mass terms requires a renewed analysis. Similar statements hold for the effect of higher-order
couplings.

Further, we do not account for the possibility of a meta-stable admissible vacuum in the presence of
a deeper non-admissible vacuum. In particular, for near-degenerate vacua, meta-stability could present
a way to evade the excluded regions in parameter space inferred with our blueprint.

After decades of active development, phenomenological studies of the gauge-Yukawa sector have
mostly saturated: In particular for SO(10), the complete perturbative Yukawa couplings to the fermionic
165 (containing the SM fermions) have been studied [157] and gauge-coupling unification has been
studied at the 2-loop level [113]. Moreover, we cannot expect to rule out this minimal potentially viable
model from improvement of direct experimental constraints, which are essentially limited to proton-decay
bounds.

Progress to rule out (or vice versa identify the most promising) GUT models needs to thus focus on
the scalar potential. Our results present an explicit first example as well as a more generally applicable
blueprint and technical toolkit to systematically rule out GUT models based on the scalar sector.

However, even if the investigated constraints can fully fix the scalar potential, the gauge-Yukawa sector
of the 10y & 455 ® 1264 still contains a similar amount of free parameters as the SM and some degree
of predictivity may be possible [I59]. In order to significantly reduce the plethora of free parameters of
the SM, further theoretical input is necessary. The vicinity of the GUT and the Planck scale hints at
quantum gravity as a promising candidate.

6.3 Towards constraints on quantum-gravity scenarios

Our second main motivation is to systematically constrain the viable Planck-scale parameter space of
GUEFTs and thereby connect to quantum-gravity (QG) scenarios. If such a link can be drawn, the
predictive power of QG scenarios may provide a further set of constraints, cf. (III) in Sec. 2| on the
Planck-scale initial conditions. Vice versa, GUEFTs provide a possible arena for indirect experimental
tests of QG. This is because, as our work clearly demonstrates, viable IR phenomenology is impacted by
Planck-scale initial conditions.

Before providing an outlook on future work, we thus briefly comment on three QG scenario@ in which
we see a promising route to make this link explicit. It is useful to distinguish between two possibilities.

On the one hand, there are QG scenarios which remain within the framework of quantum field theory.
In this case, gravitational fluctuations will provide additional contributions to the Renormalisation Group
(RG) flow of beta functions of the GUEFT, i.e.,

Be, = BgiGUEFT) + ngravity) ) (6.56)

Herein, ¢; denotes the collection of all GUEFT couplings. Typically, one then demands 3., to lead to
a UV-complete theory. With sufficient insight into the gravitational contributions 8&™*"™*), such a UV-
completion implies additional constraints on the parameter space at the Planck scale. We will comment
on two such scenarios — Complete Asymptotic Freedom as well as Asymptotic Safety — below.

On the other hand, there are QG scenarios which cannot be phrased in the framework of quantum
field theory. Nevertheless, in order to be consistent with observations, they have to provide a limit —
typically associated with the Planck scale — in which an EFT description emerges as a low-energy limit.
Hence, there again must be some way of extracting predictions about the GUEFT couplings at the Planck
scale. We will briefly comment on the case of string theory below.

Complete Asymptotic Freedom

The QG scenario in [201], 202] 203] suggests that, even at trans-Planckian scales, gravity decouples from
the matter sector. In practice, such a scenario thus amount to simply extrapolating the SM or, in the

22We are unaware of other QG scenarios in which predictions or constraints on the Planck-scale parameter space of
gauge-Yukawa theories have been obtained.
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present context, the respective GUEFT beyond the Planck scale, i.e.,

ﬂ(gravity) =0

C; J

(6.57)

in Eq. We note that, in any such QG scenario, the Standard Model remains UV-incomplete due to
the U(1) Landau-pole. This obstruction, however, can be avoided in a GUT where the U(1) Abelian gauge
group at high energies is part of a non-Abelian gauge group with self-interactions. Said self-interactions
can — depending on the respective gauge group and matter content — be sufficiently antiscreening to
provide for asymptotic freedom of the gauge coupling. Even asymptotically free gauge sectors can be
sufficient to also render Yukawa couplings and quartic couplings asymptotically free: a proposal known
as Complete Asymptotic Freedom (CAF) of gauge-Yukawa theorieslfl The conditions to achieve CAF in
gauge- Yukawa theories have been analysed, for instance, in [200], 207, 208, 209]. The requirement of CAF
without gravity, places additional non-trivial constraints on the viable parameter space at the Planck
scale. Such a QG scenario is thus probably the most straightforward example of additional constraints
from demanding a UV-completion.

Asymptotic Safety

The asymptotic-safety scenario for QG [210] 211] (see [212] 213] for textbooks and [214] for a recent
review) predicts quantum scale symmetry of gravity and matter at scales k beyond the Planck scale Mp;.
(We use k instead of p here to distinguish non-perturbative and perturbative RG schemes.) If asymptotic
safety is realised, the dimensionless Newton coupling g = G k? (with G the usual dimensionful Newton
coupling) transitions between classical power-law scaling g ~ k? below Mp; and scale symmetry, i.e., scale-
independent behaviour g = g, = const, above Mpj. The leading-order gravitational contribution to matter
couplings acts like an anomalous dimension and the transition can be described by, cf. [215] 216 217]
and [218] for a recent review,

2
(gravity) _ {fci ¢+ O(cl) t... k> Mp (658)

€ 0 k < Mp; ’

with f., constant, dependent on the gravitational fixed-point values, e.g. g., and, in principle, calculable
from first principles. As long as all GUEFT couplings ¢; remain in the perturbative regime, neglecting
O(c?) is a good approximation. Dots denote further terms arising from non-minimal couplings [219] 220,
2211, 222], 223], 2241, 225] and induced higher-order matter [226] 227, 228] [229] [230], 222] 223| 2311 232]
couplings.

Due to the universal nature of gravity, f., = f, is universal for all gauge couplings; f., = fy is
universal for all Yukawa couplings (invariant under the same global symmetry); and f., = f) is universal
for all quartic couplings. Functional RG calculations provide the following pictur The gravitational
contribution to gauge couplings is found to be antiscreening, i.e., f, > 0 [245] 246, 247, 230, 216], [248]; the
screening or antiscreening nature of the gravitational contribution to Yukawa couplings depends on the
matter content of the universe [249] 250 228, 229]; The gravitational contribution to quartic couplings
is found to be screening, i.e., fy < 0 [219] 220, 2511 252, 253 [225] [254].

Clearly, the additional antiscreening contribution f, to the RG flow of gauge couplings will (in com-
parison to CAF without gravity) enlarge the Planck-scale parameter space with underlying UV-complete
dynamics, cf. [129] for an application in the context of GUTs.

To the contrary, the screening contribution to scalar quartic couplings (and scalar potentials in general)
is expected to provide sharp predictions for the shape of scalar potentials, cf. [255] for an application to
the SM Higgs potential, [251] 256], 257, 258] [225] 259] for applications to dark-matter, and [130] for a
previous discussion of GUT potentials. This is most exciting in the present context of GUEFTs since
it suggests that Asymptotic Safety may fully predict the scalar potentials and thus the breaking scales
and breaking directions of GUEFT models [I30]. The methods developed in this work provide the basis

23 More recently, it has also been found that gauge-Yukawa theories can develop interacting fixed points with UV-attractive
directions and may thus, in principle, be asymptotically safe without the presence of gravitational fluctuations [204]. We
caution that it is unclear whether commonly discussed GUTs can realise such a scenario [205].

24Tn perturbative dimensional regularisation schemes, gravitational contributions to matter couplings have also been
calculated [233], 234}, 235] [236] [237, [238] [239] [240] [241], see also [242] [243] for recent progress on the relation between
functional RG and dimensional regularisation schemes and [244] for an application to gravity-matter systems.
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for a systematic study of these promising ideas. The biggest outstanding caveat is the question how
gravitational contributions and contributions from dimensionful terms will impact the presently applied
method to determine the multidimensional RG-improved potential, cf. Sec.

String Theory

Let us first note that supersymmetric GUTs are quite natural in the context of string theory, see for
example [131] 260], 261} 262] [134] and references therein. Naturally, the blueprint in Sec. [2| can also be
applied to supersymmetric theories but requires renewed analysis. Since low-energy supersymmetry has
not been found, a viable breaking of sypersymmetry adds to the constraints on scalar potentials.

Concerning non-supersymmetric GUTs, non-supersymmetric vacua are notoriously hard to construct
in string compactifications. Yet, there exists a non-tachyonic SO(16) x SO(16)" string theory without
supersymmetry [263] [264], in which — when compactified to four dimensions — an SO(10) GUT with 16p
spinor representation and 45y potential can be found [133].

In string theory all of the low energy couplings stem from expectation values of the radion fields, that
is the diagonal part of the metric in the compactified dimensions, see [265] for review. Hence, in a given
compactification of SO(16) x SO(16)’ to 4-dimensions, the quartic couplings A; are not free parameters,
but can, in principle, be calculated and compared with the Planck-scale parameter-space constraints
arising from an analysis as presented here.

6.4 Outlook

We see the following important extensions and applications.

First and foremost, a viable Yukawa sector [149] [115], 150} [122] [152] [153], [154] [155] 156} 157, [158|
159, [148), [153], [134] requires an extension of the specified scalar representations from 16y @ 455 to
105 $ 455 ¢ 126 5. Without such an extension, any application to specific quantum-gravity approaches
may still give tentative insights but does not address the full picture.

Within such a minimal but potentially viable grand-unified effective field theory (GUEFT), the pre-
sented blueprint will determine which regions in parameter space correspond to a potentially viable IR
phenomenology. In such a setup, it may prove important to reconsider the respective constraints arising
from non-admissible breaking directions in view of mass terms, cf. Sec. In any case, the methods
presented here are general and can serve as useful starting point for further analyses such as the char-
acterisation of the physical spectrum, providing new input to traditional explorations of gauge-Yukawa
sectors.

With regards to applications to concrete quantum-gravity (QG) scenarios, it seems promising to study
all three approaches in Sec. QG scenarios which reduce a study of Complete Asymptotic Freedom
(CAF) are directly applicable. The QG scenario of asymptotic safety requires an extension of the RG-
improved potential to include gravitational contributions.

Overall, we are convinced that this work is only the first step and that there is a promising route to
quantitatively connect QG approaches and EW-scale physics to restore predictive power in GUEFTs.
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Appendix

A  One-loop RG-improved potential

In this appendix, we review a certain number of useful properties and relations satisfied by the one-
loop RG-improved potential introduced in section [3] In particular, we analytically justify the numerical
approach used in this work to efficiently estimate the depth of the RG-improved potential in every relevant
vacuum configuration in sections and and numerically evaluate its accuracy in section

A.1 Stationary point equation

In order to derive the station point equation for the RG-improved potential, it is first useful to note that
the field derivatives of any RG—improved quantity V' ((bi, s (qbi)) can be decomposed in the following way:

oV
d(bl gt
Namely, the total derivative with respect to the field component ¢* splits into a partial derivative, and
a contribution stemming from the implicit dependence of the RG-scale t, = log 2 on the field values.

Next, we can readily express the stationary point equations satisfied by the RG-improved potential at an
extremum:

ViV (¢, (@) = (¢,u*(¢)) (¢, = (@) + Vit — (¢, 1+ (9)) - (6.A1)

o : ovett dvett
ViV (¢, s (8))) = 95 (& 1+(9)) + Vite—— (&, 12(¢))
= iV (¢, 11:(9)) + 2B (6, 1(0)) Vits (¢) = 0, (6.A2)
where we used in the last step the first order truncated Callan-Symanzik equation (see e.g. [137]):
dv ()
= . A
o 2B (6.A3)

An expression for V;t, may be derived, using the fact that V) (¢; . (4)) identically vanishes:

2

VO (65 14 (6)) = A (3 12 (6)) + B (5 11 () log ;j— —0 V. (6.A4)

*

Taking the field derivatives of the previous equation yields (we temporarily omit the functions’ arguments
for clarity):

vv1>—VA+VBlog+2IB%(¢ 2w>:o
12

¢z 4,02
= 2 4+ — (VA +V;Blog - | . A
= Vit.= - 5+ 2IB% ViA+V;Blog e (6.A5)

Neglecting terms of order 2 in perturbation theory, the field derivatives of A and B can be simplified aﬂ
O0A dA  OA

Vih = 5o+ Vit e~ 5 (6.A6)
OB dB A
ViB = o+ Vite g N g (6.A7)

In this approximation, it is straightforward to derive the radial stationary-point equation (6.14)), by first
noting that

; -~ L[, (OB ©?
O'Vit, = 1+(¢a¢1+¢6¢1 >

=1+ —4vM =1
+QBV ,

(6.A8)

25This is the ti()) approximation mentioned in [136] [137].
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where the last line stems from the homogeneity of A and B with respect to ¢. Hence, we may write

eff
99

which is the radial stationary point equation derived in [137]. While this equation alone does not allow to
locate the minimum, it restricts its position to a (n—1)-dimensional hypersurface in the n-dimensional field
space. Going one step further, it is possible to reiterate the derivation beyond the one-loop approximation.
We first derive the exact form of V,t,, starting from Eq. and using once again the decomposition

in Eq. (6.A1):

¢V Vet = qsz + 2B ¢'V;t, =4Vt 2B =0, (6.A9)

Vit, = ﬁ + — [ VA + V;Blog ﬁ
©? 2B It
B @ 1 (0A OB 2 1o dA  dB ©?
= + 55 \ 94 + 95 log 2 + 2szt* ’ + o log Z) (6.A10)
Collecting all the V;t, terms in the left-hand side, one finally gets
@ 1 oA OB ©?
=1+ — log == All
Vit =G 2 (5 + a8 (6.A11)
where )
1 (dA dB . >\
=1-—|—+4+ —log—= . A12
K [ 2B(dt+dt )] (6.A12)

In other words, including the order 2 contributions introduces a multiplicative factor 7 in the expression
of V,t., satisfying
n=1+0 (). (6.A13)

In particular, the set of stationary point equations now reads
V.Vt =9, vt 4 2BVt =0, (6.A14)
and the radial stationary point equation becomes
4velt L opB =0. (6.A15)

Clearly, in the O(h) approximation, where the running of A and B is neglected, Eq. (6.A15]) reduces to

Eq. (G-A0):

4Vt L 9B =0. (6.A16)

The main advantage of the above approximation is that Eq. (6.A16) always takes a polynomial form in
the fields. More precisely, the quantity

~ 1
VO = yeff 5B (6.A17)

takes the same polynomial form as V(%) with one-loop corrected numerical coefficients and vanishes at a
minimum by (6.A9). It can be shown [137] that the second derivative of the potential along the radial
direction is proportional to B. Therefore, according to Eq. (6.A9)), at a minimum, one has B > 0 and
Vet <.

A.2 RG-improvement and the Gildener-Weinberg approximation

In the Gildener-Weinberg approach [168], the renormalisation scale prescription consists in identifying
the RG-scale ugw at which the tree-level potential develops a flat direction. Along this flat direction,
the field values are expressed as

o= n. (6.A18)
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Based on the general expression of the one loop contributions to the scalar potential in Eq. (6.4) and on
the homogeneity of A and B with respect to the radial coordinate, one may write

2 2
VO (s 1) = A(; ) + B(¢; 1) log % = A(it; )" + B(i; 1) p* log % (6.A19)

so the tree-level and one-loop contributions to the scalar potential take the following form along the flat
direction:

VO (¢ paw) = A(#F; paw)@* =0, (6.A20)
2

W%@mszmmm¢+mmmm¢mﬁf. (6.A21)
GW

Taking the derivative with respect to ¢ yields

ov () .

oy (Gmaw) = AN pgw )" =0, (6.A22)

av(l) 3 . . %02 1

——(¢; paw) = 4¢° |A(7T; pew) + B(7; paw) | log 5— + 5 | - (6.A23)
9y paw 2

Hence at the minimum the radial coordinate satisfies the relation

2
1 A

(6.A24)

Getting back to the RG improvement procedure described in section one may define a RG-scale i
such that the one loop corrections vanish at the field value (¢) = 7 (@), namely:

VD ((g);71) =0. (6.A25)
Let 0t =t — tqw = log M‘f be the associated shift in the logarithm of the RG-scales. To first order in
GW
dt, one has
O (4} 7) = VO v® 2
V), i) = V() , paw) + ot 7 (®) , paw) + O (6t%) (6.A26)
~ - dA
A7, ) = AR, pow) + 5tﬁ(n, paw) + O (6t%) (6.A27)
~ . dB ,
B(, i) = B(7, paw) + 575%(71, paw) + O (6t7) . (6.A28)

Discarding terms that are formally of order 2 in perturbation theory allows to simplify the last two
relations:

it, i) = A7, paw) + O (6t%) , (6.A29)
it, 1) = B(i1, pow) + O (6t%) . (6.A30)
Had we retained terms of order (6t) in the above expansions, working in the one-loop approxima-
tion would have yielded Eqs. (6.A26)), (6.A29)), and (6.A30) anyways, since the O ((5t2) terms formally

encompass O(h?) quantities. Combining Eqs. (6.A23) and (6.A29)), Eq. (6.A30) allows to rewrite the
Gildener-Weinberg radial stationary point equation at the shifted scale p:

0

0= ER (V(O)(¢; paw) + VO (¢; MGW))

~ Lo 2 1
=4y’ [A(ﬁ, i) + B(7; i) <log % + 20t + 2)]

= 4¢°B(7; 1n) <; + 26t> , (6.A31)
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where Eq. (6.A25) was used in the last step. We conclude that, in the one loop approximation,

ot=—7. (6.A32)

Considering the first order truncation of Callan-Symanzik equation (6.10]),

dv©®
=2B. A
7 (6.A33)
we finally obtain the relation
- - 1 — = -
VO(6; naw) = VO (61 1) — 2B(3 paw)ot = VO (o3 i) + 5B(6: 1) = VO (3 70) (6.A34)

where the quantity V© is defined similarly as in Eq. . Quite importantly, the above relation
implies that in the one loop approximation, at the scale i, the corrected tree-level potential VO has the
same structure than the tree-level potential evaluated at the scale ugw. In particular, V(©) (¢; ) inherits
the flat direction of V(%) (¢; paw), and therefore

VO((6)5) = 0. (6.435)

From the above equation, we may finally conclude that the Gildener-Weinberg vev (@) satisfies the RG-
improved radial stationary-point equation . It is worth emphasising that, (¢) is not, in general, a
solution of the full set of stationary-point equations , i.e. it does not minimise the RG-improved
potential Ve In what follows, we will show however that it constitutes a first order approximation of
the actual vev (¢)™™.

Denoting d¢ = (¢)™" — (¢) the shift between the actual vev and the Gildener-Weinberg solution, one
may write, to first order in d¢:

VO (@)™ = VO () + 36"V VO ((6)) + O (567) . (6.A36)

Since both <¢>min and (¢) belong to the hypersurface where the radial stationary point equation is satisfied
(i.e. where V(9 = 0) and using the decomposition in Eq. (6.A1), the above relation reduces to

AV (O

0=86'ViV O ((9)) = 56'0,V ((9) + 50 Vit. (9) —

(6.A37)

The 0; derivative in the right-hand side of the above equation vanishes since (¢} lies along the flat direction
of V(O)(gb; ). In addition, to first order in perturbation theory, one can approximate

AV AV

2
A
- () + O(1?) (6.A38)
and Eq. (6.A37) implies ,
0¢' Vit ((¢)) =0. (6.A39)
Furthermore, to first order in §¢°
£ ((@)™) = £.((8)) + 66Vt ((9) (6.A40)
so we can finally establish that, to first order in perturbation theory,
L™ =t.((0) + O (6¢°) = ul™ =] (6.A41)

The above approximation constitutes the main result of this appendix, which can be summarised as
follows: The RG-scale 7i at which the corrected tree-level potential V() = V() 4 B/2 develops a flat
direction is a first order approximation of the value taken by field-dependent RG-scale p™" at the
minimum of the RG-improved potential. This observation justifies the procedure described in section [3.2]
to estimate, in an algorithmically efficient way, the position and depth of the minimum of the RG-improved
potential.
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A.3 Minimisation beyond the one-loop approximation

The numerical procedure described in section in the one-loop approximation of the radial stationary
point equation can be slightly improved by taking into account corrections that are formally of order 2 in
perturbation theory. For convenience, we rewrite below the exact radial stationary-point equation
obtained beyond the one-loop approximation:

4vet L opB = 0. (6.A42)
where 1
1 (dA dB . >\~
=|1-—=|—+ —log = . 6.A43
1 [ 2B <<ﬁ t Oguz)] (6.A43)
The expression of 7 can be further simplified by using
2 2
@ @ A
namely:
14p_AdB] 1dA]™!
— |1 —-Zdt— “"dt = |1-=== . 6.A45
g l 2 B2 [ 2dtB] (6.A45)

In this latter form, it is clear that n does not depend on the radial field coordinate, but only on the
direction of the field vector in the field space. We conveniently make use of this property in an iterative
method allowing to estimate the position of the minimum beyond the one-loop approximation. We restate
below the minimisation procedure described in Section where steps 3 and 4 have been modified to
include the effect of 2-loop corrections stemming from 7, namely:

1. Starting with random values for the quartic couplings at some high scale pg, the stability of the
tree-level potential is asserted, and unstable configurations are discarded.

2. Evolution of the quartic couplings according to their RG running is performed down to some lower
scale 1.

3. At this point, we initialise the iterative procedure taking into account the effects of n # 1. For the
first iteration, we set
k=0, mp=mn=1
Defining
?@’:V@‘ =vO 4 onB,

k n="k

the scale i at which v © ’k develops flat directions is identified.
4. At the scale fig, the flat direction 7i) is identified. The value of

Ni+1 = (7K fik)

does not depend on the radial field coordinate, and is evaluated using Eq. (6.A45). If |nr+1 — nx| > €,
we repeat step 3 with
k—=k+1, nx— ngt1-

Otherwise, we consider that the iteration has converged (in practice we set e = 107°), and will use
71 = 1y, as the corrected generating vector of the flat direction, along which the field values take the
form

¢ =ri.

5. The unique value of (¢) such that
VO ()it i) = 0
is identified. The field vector (¢) = ()7 constitutes an estimation of the exact position of the
minimum.
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6. Finally, the depth of the RG-improved potential at the minimum, ¢.e. the quantity

V() = VO ()); )
is evaluated.

This modified minimisation procedure allows to achieve better accuracy (see the next section) on the
estimation of the position and depth of the minimum. This is the procedure that was systematically used
in our numerical study of the breaking patterns of the model.

A.4 Numerical performance and accuracy of the minimisation procedure

In order to confirm that the simplified minimisation procedure described in Section and improved
above does provide a reasonable estimation of the depth and position of the minimum, we have compared
its outcome with that of a full-fledged numerical minimisation of the RG-improved potential. This com-
parison has been performed on a random sample of points, both in the case of 2- and 3-vev manifoldﬂ
for which the number of minima hence characterised amounts to N2 = 2000 and N(®) = 500, respectively.
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Figure A.1: Gain in performance for 2-vev (left panel) and 3-vev (right panel) manifolds, using the
minimisation procedure described in Section (yellow bars) and its improved version (blue bars),
compared to a full-fledged numerical minimisation.

As stated before, the main motivation for using a simplified minimisation procedure is to speed-up the
computations, therefore enabling one to perform a random scan over a large sample of points. Fig.
illustrates the performance improvement in terms of execution time for both 2- and 3-vev manifolds.
Given a minimum, we define Ty, as the execution time of a full numerical minimisation and Zgy,p as the
execution time of the simplified algorithms. The gain in performance Tiyi/Tgimp is of order O (102) and
@ (103) -0 (104) for 2- and 3-vev manifolds respectively. Note that, on the computer used to perform
this analysis, the average execution time of the full numerical minimisation is 4s for 2-vev manifolds and
460 s for 3-vev manifolds.

Of course, the major gain in performance comes at a price: our minimisation procedure only provides

an approximation of the position and depth of a minimum. However, as shown in Figures
the relative error on the quantities Vigin, @™ = /()™ ()™ and ™0 = t,((¢)™") are kept at a

reasonable level. Concretely speaking, defining the logarithmic relative error on the parameter X (with
X =V, (pmin tmin) as

Xsimp - Xfull

100 x
Xranl

10g,.1(X) = logy [6(X)[ = logg (6.A46)

26By construction, the improved minimisation procedure described above is ensured to converge towards the true minimum
in the case of 1-vev manifolds.
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Figure A.2: Logarithmic relative error on Vi, for 2-vev (left panel) and 3-vev (right panel) manifolds,
using the minimisation procedure described in Section (yellow bars) and its improved version (blue
bars), compared to a full-fledged numerical minimisation.
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Figure A.3: Logarithmic relative error on @™ for 2-vev (left panel) and 3-vev (right panel) manifolds,
using the minimisation procedure described in Section (yellow bars) and its improved version (blue
bars), compared to a full-fledged numerical minimisation.

rare are the points for which log,,;(X) > 1. In other words, the relative error (in particular on the depth
of the potential at a minimum, which is the most important quantity in this analysis) is almost always
kept under the 10% level. In fact, focusing on the quantity of interest, Vi,in, we observe that:

o For 2-vev manifolds, §(Vipin) > 10% for 0.8% of the points and §(Vipin) > 5% for 2.4 % of the
points,

e For 3-vev manifolds, §(Vinin) > 10 % for 0.6 % of the points and §(Vipin) > 5 % for 3 % of the points.

In addition, two comments are worth making regarding the left panel of Fig. showing the relative
error on Vi, in the case of 2-vev manifolds:

e The excess of points with a relative error of order O (10_10 %) to O (10_4 %) corresponds to sit-
uations where one of the two vevs actually vanishes along the flat direction. In such cases, one
effectively ends up minimising a 1-vev manifold, for which the improved minimisation procedure in
ensured to converge towards the true minimum (up to numerical errors).

o A small number of points (5 out of 2000) give log,, (Vinin) = 3 or, equivalently, § (Vi,in) = 1000 %.
We have explicitly checked that those points are in fact characterised by the occurrence of two flat
directions of different nature at RG-scales very close to each other, leading to a situation where
either (i) two extrema coexist, one of them possibly corresponding to a local maximum [137], or
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Figure A.4: Logarithmic relative error on t™" for 2-vev (left panel) and 3-vev (right panel) manifolds,
using the minimisation procedure described in Section (yellow bars) and its improved version (blue
bars), compared to a full-fledged numerical minimisation.

(ii) a single minimum emerges as a non-trivial combination of quantum corrections to the potential
around the two flat directions [266]. In the former case, our algorithm may wrongly characterise
a local maximum instead of the true minimum. In the latter case, it may fail to identify the true
minimum which could be rather distant from one of the flat directions. In any case, the rarity of
such events make them harmless in the overall interpretation of the results.

Finally, Figures show that, as expected, the improved minimisation algorithm described in
App. overall yields a better characterisation of the minima, both in the case of 2- and 3-vev manifolds
(at the reasonable cost of a slightly increased execution time).

B (General tree-level stability conditions

The various breaking patterns studied in this work are characterised by vacuum manifolds consisting of
at most 3 vevs. In this appendix, we establish the conditions of tree-level stability for general potentials
of 1, 2 and 3 variables, as well as the circumstances of their violation along the RG-flow. We give in
particular a characterisation of the flat directions that appear at the precise energy scale at which the
violation of tree-level stability occurs.

For completeness, let us start the discussion with 1-vev vacuum manifolds (occurring for instance in
the SO(8) x U(1) breaking), for which the study of stability and its violation is trivial. Such a vacuum
structure is parameterised by

V(x) = ax?, (6.B1)

so the condition for a stable (i.e. bounded from below) potential is simply

a>0. (6.B2)

Therefore, symmetry breaking will be uniquely triggered along the RG-flow as soon as the quartic coupling
a turns negative.

B.1 Stability of 2-vev vacuum manifolds

Now turning to vacuum manifolds consisting of 2 variables, we have in general:
V(z,y) = apz* + a1a”y® + azy*, (6.B3)
and it is straightforward to derive the conditions of a stable potential:

apg > 0Aas > 0Aay + 2/agas > 0. (6.B4)
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Following the discussion in Sec. the stability constraints can be violated in three distinct manners,
corresponding to the violation of any one of the three conditions in Eq. . Below we examine the
generated flat direction in each of these three cases. We make the assumption that only one of the three
conditions in Eq. gets violated along the RG-flow, i.e. that the other two remain satisfied.

Case 1: ag = 0. The potential simplifies as
V(z,y) = (m12® + agy®)y®, (6.B5)
and the other stability constraints are satisfied, namely
as >0Aa; >0. (6.B6)

Clearly, the flat direction is parameterised by

(Z) ) (é) . MeR. (6.B7)

Case 2: ay = 0. Similarly, the potential simplifies as
V(z,y) = (aoz® + ary?)a?, (6.B8)

and since ag, a1 > 0, the flat direction occurs in the direction

0-0)

Case 3: a; + 2 /agaz = 0. In this case, the potential can be factored in the form

2
V(z,y) = (Vaoz® — azy?)" . (6.B10)

The other constraints are satisfied, namely
ap>0ANag >0, (6B11)

and two flat directions occur in the directions

(I)z)\ a;a . (6.B12)
Y +a,

B.2 Stability of 3-vev vacuum manifolds

We finally turn to the study of 3-vev manifolds, which will need a much more elaborate discussion.
However it will be helpful to note that the 3-vev structures considered in this work can be put in the
form

V(x,wi,ws) = ax* + B(wi,w2)x? + (w1, ws) , (6.B13)

where § and v take the general forms

B(wi,wa) = bowi + biwiws + bows = (bg + b1 X + b X?) wi = B(X)w?, (6.B14)
Y(wi,w2) = cow] + crwiws + cawy = (co + 1 X% + o X ) wi = F(X)wi, (6.B15)

with X = ws/wy. For the above potential to be bounded from below, it must be non-negative for all
values of the vevs. First of all, positivity at w; = ws = 0 and at xy = 0 imposes the constraints

a>0Ay(wy,ws) >0, V(wy,ws) . (6.B16)
Reusing the results established above for 2-vev functions, the latter inequality requires

co>0ANAco >0Acy +2+4/coca > 0. (6.B17)
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Then, taking V as a quadratic polynomial in x?2, positivity requires its roots to be either complex or
negative. Deﬁnin@ A = 4a7y — B2, the condition to have either complex roots or non-positive roots
reads

A(wl,wg) >0V (A(wl,a@) <O0A B(wl,wg) > 0), V(W1,WQ) R (6B18)

or, more concisely

Awy,wa) >0V B(wy,ws) >0, V(wy,ws) . (6.B19)

The quantity A(wy,ws) can be generically expressed as

Awy, wr) = dary(wy, ws) — Blwr,ws)?
= aooff + alwi’wg + agwfwg + agwlwg + a4w§1
= (ao Y X +asX?+a3 X3+ a4X4) w‘ll
= A(X)wi, (6.B20)

and in practice, when ws # 0, one only needs to consider the simplified stability constraint
AX)>0VA(X)>0, VX. (6.B21)

Since B and &(X ) are polynomials of respective degree 2 and 4 in X, one could determine analytic
conditions for them to be positive for all X. However, we insist that the constraint in Eq. (6.B21]) is not
equivalent to the following:

(E(X)>o, vx)v(E(X)>o, vx), (6.B22)

since the latter is only a sufficient condition for the former to be satisfied. Instead, one should simul-
taneously inspect the shape of both polynomials in terms of their number of real roots and the sign of
their leading coefficient, in order to identify the regions where either one or the other is positive. Such
a case-by-case study is readily performed, as reported in Table Here, since we aim at determining
the conditions of a stable potential in Eq. , we will consider that all other necessary conditions
determined previously must hold. In particular, Eq. holds. Hence, a useful observation to make
is that if 5 =0, then

A(X) =407(X) > 0. (6.B23)

In other words, A(X ) is always strictly positive at the locations of the roots of E This greatly reduces
the number of possibilities when inspecting the shapes of the two polynomials. Overall, A can have either
0, 2 or 4 real roots, with a positive or negative leading coefficient a,4., while 5 can have either 0 or 2 real
roots with a positive or negative leading coefficient b,. At this point, a comment is worth making: we do
not consider the cases of multiple roots, nor those of a vanishing leading coefficient. The reason is that,
at the initial scale where potential stability must be asserted, the couplings (and therefore the value of
the coefficients appearing in the polynomials) are generated randomly. Hence, exact relations such that
a vanishing discriminant or coefficient will never occur. On the other hand, such quantities can very well
vanish at a given scale along the RG-flow and possibly trigger spontaneous breaking of the model. Such
situations are described in subsection [B.3] below.

Finally, although this procedure can readily be performed numerically, we review here the analytical
conditions allowing to determine the number of real roots of the quartic polynomial A [267, [268] 269].
Those conditions will also help understand how the stability condition in Eq. can be violated

along the RG-flow. The main quantity of interest here is the discriminant D of the polynomial A:

D = 256a3a — 4a3a3 — 27a2a3 + 16agasay — 6agatazay — 27ajal
—192a2aya3a3 — 4a3(apa3 + afas) + 18as(aras + 8apas)(apa3 + aay) (6.B24)

+ a3(ataj — 80agaiazas — 128ata3) .

27Note the negative sign compared to the usual definition of the quadratic discriminant.
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Table B.1: Realisation of the stability constraint in Eq. , depending on the number of roots of the
polynomials A and 3 and the sign of their leading coefficient. We write A(n)® and S(n)® to respectively
denote the number n of roots and the sign s of the leading coefficient of the polynomials A and B The
roots of A are noted §; with §; < --- < d,, those of § are noted §; with 81 < (2. Cases where the
stability condition in Eq. is satisfied for any values of the roots are referred to as Stable, and
cases where the condition cannot be satisfied are referred to as Unstable. For cases where the realisation
of Eq. depends on the value of the roots, the additional constraints to be satisfied by them are
reported. Finally, two cases never occur because of the constraint of a positive A at the location of the

roots of 3.

HOMEEON e HeN
A(0)* | Stable | Stable Stable Stable
A(0)~ | Stable | Unstable / /
A(2)+ Stable | Unstable Bo < 01V B > 09 Ba < 01 NP1 > 0o
A(2)~ | Stable | Unstable 81> 01 A Ba < 09 Unstable
A(4)+ Stable | Unstable Bo <01V P>V (ﬂl > 09 A fPg < 53) b1 <01V By >0y
A(4)~ | Stable | Unstable (51 > 01 AP < 52) \Y, (51 > 03 A fPs < 54) Unstable

We will not show here the expression of D as a function of «, b;, ¢; here since it is rather lengthy. However,
we make the important remark that
D xa?, (6.B25)

which will help understand the symmetry breaking patterns in the next subsection. The nature of the
roots depend on the sign of D:

D > 0 : The four roots are either all complex or all real (6.B26)
D =0 : There exists multiple roots (6.B27)
D < 0 : Two roots are complex, the other two are real (6.B28)

In the first case, D > 0, the nature of the roots can be determined by defining the following additional
quantities [269)

Q = 8agas — 3a3, R = 64aga’ + 16aza2ay — 16a3(a3 + aras) — 3aj (6.B29)
such that the four roots are complex if either Q > 0 or R > 0. In summary, we have:
D>0A (Q >0VR> 0)  No real roots (6.B30)
D < 0: Two real roots (6.B31)
D>0A (Q <0ARZ< 0) : Four real roots (6.B32)

B.3 Stability violation for 3-vev manifolds

As previously done in the case of 2-vev manifolds, we now inspect the different ways in which the stability
conditions of 3-vev manifolds can be violated. Obviously, more cases will have to be considered here, due
to the richer structure of the potential and its stability conditions.

Case 1: a = 0. The potential simplifies as
Vx,wi,w2) = Bwr,w2)x? + v(wr, w2) (6.B33)

We consider that all other stability condition are satisfied. In particular, v is always positive, and since
a =0, one has A(wy,ws) = —B(w1,ws)?. Therefore, according to Eq. (6.B19)), 8 is always positive, and
V' can only vanish in the region where w; = wy = 0. In this case, the flat direction lies along

wi | =xl0]. (6.B34)
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This corresponds to a symmetry breaking exclusively driven by the vev x. Specialising this result to the
SM vacuum manifold in Eq. (6.39) with x = x5 (or equivalently x = xg) yields a breaking towards the
SU(5) subgroup.

Case 2: ¢g = 0 or ¢g = 0. Let us first consider the case where ¢y = 0. In this case, the quantity v(wq, ws)

vanishes along the flat direction
w1\ 1
() =a(l). c5)

and according to Eq. (6.B19)), (w1, ws) > 0. The potential simplifies as
V(x,wi,wa) = (ax® + Blwi,wa)) X, (6.B36)

and can only vanish if x = 0. Hence, the flat direction is

X 0
wi | =x[1]. (6.B37)
w2 0

This is a breaking triggered by the vev w; exclusively. Similarly, in the case where co = 0, the flat
direction is given by

X 0
wi | =210 (6.B38)
w2 1
and corresponds to a breaking driven by ws. Considering the SM vacuum manifold in Eq. (6.39) with
w1 = wp, we = wpr and either x = x5 or x = x5, the above cases respectively correspond to the

3c212rlp_1 and 40211 breakings.

Case 2: ¢ + 2,/coce = 0. In this case, the quantity v has a flat direction along

Y — 2\ o't (6.B39)
w2 + 03/4 ’ .

Here again, the potential takes the form in Eq. (6.B36[). Therefore the flat directions are given by

X 0
wi | =x[ &/ (6.B40)
w2 + c(lJ/4

and the breaking is driven by the vevs w; and ws. In the SM vacuum, this corresponds to the 3¢c2,1glg_|,

breakinﬁ

Case 3: ag = 0 or ay = 0. Here we consider the possibility that Eq. (6.B19)) gets violated, in the

particular situation where the leading coefficient of either w} or wj vanishes along the RG-flow. Starting

with the case where ay = 0, we have
Awr,wa) = (@1wf] + aswiws + aswiws + aaws) ws . (6.B41)

Hence, A clearly vanishes when wy = 0. We note that other roots with wy,ws # 0 may exist, but this

situation is taken into account in the more general Case 4 below. Here we restrict the discussion to the
case where wo = 0. In this case, we have

ap = 4acy — b3 =0, (6.B42)

Blw1,0) = bow? (6.B43)

28However, for reasons explained in Sec. in this case the actual breaking direction is SU(5) x U(1) since in practice
one always has n = /2/3.
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so the full potential simplifies as

V(x,w1,0) = (vVax® + aw?)® . (6.B44)
Since « > 0 and ¢y > 0, the only case yielding a flat direction corresponds to by < 0, and hence
2
Vx,w1,0) = (Vax® — Veow?) ™ . (6.B45)
In this case, the flat directions are given by
X o/
wi | =M a7/t . (6B46)
w2 0

Reiterating the above calculations in the case where aqy = 0 yields the following flat directions

X e
wl=x 0o |. (6.B47)
wo +al/4

When considering the SM vacuum manifold, such flat directions correspond to a complete breaking of
S0(10) towards the SM, despite the fact that one of the w; vanishes.

Case 4. Whereas all previous cases involved only one or two of the vevs, we now turn to the possibility
of violating the stability conditions in a non-trivial way, where none of the vevs vanishes. Concretely,

it means that the condition in Eq. (6.B19) or, equivalently, Eq. (6.B21)) needs to be violated along the
6.B21]

RG-flow, in a case where y,wi,ws # 0. A closer look at Eq. (6.B21)) shows that the transition from a
stable to an unstable potential can only occur at a given value of X in the two following pictures

AX)>0AB(X)<0 — AX)=0ABX)<0 — A(X)<0ABX) <0, (6.B48)
AX)<O0ABX)>0 — A(X)<0ABX)=0 — A(X)<0AB(X)<0. (6.B49)

However, as mentioned before, Z(X ) can only be positive when evaluated a root of B This observation
allows to rule out the scenario in Eq. , making Eq. the only way of generating a flat
direction. Furthermore, the change of sign of A(X) due to a sign flip of its leading coefficient was already
covered in Case 3 above, so we can discard this possibility. The only remaining way to achieve the
transition in Eq. is for A to acquire a multiple root at some value of X. This happens when the
discriminant D of A vanishes at some RG-scale. The multiple real root that appears will be denoted 9,
and we have

X =0 = wy=0w;. (6B50)
Since A(8) = A(wy, dwr) = day(wy, dwy) — Blwr, dwr)? = 0 and B(w,dwi) < 0, the potential takes the
form )
V(x,wi,0wi) = (\/EX2 Y 7(00175001)) ) (6.B51)
where
VA(wr, 6wy) = VVeo + €162 + et w? (6.B52)
This means in turn that the potential vanishes if
52 54 1/4
Y=+ (Waﬂg) Wi, (6.B53)
so one concludes that the flat directions are given by
X :t (Co+0162+62§4>1/4
wi | =2 ) . (6.B54)
wo )

This completes our discussion on the stability of 1-, 2- and 3-vev manifolds and on the classification of the
possible flat directions generated by the RG evolution of the quartic couplings. The symmetry breaking
patterns occurring in each case identified above are summarised in Table
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C A quantitative measure of perturbativity

In this appendix, we develop a method allowing to obtain a quantitative measure of perturbativity based
on the comparison of the size of the one- and two-loop contributions to the beta-functions. In [144], one
of us has proposed a simple perturbativity criterion translating, using definition in Eq. (6.E1]), into

[82(00)| < 3|80, Vo (6.C1)

where g;, 1 = 1,..., N generically denotes all the couplings of the theory. Note that the inclusion of the
factor % is rather arbitrary, since the boundary (in the space of the couplings of the model) between the
perturbative and non-perturbative regimes is anyways equivocal. This being said, the above criterion
allows in particular to systematically detect the occurrence of Landau poles in the RG-flow, indicating a
breakdown of perturbation theory.

While this criterion was successfully applied in [144] as a way to phenomenologically constrain (ex-
tensions of) the SM, it comes with a caveat: A change of sign in the one-loop beta-function of any of the
couplings systematically violates Eq. , even in a region of the coupling space where the regime is
clearly perturbative. To circumvent this issue, we generalise the above criterion involving simultaneously
all the couplings of the theory. For p a positive integer and v > 0, this generalised perturbativity criterion

reads . p " . p U
(Z‘ﬂ@)(gi) ) <Q<Z’5(l)(gi) ) ; (6.C2)

i=1

or, in a more compact form,

[8® @] <ol @) - (6.C3)

P

where ||-||, denotes the usual £,-norm and where

B™ (g1)

B (g) = (6.C4)

B™ (gn)

This generalised criterion will no longer fail if some of the one-loop beta-functions vanish. It will, however,
fail if all one-loop beta-functions vanish, i.e., if the one-loop system approaches a fixed point.

The free parameters p and « conveniently allow to adapt the (non-)conservative property of the
criterion. As a particular case of Eq. , note that taking p — oo yields

max |82 (g;)| < amax |51 (g:) (6.C5)
whereas p = 1 gives
N N
> [820)] <@} |8V (9)] (6.6)
i=1 i=1

1

5 in the above expression allows to recover

In a theory with a single coupling g, taking in addition a =
the formula

[829)] < 5 [6009)| (6.C7)

which coincides with the original criterion in Eq. . As a final remark, we have observed that, in
practice, the impact of a change in the value of p can be roughly compensated by a change in the value
of a. For all results in this chapter, cf. Sec. 5l we fix p = 1, therefore using Eq. as a quantitative
measure of the perturbativity of the studied models. Further, we specify to a = 0.1. This may be overly
conservative. However, such a conservative choice avoids convergence issues in the subsequent numerical
analysis of the one-loop effective potential, cf. Sec. ] and App. [A]
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D Scalar potential for the considered models

In this appendix, we provide the expression of the most general perturbatively renormalisable scalar
potential for the 10y ©165 ®455 SO(10) model. This will allow us in turn to specialise this expression
to the two simplified models considered in this work, where the scalar sector is reduced to 16y @ 45y
and 45 respectively.

D.1 Definitions and conventions

The fundamental 10y multiplet is noted H; in the following. We use a standard convention for the 45
gauge generators of the fundamental representation,

1

(TAB)ij = \/§

(53;,5; - 5;553) . A B=1,...,10, (6.D1)

where the factor v/2 in the denominator fixes the value of the Dynkin index to Tho = 1. Next, based on
the decomposition

10®10=5453045, 1, (6.D2)
the adjoint 455 (as a special case of 454) field is conveniently expressed as an antisymmetric 10 x 10

matrix, noted ¢;;. Finally, reusing the notations from [161], the reducible 32-dimensional spinor field is
noted = and can be decomposed under 32 = 16z ® 16, as

== ( ;) . (6.D3)

The generators of the reducible 32-dimensional representation are given by

1 1 (o O
Sij=——[y, 0] == (79 _ 6.D4
srr=5 (T 2 (6.4
with ¢,7 =1,...,10. The I';’s are 32 x 32 matrices satisfying the anticommutation relations
{3, T} = 265132, (6.D5)

characteristic of a Clifford algebra. An explicit form for I'; will not be provided here but can be found in
[172} [161]. Note that, as compared to [161], an additional factor of v/2 was included in the denominator
of Eq. (and in the definition of ¢;;) in order to match the convention where the Dynkin index of
16 equals 2 (instead of 4). Right- and left-handed projectors P, and P_ can be constructed such that

- - 0
P, == (g) = x4, P == (Xc> =x_. (6.D6)
We note in passing that the spinor field x€ is obtained from a conjugation operation
x“=Cx, C€1650(0, (6.D7)

characteristic of the discrete left-right symmetry D C SO(10), usually referred to as D-parity. Finally, it
will be useful to construct the auxiliary adjoint fields

1 iy 1 .
@16 = Zaijgﬁ” and ’~I>32 = §Sij¢2] . (6D8)

in order to construct the various gauge invariant operators in a notation adapted to the presence of a
scalar spinorial representation.
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D.2 Scalar potential for the 105 ® 165 ® 455 model

With the above definitions at hand, we may now write down the most general renormalisable scalar
potential built from the scalar representations 10y, 16y and 455:

V(H,x,¢) = p1 HiH' + pz X x + p3 Tr(®35)
+ 71 (X Tox ) H + 7 (XA Dax ) HY + 72 x T @16x
+ Ay Tr(®36)? + Ao Tr(®7) (6.D9)
+ Ay (HHD) + Ay (HH?) Te(®%) + As HH, Tr (T o7 $3)
+ A6 (X0)% + A7 (XA Tix =) (K Tix) 4+ As () Tr(@%6) + Ao xT @36
+ Avo (H:HY)(XX) -

It is worth noticing that in the limit 74 — 0, the above scalar potential is invariant under a global U(1)
transformation under which only 16y is charged@ i.e. under

x — €% (6.D10)
Finally, the 10y multiplet couples to fermions ¢ ~ 16 through the Yukawa term
—Ly = Yo (¥ T4 ) H' + hec., (6.D11)
where ¢4 was defined similarly to x+ (see Eq. )

D.3 Scalar potential for the 165 ® 455 and 455 models

We now specialise expression in Eq. to the case of the simplified model considered in this work,
where the scalar sector only consists of 16y @ 45y. Discarding in addition the relevant operators in
order to achieve scale invariance at the classical level, we write
A1 4
V(. 0) = 7 Tr(@16)° + d Tr(Rig) + 4hs () + A7 (A Tix-) (X Tx)
+2Xs (x'x) Te(@15) +8Xg xT®Tex -

(6.D12)

We note that the normalisation of the various operators is arbitrary and that the six quartic couplings
A; were defined such that perturbativity is lost around \; 2 1. Our notation and conventions translate
to those of [161], 73] [160] according to:

At A2

16’ A7 & R Ag &> a, Ag < é (6.D13)

)\1 — 4(11, )\2 <« aa, )\6 < 1

Following the comment made above, the absence of relevant operators in Eq. (6.D12)) implies invariance
under the U(1) global symmetry in Eq. (6.D10)). Finally, the scalar potential for the 455 model simply
reads

_M

Vo) =5

Tr(®%6)% + Ao Tr(®15) . (6.D14)

E Beta-functions

The beta-functions for the couplings of the three models presented in the previous section were computed
up to the two-loop level using the tool PyRQTE ﬂ [9]. We report here the obtained expressions at
one-loop, first in the case of the 10y 16y 45y modeﬂ then in the case of the simplified 165 ®© 45

29Note that this global symmetry could be restored for 71 # 0 by complexifying and assigning a U(1) charge to the
10y multiplet. Invariance of the Yukawa term in Eq. would in turn require to give a charge to the fermionic 16
multiplet.

30Note that the one-loop beta-functions can also be obtained from the one-loop scalar potential [188].

31 Although this model was not studied in the present work, we provide the corresponding set of beta-functions since these
might be useful to the reader.
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model. The two-loop contributions to the beta-functions being rather lengthy, we will not report them
here and we invite the interested reader to refer to the ancillary file containing the full expressions in a
computer-readable form. In the following, we use the convention
1

_4X 1 L _1 50
B =y = U0+ (0, (6.E1)

We provide below the one-loop beta-functions for the full 10y ® 165 ® 455 model.

Gauge coupling.

139
ﬁ(l)(g) = —?93 (6-E2)
Yukawa coupling.
) . . 135 ,
B (Yio) = —24Y10Y15 Y10 + 64T (VioY15) Yio — = -9 V1o (6.E3)
Quartic couplings.
2
BU (A1) = 1696A% + 412A, Ay + %Ag + 20A7 + 48A4A5 + 112A2 + 64A2
o7 (6.E4)
+ 4AgAg — 96A1 g% + 1—694
BW(Ag) = 384A1 Ay — 4A2 — 512A2 + A2 — 96A49° — 3g* (6.E5)
5 9
27
BW (Ag) = 144A2 + 360A2 + 864A4A5 + 1440A2 + 16A2, — 54A39> + §g4 (6.56)
+ 256A3 Tr (YloY?O) — 256 Tr (Y10Y1*0Y105/1*0)
BM(Ay) = 1504A, Ay + 1728A1 A5 + 206A5A4 + 276A5A5 + 96A5A, + 96A3A5
15
+ 32A3 + T68A2 + 64A10Ag + 2A10Ag — T5A49° + §g4 (6.E7)
+ 128A4 Tr (Yl()YlT))
9
BW(As) = 64A1 A5 — 24A5A5 + 16A3A5 + 64A4A5 — 192A2 — T5A59% — 1—6g4 (6.28)
+ 128A5 Tr (YIOY?O)
105
BW (Ag) = 80AZ + 160A6A7 + 320A2 + 1440A2 + 90AgAg + 3—2A3 +20A%,
IR T (o5
9 09 T3
3 135 9
B (A7) = 24A6A7 + gAg - 7A792 + ég‘1 (6.E10)
93
BM (Ag) = 1504A Ag + 45A1 Ag 4+ 206A5Ag + 175/\2A9 + 68A6As + 2A¢Ag
3
+ 80A7Ag + 2A7Ag + 32A2 + gAg + 20A10A4 + 24A10A5 (6.E11)
327 9
_ 7A 2 < 4
1 Asg + g9
BW (Ag) = 64A1Ag + 20A5Ag + 4AgAg + 16A7Ag + 64AgAg + 17A2
397 (6.E12)
— 1 A992 + 1294
B (A19) = 1440A4A5 + 45A4Ag + 1728A5Ag + 54A5A9 + 96A10A5 4+ 68A10A¢
27 , (6.E13)

243
+ 80A10A7 + BA?O - TAIng + —g + 128A10 Tr (YIOYfB)

8
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Scalar mass and cubic couplings.

BD (1) = 96Asp1 + 32A 10412 + T20A4p15 + 864Asp5 — 279711

6.E14
+ 1281 Tr (YioYyy) + 64|71 | ( )
45
B () = zTQQ + 40A 01 + 68Ag Lo + 80A7 o + 1440Ag 5 + 45Ag 13
135 ) (6.E15)
- TQQM + 80 7|
ﬁ(l)(/.l,g) = 40A4/.Ll + 48A5/,l,1 + 64A8M2 + 2/\9/,(,2 + 1504A1/,L3 + 206A2/},3 (6 E16)
— 48¢° 3 + 75
189
B(l)(Tl) = 4Ag11 + 64A771 + 8A19T1 — Tg2T1 + 641 Tr (Yl()Yl*o) (6E17)
(1) 231 ,
B (7'2) = 4A6T2 — 48A77'2 + 32A8T2 + 29Ag7’2 — Tg T2 (6E18)

E.2 165 © 455 and 455 models

We provide below the beta-functions for the simplified 16y & 455 model up to the one-loop level. The
two-loop contributions being used in the present analysis to establish a quantitative measure of pertur-
bativity (see Appendix [C|) can be found in the ancillary file.

Gauge coupling.

70
BV = -9 (6.E19)
Quartic couplings.
1) _ 2 279 5 2 2 27 4
B (A1) = 4240] + 412002 + =73 + 25675 + 128Asho — 96¢°A1 + Zog (6.E20)
B (Ng) = 96A1 Ay — 4X2 + 6422 — 9692\, — 3¢* (6.E21)

105
B (A6) = B20A7 + 160As A7 + BONZ + B60AZ + 180As Ao + A3

135, 315 (6.522)
9 9767 1989
) , 135 , 9,
B (Ar) = 96A6d7 +240] — —=g"A7 + 29 (6.E23)
,8(1)(/\8) = 3761 A8 + 901 A\g + 206 2 A5 + %/\2/\9 + 2726 s + 64 Mg g + 807 \g
397 2 9 (6.E24)
+ 167 g + 3203 + 24)2 — Tg% + ég4
B (Ng) = 16A1 Mg 4 202 A9 + 16A6Ag + 16A7 09 + 64Xg Ao + 13622
327 3 (6.E25)
- 792)\9 + 594

The beta-functions of A2 in the case of the 45g-only model are simply found by taking the limit
X6,7,8,0 — 0 in the above expressions. Note however that the gauge coupling beta-function reduces to

B (g) = —244° . (6.E26)
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