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Introduction

“It doesn’t make any difference how beautiful your guess is, it doesn’t make any differ-
ence how smart you are, who made the guess, or what his name is. If it disagrees with
experiment, it’s wrong.”t

An important lesson from history is that Nature rarely complies graciously with
the theories carefully crafted by scientists. Successful theories are usually built over a
graveyard of rejected ideas. The discovery of the Higgs boson in 2012 therefore marked
a milestone in modern physics. For once Nature had complied with the theoretical
predictions. This Brout-Englert-Higgs boson (or Higgs boson for short) had indeed
been expected as the keystone of the Standard Model of particle physics for decades.

The Standard Model of particle, which describes the physics of three fundamental
forces mediated by gauge bosons shaping the interactions between elementary particles
has been incredibly successful in experiments. It has predicted successfully thousands
of measurements during the past four decades. Despite these tremendous achievements,
it has however been known for an equally long time to be incomplete. Apart from
the obvious fact that it does not provide us with a quantum theory of gravity, it
has a major consistency puzzle known as the hierarchy problem. In a nutshell, this
issue arises when one computes the quantum corrections to the Higgs boson mass.
The integral involving loops of Standard Model particles depends quadratically on the
ultraviolet cut-off which measures the scale up to which the Standard Model is valid.
If the Standard Model is all which exists up to the quantum gravity scale, then the
Higgs boson mass should be very close to the Planck mass. Since we actually measured
it to be roughly thirty order of magnitude smaller, a miracle must be occurring which
protects its mass against these radiative corrections up to a precision of 10730, As
physicists do not like miracles, numerous mechanisms have been introduced to explain
this conundrum.

Among these mechanisms, supersymmetry (SUSY) has been arguably the most
studied. It is based on the idea that fermions and bosons should be treated on a
morally equal footing by fitting them into a bigger object, called a supermultiplet.
Supersymmetry associates with each bosonic divergent loop diagram a fermionic loop
diagram precisely cancelling the divergence. Unfortunately, Nature did not follow this
beautiful picture and all Standard Model particles come without a supersymmetric
partner with the same mass. Supersymmetry therefore needs to be broken at a scale
above the current detection capability, effectively making the supersymmetric particles

'Richard Feynman, pronounced during one of the famous lectures from the serie “The Character
of Physical Law” delivered in 1964 at Cornell University

ix



X INTRODUCTION

too heavy to be seen. The price to pay is the re-introduction of a new fine-tuning,
usuall called the little hierarchy problem. We have in fact traded the question “Why is
the Higgs mass so much lighter than the Planck scale?” for “Why is the Higgs mass
lighter than the SUSY scale?”. As the collider experiments push to ever higher scale
the hypothetic SUSY particles, this little hierarchy problem becomes more pressing
and the most basic supersymmetric realisation are now severly fine-tuned.

There are, however, two main reasons why we would like to retain supersymme-
try close the electroweak scale. The first one is a long-standing problem arising from
cosmology: there are overwhelming evidence that most of the mass of the universe
is composed by some ellusive “dark matter”. The point is that supersymmetry gives
a upstanding candidate for such dark matter: the Lightest Supersymmetric Particle
(LSP), which is expected to be stable in most supersymmetric model due to a resid-
ual discrete symmetry called R-parity. The small miracle is that such particle has
precisely the right characteristics to provide us with the correct relic density of dark
matter through a simple process called freeze-out. The second reason is more theoret-
ical. In the Standard Model gauge couplings which measure the strength of the three
elementary forces almost reach a similar value at a scale close the Planck scale. This
is a frustrating property as equal couplings are precisely what is needed to unify the
three gauge groups into a single, Grand Unified Theory (GUT). Supersymmetry cures
this issue and allows for a near-perfect unification, opening the way for a GUT.

In a nutshell, there are now increasing evidence that we should be looking beyond
the basic SUSY models which have shaped Beyond Standard Model physics in the past
decades, and look for new, unconventional ideas to describe Nature. In this thesis, I
will present two phenomenological setups where the fields contents or couplings are
not the one we would have expected, but where supersymmetry has still an important
role to play.

In the first part of this thesis, after reviewing the basics of the Higgs mechanism
and of the hierarchy problem, I will consider two unconventional applications of super-
symmetry to Beyond Standard Model phenomenology. The first one is that idea that,
after all, supersymmetry may not be the symmetry protecting the mass of the Stan-
dard Model Higgs, but will still be realised at higher energy. This amounts to suppose
that while supersymmetry may protect the masses of scalar particles above the SUSY
scale Mg, one should find another solution to the little hierarchy problem. However,
it can be shown that such scenarios, and in particular a variation called Fake Split
SUSY models introduced in [1,2,3], have nonetheless numerous advantages. In partic-
ular they can give an incredibly robust prediction of the Higgs mass and have simple
dark matter candidates as Weakly Interacting Massive Particles. In the second place,
I will describe how to use the Dirac Gauginos framework to build a well-motivated
supersymmetric scenario explaining the diphoton channel resonance possibly observed
by ATLAS and CMS in the first dataset of LHC run-2. This model will retain pertur-
bativity up to the GUT scale, vacuum stability and gauge couplings unification, while
being “minimal” in the sense that it will not be necessary to introduce new “ad-hoc”
fields to fit the data [4].

Another fundamental symmetry, which contrary to supersymmetry has been tested
to an incredible precision is the Lorentz symmetry. Among its main consequences,
Lorentz symmetry fixes the form of the dispersion relation of a momentum eigenstates,
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effectively linking spatial momentum with the energy carried by the field. Interestingly,
global Lorentz symmetry is also a blatantly broken one. Indeed, it is broken by the
curvature of spacetime and by every fluids fixing a particular direction of time.

In a second part of this work, I will study two cases where, particles do not prop-
agate the way one could naively expect from Lorentz symmetry, namely with a rel-
ativistic dispersion relation. Instead these particles propagates unconventionally be-
cause Lorentz symmetry will be broken, either by an underlying fluid [5, 3] or by the
curvature of spacetime in extended gravity theories in [6]. The first setup, known
as the “slow gravitino” ( [5]) focus on the Lagrangian resulting from the breaking of
Lorentz symmetry as well as supersymmetry by a fluid. Similarly to what happen in
the Higgs-mechanism the pseudo-particle generated by this breaking, called phonino,
will be absorbed in local supersymmetry gauge fermion, the gravitino, and become its
longitudinal degrees of freedom. The end product of this super-Higgs mechanism in
fluid is a Lorentz violating Lagrangian for a massive spin-3/2 particle, that we will
thoroughly study “per se”. The second setup, refered to as the “swift graviton”( [6]), is
obtained from extended gravity theories where the usual Hilbert-Einstein Lagrangian
is supplemented by various terms constructed from Riemann tensors. It can be shown
that, when the spacetime is curved by a particular axisymmetric background, gravitons
can be accelerated faster than the speed of light in a suitably corresponding flat space-
time, a feature we called “swift graviton” As the effect depends on the polarisation,
the graviton experienced a form of “birefringence” with certain modes propagating
swiftly while others remain unaffected.
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Chapter 1
Higgs and Super-Higgs Mechanism

We present in the chapter a short review of the Higgs mechanism, its consequences
and extensions. We start in Section 1 by reviewing the Higgs mechanism in the Stan-
dard Model. Then we present in Section 2 its extension to the so-called super-Higgs
mechanism arising in local supersymmetry (namely supergravity). The two last Sec-
tions 3 and 4 present how this mechanism generalise to the supersymmetric case of the
Minimal Supersymmetric Standard Model and study a related development: the issue
of the hierarchy problem and Split SUSY.

1 Higgs Mechanism in the Standard Model

A keystone of the Standard Model of particle physics is the spontaneous breaking of
the SU(2) x U(1)y gauge symmetry down to U(1)ey, of electromagnetism by the Higgs
boson.

The Standard Model Higgs is a complex scalar doublet ® transforming under a
(2,1/2) representation of SU(2) x U(1)y as:

P — T B2 (1.1)
where we used the usual notation 7% = ¢%/2 with ¢ are the Pauli matrices. Let
us note Wy the SU(2) gauge bosons, By, the U(1)y one and further introduce the
covariant derivative

DFe =0, —igWta — %g/B“ (1.2)
so that the kinetic and potential terms of the Higgs doublet are given by
Lsy D DFOD,®T — V(001). (1.3)

with a scalar potential V'

V = —2oe" 4+ %(@DT)? . (1.4)
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This scalar potential for the Higgs contains a negative mass term which will trigger the
spontaneous breaking. Minimising the scalar potential, we find that the Higgs doublet
acquires a Vacuum Expectation Value (VEV) such that

(®0T) = 22 = “; . (1.5)

Without loosing generality we can parametrise ® as

1 (o0
°=U—s (U . h) , (1.6)

where h is a real valued field called Higgs boson and U is a unitary matrix. We can
subsequently use our SU(2) x U(1) gauge freedom to eliminate U (since '™ ¢5/2
precisely generate the group of unitary matrices) . In this gauge choice, called the
unitary gauge, the Higgs doublet takes the simple form

@—%(Uih) , (1.7)

and we see easily that the gauge transformation (1.1) is broken down to the U(1)
subgroup of transformations such that o = as =0 and a3 = .

A crucial point is that in the unitary gauge, the SU(2) x U(1)y gauge bosons will
acquire a mass and a longitudinal component. From D’”(I)Dﬂqff of (1.1) we get

Lsy D % (O v) (igW/‘jTa + ;g'B“) (—igW/‘jTa — ;g'B“) (2) (1.8)
L P S 2 12700
= [PWIWT (g + g 2020
where we have defined the fields
1
V2

22 = COS HWW3 —sinfw B, ,

+ 1 2
WE=—W,Fw?) (1.9)

and the Weinberg angle

/

9 9

We see that the fields W and Z° obtain masses my = vg/2 and mz = my/ cos Oy
respectively. In contrast, the photon field A, given by the combination

cos Oy = sin Oy = (1.10)

A¥ = sin 9WW3 +cosw B, , (1.11)

remains massless as required by electromagnetism. Simultaneously to their masses,
the bosons W+ and Z° have acquired a longitudinal component. Indeed, we can write
the unitary matrix U as

’é:a(?f'u),ra
v

U(zh) = 10/ (20) i ,
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When taking the unitary gauge, we have therefore (suppressing SU(2) indices)

W N W/ _ e_iga(:u)q_a eiﬁa(vzu)q_a + Ee_iﬁa(vz“)q_a e
I 1% H g 123

,Lfa(vzu) Ta

1
B,u — B:L - BN - w@ug,

and consequently the gauge boson have absorbed the Goldstone bosons, giving them
the longitudinal part fitting their massive spin-1 status. Using the fact that we are
considering small gauge transformations as ¢ and £ are constructed from the Goldstone
bosons, we can simplify (1.12) for the Wﬁ’ and Z° fields to

1 1 .

Wyl = W' = Wi = 0u(E ) = L FuWie! (1.12)
1

B, — B, =By, — @au(g +n),

where f{ are the SU(2) structure constant. Notice that since (1.7) is invariant under
transformations of the form einei”TS, eq. (1.12) are only defined up to this transfor-
mation. The combination defining the Z" boson in (1.9) is precisely the one required
to cancel the residual 7 gauge freedom, whereas for A? we can set 1 to cancel the
additional piece generated by the unitary transformation. In this way the photon field

which remains massless and does not acquire a longitudinal component.

2 Super-Higgs Mechanism

This mechanism can be extended to the case of spin-3/2 and spin-1/2 particles. In this
section we will use the following conventions. The metric will have the mostly plus
signature (—,+, +,+). We take the Clifford algebra to be

{'ya,’yb} — o (1.13)

Our basis for this algebra is obtained by adding to v the two matrices v and ¢
defined by

,Yabc _ {’Yav’ybc}
2 2 '

We further define the v° gamma matrices with v° = iy%1y243 and have v®°¢ =
i€y 5~ .. The two chiral projector are then

1—
PLE PRE v

5 > (1.14)

Furthermore, the Dirac adjoint is defined as ¢ = ipT~0.

The super-Higgs mechanism describes the absorption of a massless spin-1/2 parti-
cle, the Goldstino, by the gauge fermion of local supersymmetry: the gravitino, after
this local supersymmetry is broken. As a first step, we will start by considering the
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case of a spontaneous breaking of global supersymmetry in a toy-model where we can
easily exhibit the goldstino. We take a set of chiral supermultiplets with scalars ¢;,
fermions Pry; and auxiliary fields F;. Given a superpotential W and a diagonal Kahler
metric, the fermionic mass terms in the Lagrangian are

1 _ A N A
LD —§Wij1/1ZPLﬂ)J — §W¢j1[)ZPL’l/J] , (1.15)
where we used the notation W, = gg}f and W;; = %. The scalar potential V'
derived from the superpotential is given by
V = Wi(e)Wi(9). (1.16)

If we suppose that the theory has a SUSY-breaking vacuum state, then V' is non-zero
at its minimum. The minimisation condition leads to

Wij(¢0) W (¢0) = 0 (1.17)

where 5150 are the scalar fields VEV in the vacuum state. We therefore conclude that
vt = W¥(¢y) is a non-zero eigenvector for the matrix W;; with null eigenvalue. Con-
sequently there is a fermionic state with zero mass given by

PG = VPV, . (1.18)

This mode is called a Goldstino. We see that as for bosonic Goldstone fields which are
derived from the components of the Higgs doublet, the Goldstino is defined as a linear
combination of the fermions in the theory.

We now consider local supersymmetry (supergravity). When supersymmetry is
broken in supergravity, one obtains the following Lagrangian

1 F?
[' — 56 Lgravitino - W + Ephonino + Lmixing ) (119)
P

where e is the square root of the metric determinant, F? is a cosmological constant
term originating from the vacuum value of the scalar potential and Mp is the reduced
Planck mass. Note that as we are a priori in curved space-time, we need to use covariant
derivatives V. The other three contributions are

*Cgravitino = R— J},u’y'uypvuwp
ﬁphonino = - é"y MVVG

F _
Emixing = +\/§M7PG’Y“¢V .

The mixing between the gravitino and goldstino originates from the mixing terms
between the original fermions in the theory (from which the Goldstino is derived) and
the gravitino. The Lagrangian (1.19) transforms linearly as a total derivative under
the transformations:

dej, = %Mpgvawu
oy = MpVe (1.20)
G = L

\/56.
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However, we see that the resulting cosmological constant is of the order of the SUSY
breaking term F?. Since supersymmetric particles have not been observed yet, this
scale must immensely bigger than the cosmological constant required to account for
the near flatness of space-time. This is nothing but an example of the cosmological
constant problem. One therefore need to cancel F2, this can be achieved by adding to
the above Lagrangian

eF? eJl1 - -
M71%+§ im%¢ﬂvuypvuwp+2m%GG

with the price of introducing a gravitino mass
F

ms = 1.21
S = B, (1.21)
The resulting Lagrangian is given by:
1 - V2 - -
L= ¢ R—Gvy,VIG - M—PGvﬂwy — YY"V, (1.22)

1 - _
+§m§wu7’“/p’yl,¢p +2ms: GG
2 2

with the supergravity transformations obtained from the previous ones by replacing
Vy—V,— %m% Y

el = S Mpeyi,

0, = Mp(Vye— %m%'yue) (1.23)
_ F

(5G = ﬁﬁ .

Similarly to the spin-0/spin-1 case of the Higgs mechanism, we can now choose the
unitary gauge to remove the Goldstino from the Lagrangian by making the SUSY
transformation

bel = — A=MpGyii,
S = — Mp(V, —smsy”) 28
G = -G,

which cancels the Goldstino contribution in the Lagrangian and simultaneously add a
Longitudinal component to the gravitino.

We find finally that the gravitino follows the Rarita-Schwinger Lagrangian for a
massive spin-3/2 boson:

L=ge| R= 9@, = gmyr.)0, | | (1.24)

where we replaced the covariant derivatives by partial ones as we are now in flat
space-time. To summarise, the super-Higgs mechanism describe how a massless spin-
3/2 particle absorbs the massless Goldstino and acquires a mass, in perfectly similar
fashion to the usual Higgs mechanism. In Chapter 6 we will present a non-relativistic
version of this result which can be applied when supersymmetry is broken by thermal
effect. The resulting Lagrangian will generalise the Rarita-Schwinger Lagrangian to
the non-relativistic case.
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3 Toward the MSSM

We will now expand the Standard Model Higgs mechanism to the more complex case
of the Minimal Supersymmetric Standard Model (MSSM). While there is no additional
theoretical mechanisms involved, the fact that the MSSM has two Higgs doublets make
calculations more subtle. We will start by considering the slightly simpler case of a
Two-Higgs Doublet Model before pushing to the MSSM.

3.1 Two-Higgs Doublets Model

As a first step toward the MSSM, let us briefly consider how the Standard Model
picture is modified in the presence of a second Higgs doublet with the same quantum
number as the Standard Model one. We will note ®1, ®5 the two doublets and use the
usual short notation for the sinus and cosinus cos 3 = cg and sin 3 = sg.

If we make the simplifying assumption that the Lagrangian for these doublets is
CP-conserving and that a discrete symmetry forces the doublet to come by pairs, one
possible scalar potential V is now!

A2

A
V =m3 810! + m2, 0,0} — m2, (9,00 4+ 0y®1) + 25 (,01)2 + ?(%@;)Q (1.25)

A
2
A3® B Dy ®) + Ay D) BB DT

As one could expect, minimisation of this potential in general is more difficult than
in the Standard Model case. Let us suppose the existence of a CP-conserving and
charge-preserving vacuum of the form
0
1.26
(0) (120
V2

@) = (fl ) (82) =
tanf= — (1.27)

we will define the angle § as
U1

Sl

and the overall VEV v as v? = v} + v3 ~ 2462GeV?. After electroweak symmetry
breaking , three degrees of freedom out of the eight from the two doublets become
Goldstone bosons. We will find these modes by searching for massless fields. With the
field convention

oF
i = <(Uz + ¢; + in;) /ﬁ) ’ (1.28)

the charged scalar mass matrix is given in the basis (d)li, ¢2i) by

Vg
-
V10
My = {mg - )\4122} fll u | (1.29)
V2

lwe choose this particular form to make contact with the MSSM one easier.
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the pseudo-scalar one in the basis (11,72) by

M, = (Qm%Q ( v3 —U1’U2> ’ (1.30)

2
S23  \ —U1V2 U1

and finally the scalar one in the basis (¢1, ¢2) by

()
m%Q— + /\17)% —m%Q + A34v1 02
M, = v1 (1.31)

U1

2 2 2

_m12 + )\347}1'U2 m12; + )\2U2
2

with the standard notation Ag4 = Az + A4. In deriving this expression, one needs to
use the minimisation condition

A 02 \g02 v v2
2 1V1 A3V 2 U2 2
= = — ()= 1.32
Aov2 \3v2 v V2
2 203 A3V7 2 U1 1
— = — — ()= .
m22 9 9 m12 v ( 4) 9

We can now rotate the two doublets in the so-called Higgs basis by

Hy\ cos sinf)\ (P
<H2> - (— sin3 cos B) (@2) ’ (1.33)
so that the lower component of Hy gets a zero VEV while the lower component H;

has a VEV v/v/2. From (1.29) and (1.30) we see that the Godstone modes G* and
GY correspond to the components of H; introduced in (1.33). We can therefore write

G* H*
iy = <\}§ (v+h+ ¢G0)> Hy = (\}5 (H + iA0)> ) (1.34)
where H* are the physical charged Higgs bosons and A° the pseudoscalar Higgs boson
which are also eigenstates of the mass matrices (1.29) and (1.30). We note h and H
the scalar Higgs bosons. We can straightforwardly deduce the masses for H* and A°
from the previous matrices, leading to

mie = M? — S M (1.35)
m?% = M?
2
where we used the usual notation M? = 2712 The Higgs scalars matrix can be

52
diagonalised using a rotation matrix with angle « defined by

(M2 — )\34@2)825
(M? — )\11)2)0% — (M2 — )\22}2)8%

tan 2a = (1.36)

leading to the two mass eigenstate m; and mo

1
mi2 =g |:M¢,11 + Mg F \/(M¢,11 — My 22)% + 4M35’12J (1.37)
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In particular the would-be Standard Model Higgs boson & is now a linear combination
of the two eigenstates, except if one takes the limit case « = 3 (decoupling limit). Of
particular interest is the quartic coupling Agps of the Standard Model-like Higgs h.
Given that ¢1 D cgh and ¢2 D sgh, we obtain from (1.25) and (1.31):

2
S
Asm = %ﬁ)\34 + (Alcé + /\2546) (1.38)

3.2 Higgs Mechanism in the MSSM

We are now ready to consider the MSSM case. The Higgs sector is in fact precisely the
one of a Two-Higgs Doublet Model, albeit with two doublets of opposite hypercharge
+1 and —1. We now have H, and H; such that:

HF HY
H,= |1 Hy= |14 . (1.39)
<H3> (Hd>

As we are considering a supersymmetric theory, these two doublets are bundled with
two doublets of fermions with the same quantum number: the Higgsinos. A first sight,
including two doublets in a “minimal” realisation may seem arbitrary, there are in fact
two reasons for that:

e In order to prevent the U(1)y gauge symmetry to be anomalous, one needs to
ensure that

A=Y VP+ Y Yi=0, (1.40)
LHJ; RH i

where the first sum runs over all left-handed fermions with hypercharge Y; and
the second over right-handed fermions. This is verified for each fermion family
in the Standard Model. As we have introduced new fermions, the higgsinos, we
must ensure that we add them in pairs of opposite hypercharge, therefore leading
to two doublets.

e The superpotential in a SUSY theory is written in term of chiral superfields.
Hence a positively hypercharged Higgs doublet can only couple to up-type quarks
and left-handed leptons. Therefore an additional negatively hypercharged dou-
blet is required to give a mass to the down-type quarks and right-handed leptons.

Using the superspace formalism and noting § and 6 the Grassmanian anti-commuting
coordinates, we can write the Higgs/Higgsino part of the MSSM Lagrangian as:

LM%M:)/d%(ﬂﬁ%&Lﬁ+Ihé@HJ)+/Q%W@~%ha, (1.41)

where the bold symbols Hy denote superfieds with scalar part H,, fermionic one H,
and auxiliar field F,, as:

H, = H,(y") + V20H,(y") + 00F,(y") with yH = 2t +i0o"0 | (1.42)
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and similarly for Hgq. The Kéhler potential includes gauge interactions with the Higgs
and Higgsinos through V,, and V; given by

Vo= ¢V + go,V° (1.43)
Vo= — g/Vy + gUaVa ,

where Vy, V¢ are the gauge vector multiplets which can be expressed in the Wess-
Zumino gauge as a function of the gauge bosons and gauginos B and W as

Vy = 00"0B, + (00)0B + (90)05 + %(99)( 0)Dy (1.44)
Ve = eaﬂéwg + (99)§Wa + (60)0W° + %(96)(@)D“ .
Finally, the Higgs part of the superpotential Wy is simply
W=pH, Hg, (1.45)

where we use the dot notation for the SU(2) invariant combination Hy-Hg = € H,'Hy’.
The scalar potential derived from this Lagrangian after integration of the auxilliary
fields is given by

ow
Vo5 |5ml + = [sm] +

HlogHy + HiouHy)? (1.46)

&
g
»‘L

+ g (L H, — HjHy)?

and is supplemented by the SUSY-breaking soft-terms Vgp
Vsp = my, H{H, +m¥ HHy + (B,Hy - Hy + h.c.) | (1.47)
leading to the 2HDM-like scalar potential Vi
Vi =(m3y, + p?)H{Hy + (m3y, + p>)H)Hy — B, (Hy - Hy + h.c.) (1.48)

2, 2 2
+
+ T (H H — HHG) + I
Comparing (1.48) with (1.25), we see that we have the following dictionary
H, «— &9
Hy « ioy®]
By, < mi,
2 2 2
M, + B~ < my (1.49)
i+ 4 e

2 12
AMedy o LTI
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We are now in position to deduce the scalar spectrum of the MSSM from the
calculations done in the 2HDM case. Apart from the three Goldstone bosons absorbed
by the gauge field, we find a pseudo-scalar A° with mass

B
2 2 1
=M*=2—t_ 1.50
Mt sin 23 ( )
and a charged scalar H* with mass
2 2
v
m2s =mZo + 49 (1.51)
where the second contribution is the W-boson mass m%/v = ”2492. Introducing the Z-

v?

5, we obtain the two eigenvalues of the neutral scalar

2 _ (2 2
boson mass m3 = (g° + ¢'%)
mass matrix:

1
Mhy hy = 3 (mio + mQZ + \/(mio —m2)2 + 4m2zmiosgﬁ) . (1.52)

We can finally find the quartic coupling of the Standard Model-like Higgs h, which will
be important in the next section:

ﬁf—i—g’z 92—1-9’2

— 4 4
ASM = 9 1 + 1 (Cﬁ + 85)
2 12
=419 Zg 34 (1.53)

4 Hierarchy and Split SUSY

4.1 The Hierarchy Problem

The point of introducing the Higgs mechanism is to give a mass to the chiral fermions
(and to the massive gauge bosons). This is achieved by adding Yukawa couplings with
the Higgs doublet for the leptons and quarks of the form:

Ly = —(Y.LOeg + YyQ, ®dr + Y,Qp - ®Tug + h.c) (1.54)

where Y, Yy and Y, are 3 x 3 matrices and we have suppressed generation indices. It
is quite clear from the decomposition (1.7) that these couplings will simultaneously
give a mass to the quarks and leptons and generate Yukawa couplings with the Higgs
boson h. For instance, calling y; the top-top component of Y,, we see that the top
quarks gets a mass m; = y;v/v/2 as well as a coupling m;/v with the Higgs boson.
However, one may now want to take into account the quantum corrections to the
Higgs pole mass by computing the self-energy Y (p?) of the Standard Model Higgs.
The dominant contributions are represented in Figure 1.1, they consist in a fermionic
top loop and bosonic Higgs and gauge boson loops. Let us focus on the top loop first.
Making the (very) rough approximation that the top quark is heavy compared to the
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]

Figure 1.1: Dominant one-loop diagrams contributing to the Standard Model Higgs self-
energy. We note t and ¢ the left-handed and right-handed top respectively.

Higgs mass, we get

[ dYk (F+me)(F+p+my)
>3 [ 74“‘[ —mt><<k+p> m3)

1 A2 _
472 0 (y +m3)?
3yt 2
O ——=A
872

where we have included an UV cut-off A to regularise the divergent integral. The self
energy also includes subdominant — but still quadratically divergent — contributions
from the bosonic loops Z(p?) D 16%gQA2 + w%)\zA?

A priori A can be vastly different from the Electroweak Scale, therefore in order
for the physical Higgs mass

M} =mj, + X(p%)

to be around 125 GeV, one must precisely organise the cancellation between m% and
¥ (p?). This fine-tuning, which can be as big as 1073° when A is the Planck scale, is
the called the hierarchy problem.

Let us now study the same one-loop corrections in the MSSM. The Yukawa cou-
plings (1.54) are now included in the superpotential as

Wy =Y, U°Q-H, - Y;D°Q -Hy - Y,E°L-Hy , (1.56)

where we used the notation summarised in Table 1.1 for the superfields. Crucially,
these terms do not only re-generate couplings similar to (1.54), but also new quartic
couplings with the scalar superpartner, the squarks and sleptons. Furthermore, the
new couplings are precisely the one required to cancel the fermionic loops from quarks
and leptons. For instance, let us focus on the top again, its coupling to the Standard
Model-like Higgs is given by 4 = COSO‘ %(3,3). The superpotential contribution to

SlIl

the scalar potential (similar to (1.46)) for the stops is of the form

z g z\

(1.57)
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Names Spin 0 Spin 1/2 Spin 1 | (SU(3),SU(2),U(1)y)
Quarks Q | Q=(ir,dy) | (ug.dp) (3, 2,1/6)
Ue i us (3, 1, -2/3)
(x3 families) | D¢ 7 s (3,1, 1/3)
Leptons L (Der,1L) (Ver,e€rL) (1, 2,-1/2)
(x3 families) | E€ €% s (1,1, 1)
Higgs H, (H}, HY) (f{+ gzo) (1,2, 1/2)
He | (HLH;) | (d9.1;) (1,2, 1))
Gluons W3, A3a g (8,1,0)
[= Gal
W Wa, Ao | WEWO (1, 3,0)
=W+, WO
B Wla )\1% B (17 17 0 )
= B]

Table 1.1: Chiral and gauge multiplet fields in the Minimal Supersymmetric Standard Model.

So that the interactions between the Standard Model-like Higgs, the tops and the stops
are now given by

LD —jihtt — G; (tphts” + trhiR") (1.58)

The one-loop diagram involving the left and right-handed tops is now balanced by
the one showed in Figure 1.2 involving both right-handed 7, and left-handed g stops,
coupling to h with coupling y?. Indeed, evaluating the stops loops showed in Figure 1.2
is straightforward and lead to the quadratically divergent contribution

3y
H)DW%M (1.59)
which is precisely what is needed to cancel the quadratic divergence of the tops

loop (1.55).

Fascinatingly, the mass of the stops did not enter the previous argument. This
is a crucial point as in order to lift the squark masses above detection capability of
the current experiment, we need to add scalar mass terms m;, and mg, which could
naively spoil the cancellation as they explicitly break supersymmetry. We just saw
however that these terms do in fact not participate in the quadratic corrections to
the Higgs. Similar Lagrangian operators which explicitly breaks SUSY but do not
introduce a quadratic divergence in the one-loop self-energy for scalars are called soft
terms. Every scalar squared mass terms and trilinear scalar couplings are soft.?

Let us define the SUSY scale Mg = ,/mj, my;, as the geometric mean of the stops
masses, which is used as the generic mass scale for all supersymmetric particles. The

20ne can also consider gauginos masses as well as tadpole couplings, the latest being soft only if
the scalar is a gauge singlet.
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Figure 1.2: One-loop stops diagrams contributing to the Standard Model-like Higgs self-
energy.

actual loop corrections in the top/stops sector in the MSSM give the well-known ex-
pression for the lightest Higgs boson at large B, (decoupling limit)

3m? Mz X2 X2
mi o~ m%cgﬁ S llogs + =5 (1 -t (1.60)

2 2 2
21202 my; Mg 12M¢

where we have defined the stop mixing parameter: X; = A; + pcot 8 and A; is the
stop trilinear coupling. We stress that in light of the Higgs mass measurement, such
correction terms are in fact desirable. Indeed, without these logarithmic corrections,
supersymmetry would be unable to generate a heavy-enough Higgs boson. Given the
experimentally measured 125 GeV Higgs mass, one needs either large trilinear or stops
of the order of the TeV. However, this comes with a price: when we increase the
SUSY scale Mg we re-introduce a fine-tuning in the theory as soft terms feeds into the
Higgs bosons self-energy through the logarithmic contributions. This tension between
naturalness and the absence of SUSY signal at experiments is called the little hierarchy
problem.

4.2 Split Supersymmetry

On top of the hierarchy problem we discuss in the previous section, Beyond Standard
Model physics faces two main open problems (i) the issues of unification — the fact
that the three gauge couplings does not unify at a certain scale in the Standard Model
—, and of (ii) Dark Matter — the fact that observations seems to indicate that we are
missing a good part of the matter in the universe —.

Split SUSY scenarios [7,8,9], which consider heavy supersymmetric scalar particles
but keep the gauginos and the higgsinos at the electroweak scale, have a severe little
hierarchy problem, but still solve (i) and (ii). Particularly, as it was shown in [8],
a crucial property of the MSSM: the natural unification of gauge couplings (without
the need of fine-tuning the particle mass thresholds), is conserved in Split SUSY.
Further, it was argued to be the simplest extension of the Standard Model with such
natural unification. A Split spectrum with heavy scalar also reduces the constraints
on Flavour Changing Neutral Currents (FNCN) which can plague SUSY scenarios (a
somehow related solution is the so-called inverted hierarchy setup where only the third
generation of SUSY scalars are light, which is more resilient to FCNC [10] and have
also improved Higgs mass prediction with respect to the MSSM [11]).

In Split SUSY scenarios, the scalar particles, except for the lightest Higgs boson,
are a priori arbitrarily heavy at a scale Mg but the fermionic supersymmetric particles
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Split SUSY
Scale A . .
= Scalar sparticles
| (‘gr’ Boundary conditions (at M)
M, 1 - i 7
s 1 1 gu = g sing3
gda = g cosf3
1 7 ; :
A= (g% + g*')cos?23
2 |e 4
o |z
c =]
g |&
c
3
|
| Higgsinos, gauginos
~TeV =" andSM

Figure 1.3: Spectrum of Split SUSY theory and matching procedure.

are kept at the electroweak scale, usually protected by an approximate R-symmetry.
R-symmetries are global symmetries which do not commute with the SUSY generators.
In practice, we consider U(1) R-symmetries under which the anti-commuting variable
6 and 61 transform as:

6 — e o7 — e~iogh (1.61)

As a consequence, if a superfield carries a R-charge rx, the scalar components will
have R-charge rx and the fermionic ones R-charge ry — 1. It also follows that the
superpotential must carry a R-charge +2. Notice that scalar soft SUSY-breaking
mass terms automatically preserve R-symmetry whereas the Gauginos masses do not.
Schematically, a small breaking e of this symmetry will then generate a split spectrum
with heavy scalars at the SUSY scale Mg but light fermions with masses ¢2Mg.

When dealing with the Higgs mass, the key point of such scenarios is that even if
the SUSY scale is not related to the electroweak scale anymore, Split SUSY models
nonetheless yield the Standard Model Higgs mass as a function of the supersymmetric
scale Mg. We will explore the relationship between these two parameters in the rest
of the section.

Split SUSY models are best studied in an effective field theory approach sum-
marised in Figure 1.3. We therefore consider a simplified field content, with only
Standard Model particles along with the gauginos and higgsinos, below the super-
symmetric scale Mg and the rest of the supersymmetric spectrum above Mg. Using
the field notation of (1.1) and writing the Standard-Model like Higgs doublet h, the
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Lagrangian below the SUSY scale is given by [12]

£ m2hth— 2 (hTh)Q—{YLhe Y0, hdg + Y0y - bt
5 e R d [ NaR uldr, UR
+ %Mg A5 + %MQ Jrerie 4 %Ml BB+ p ATy
T . N T . N
+\hﬁ (guo"W* + §,B) H, + fz/g (~ac“W* + §4B) Hy+ hec.
where we used the notation € = i09. The second line contains the masses for the
SUSY fermions: higgsinos (superpartners of the higgs doublets) and gauginos (super-
partners of the gauge bosons). The third contains the four new couplings gy, g4, 3
andg], between these fermions and the Standard Model Higgs. They will modify the
Renormalisation Group Evolution of the Higgs quartic during its running between the
SUSY scale and the Electroweak scale. Matching the effective low energy theory with
the full supersymmetric one at Mg gives a boundary condition for the Higgs quartic
A, which is precisely at tree level the one we derived previously in eq. (1.53) (usu-
ally supplemented with the one-loop threshold corrections). Furthemore the four new
couplings are matched with the gauge couplings as:

. (1.62)

Gu(Ms) = g(Ms)sin 8 ga(Ms) = g(Ms) cos 3 (1.63)
Gu(Ms) = g'(Mg) sin 3 Ja(Ms) = ¢'(Ms) cos 3 .

Finally, one must add the requirement that the Standard Model-like Higgs is light,
which translate in a relation on the determinant of the tree-level MSSM scalar mass
matrices for H, and Hy:

2 2 _ mQ + 2
det [ M =Bu ) Lo L tang= i, e (1.64)
—By, my, + |l 2

This last relation gives a boundary condition for tan 3. However from a low-energy
point of view, one can simply focus on the Split SUSY phase below Mg and treat
tan § as a free parameter. The Higgs boson pole mass is then obtained by solving the
Renormalisation Group Equations (RGEs) down to the electroweak scale and calculate
the loop corrections in the effective Split SUSY theory. The result is presented in
Figure 1.4. We see that the measurement of the Standard Model Higgs mass can give
conversely a bound on Mg, since the 125 GeV Higgs can be obtained only for Mg in
the 10%-10% GeV region in most of the parameter space (see also [13,14]). Further
limits arise when considering unified Higgs sector soft masses and considering their
evolution above the SUSY scale. Indeed unification in Split SUSY requires p to be
< 10 TeV at 1o or < 100 TeV at 20 [15] and thus for much larger values of Mg we

2
would have tan § ~ ZQ{“ For high values of Mg to match the known value of the

Hq

Higgs mass is is necessary to have a small tan 3; in [15] it was found that the largest
value of Mg thus compatible with unification and the correct Higgs mass was 10® GeV,
and that required tan 8 = 1 — if tan 3 = 2 instead it becomes 10 GeV — but a tuning
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Figure 1.4: Prediction of the Higgs mass in Split SUSY as a function of the SUSY scale Mg
for various values of tan 3. The shaded regions give a 20 variation in the top pole mass.

of the Higgs soft masses to achieve such a value of tan 3 is not justifiable; just as in
the MSSM the RGE running from any given mediation scale tends to drive m%{u <0
via

d

1677
T dlog

m¥y, = 6lye*(mpyz +m +m) + ... (1.65)

and this is exacerbated since the gaugino masses are much smaller than the scalar
masses, so they cannot compensate. The conclusion is that without additional tuning
tan 8 should be somewhat different from 1, the SUSY scale should be low, and the
amount of running from the scale at which the soft masses is generated cannot be too
large (potentially problematic for gravity mediation). This is the “Mini-Split” scenario,
for which the SUSY scale is below 10° — 105 GeV [15,16,17].

In the coming chapter on Fake Split SUSY models, we will show that it is easy to
engineer models with the same advantages as Split SUSY and equally simple effective
theory below Mg, for which the previous bounds do not apply.



Chapter 2

An Introduction to Dirac Gauginos

The fermionic masses generated by the Higgs mechanism in the Standard Model are
of Dirac type, namely they are constructed from four-components Dirac fermions,

_ (¥ T (-
“f) e
as
LOmpUV¥ = i) + Py

where ¢ and x are two-components Weyl spinors, and the conjugate is defined by
wo'z = (@ba)*-

In contrast, the new supersymmetric fermions related to the gauge boson, the gaug-
inos are Majorana fermions with only two degrees freedom. Consequently, they can
only be given Majorana masses (such masses break supersymmetry softly, as defined
in the previous chapter).

In this chapter, we will investigate the consequences of giving a Dirac mass to the
gauginos. In section 1 we introduce this mechanism, before reviewing some of its main
consequences in section 2 and presenting an explicit model in section 3.

1 Dirac Fermions and Gauginos

The idea of adding Dirac masses to SUSY gauginos by considering additional fermionic
degrees of freedom is an old one, already present in [18,19,20]. However, this setup
has regained more attention during the past decade after it was realised that such
Dirac masses were supersoft in the sense that while such masses are explicitly breaking
supersymmetry, they do not even introduce logarithmic divergences.

Let us start by pointing out that the maximal amount of supersymmetry consistent
with the chirality of the matter fields and gauge couplings perturbativity up to the
GUT scale is a N = 1 SUSY for matter multiplets (as indicated from the fact that
the Standard Model is a chiral theory) and N = 2 for gauge multiplets (as more
supersymmetry would lead to a Landau pole before the Grand Unification Theory —
GUT - scale). Such a SUSY setup implies adding N = 1 chiral multiplets S, T*
and O% to the usual gauge multiplets, namely one complex scalar and one Majorana

17
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fermion for each gauge field. The two fermionic degrees of freedom of the original
gauginos can then be combined with the two new ones from the additional multiplet
to form a Dirac fermion. Notice that this additional multiplet must transform under
adjoint representations of the gauge groups. For this reason we will sometimes called
the scalars from these multiplets “adjoint scalars”. Furthermore, one may additionally
fit the two Higgs supermultiplet in a N = 2 hypermultiplet, slightly reducing the
parameter space.

The key point of this construction is that on top of the usual soft SUSY breaking
terms (bilinears and trilinears in scalar fields and gauginos’ Majorana mass terms)
SUSY can be broken by gauginos Dirac masses. These terms takes the schematic form
(suppressing all indices)

Lo / 20V mptr SW (2.1)

where mp is the Dirac mass, ¥ is the additional Dirac gaugino supermultiplet (with
scalar component ) and W is the field multiplet of the corresponding gauge group.
Such term is called supersoft as it does not introduce logarithmic divergences like the
usual soft terms. Indeed, the superpotential contribution (2.1) not only introduce Dirac
masses for the gauginos, but also additional D-term-generated trilinear interactions for
the new “adjoint” scalar X of the form

LD —2mp(X +¥*)D (2.2)

where D is the D-term of the gauge group corresponding to S. After integrating out
the D-terms, the trilinears take the form

£5 —vVImp(S+ ) Y (61 Tiy) (2.3)
(2

where ¢; are the matter scalar fields charged under the gauge group and T; is the
matrix of their gauge group representations. When calculating the loop contributions
to the scalar ¢; masses, these trilinears are the precise couplings required so that the
purely scalar loops including one adjoint scalar S cancels the fermionic loop including
one gaugino. While this can be checked by direct calculations, let us illustrate this by
an argument from [21]. The spurion giving the Dirac mass fmp in (2.1) originate from
the D-term VEV of a gauge field strength: W/ /A = 6mp where A is the new-physics
scale where W/ acquires its VEV (and consequently the cut-off scale of the divergent
integrals). If this term generates a divergence in the self-energy of any matter scalar
field, then one need to add a supersymmetric counterterm function of the spurion.
However, the only possible gauge-invariant term giving a scalar mass is of the form

d4 W/aw/) (Wlawl) )
J o =5

>mD Qi'Q; (2.4)

which we can re-write as

[ a0 @7 mDQJQl (2.5)

with Q; the matter supermultiplet containing ¢;. Such term vanishes in the limit
A — oo, implying that the radiative correction to the scalar ¢; are finite.
Let us close this introductory section by some comments:
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e Supersymmetric models allowing Dirac gauginos masses can be realised relatively
easily in String Theory (see for instance [22,23,24,25])

e An interesting characteristic of SUSY breaking Dirac masses is that contrary
to Majorana masses, such terms do not break R-symmetry. This opens the
possibility to either preserve it completely (the so-called MRSSM), or limit the
R-symmetry breaking to the Higgs sector [26]. We will focus on the second case
in the following sections.

e The supersoftness property is weakened when introducing explicit R-symmetry
breaking in the Higgs sector as it is customary done: the logarithms re-appear
from higher order radiative corrections.

e The early attempt [18] at constructing Dirac Gauginos model faced the issue that
when a proper mediation mechanism, like gauge mediation, was specified, the
simplest interactions lead to tachyonic masses for the adjoint scalars, requiring
an additional stabilising Majorana mass. This obstacle was overcome in [27,28].

2 A Brief Phenomenology of Dirac Gauginos Models

Dirac Gauginos models have a very rich phenomenology, we give here a brief overview
of the various aspects which will be developed in particular cases in the following
chapters.

Electroweak Sector Observables and Naturalness Let us start with electroweak
precisions tests. The main constraints in Dirac gauginos comes from the mixing be-
tween the Higgs sector and the adjoint scalar ones.

Let us note vg and vy the Vacuum Expectation Values (VEV) of the scalar singlet
S and of the neutral component of the adjoint triplets T" respectively. As vp gives a
contribution to the W boson mass ( [29] — see also [30,31] —), one must examine the
induced correction Ap to the Veltman p-parameter:

Mg,
p= =14Ap, (2.6)
ow M
with, for v the Standard Model Higgs VEV:
402

in the Minimal Dirac Gaugino Supersymmetric Standard Model (MDGSSM) for in-
stance (see [29]). This implies that v must be at a few GeV at most, which can be
typically obtained either with large triplet soft masses mp (few TeV) or large triplet
Dirac mass mgop(also few TeV), or small Ay and small tan j3.

This requirement can often be at odd with a natural electroweak scale which prefers
smaller triplet and singlet soft masses. Indeed, radiative corrections induced by the
adjoint scalars to m%{u’d are [29]:

1
1672

(20%3m% + 2)\%m%)log {A} (2.8)

om>? —
"M Hy - TeV
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with A the UV cut-off, m%{u d,m%, m?p the squared masses for Higgses, scalar singlet
S and scalar triplet T', and ’)\g, Ar are the couplings defined below in (2.12) which
gives the superpotential interaction bewteen the new adjoint scalars and the Higgs
doublets. Let us stress that generally, Dirac Gauginos models are less fine-tuned than
the minimal SUSY models. Indeed, the supersoftness of the Dirac gauginos terms lifts
the constraint on the Gluinos masses as they only contribute to the squark masses via a
finite corrections (which can mean heavy gluinos escaping LHC detection while keeping
relatively light stops). Furthermore, the tree-level Higgs mass is also modified by two
competing effects: an enhancement from the new couplings Ag and Ap, but a reduction
through mixing with the scalar singlet proportional to =% and with the scalar triplet
proportional to =L ( [21,32,33,29,30]). Depending on the model set-up one does not
have necessarily to push the Higgs mass through heavy squarks, thereby increasing the
naturalness. Furthermore, as Dirac gluinos have reduced one-loop contribution to the
stops masses, one can easily have heavy Dirac masses while keeping light stops, thereby
improving naturalness and respecting LHC lower bounds on the gluinos mass [34].
Overall, Dirac gauginos models fare better than the (N-)MSSM when dealing with
naturalness, a point which also explains their popularity.

Finally, with the discovery of the Higgs boson, it becomes possible to analyse
its decay channels and compare them with the Standard Model prediction. For Higgs
tree-level decay, these constraints basically boils down to the mixing between the Higgs
and the adjoint scalar we already discussed above. For loop-induced decays, one must
further consider the contribution from loops of adjoint scalars. Staying in line with the
current absence of deviation from the predicted Standard Model rate will generically
require smaller couplings and larger adjoint scalar masses. A precise study for the
Higgs di-photon channel can be found in [29].

EDM and flavour constraints In most SUSY theories, one can have numerous
new sources of flavour and CP violations which can be for example constrained from
electron dipole moment searches, B-mesons decays and Kaons oscillations. Essentially,
for rather light squarks and gluinos as naturalness should require, the SUSY breaking
mediation mechanism should be flavor-blind. Interestingly, it was noticed by [35, 36]
that replacing the gluino Majorana mass terms by Dirac ones significantly weakens the
constraints from both electric dipole moments and Kaons oscillations. The crux of the
arguments lie in the preserved R-symmetry which forbids numerous effective operators
usually present in SUSY models. For instance, the effective operator between the
strange and down quarks and squarks which contributes to Kaons oscillations

# RSTLARSL

g
usually arising after integrating gluinos with Majorana masses Mj is no longer allowed.
Other flavour-violating observables can be similarly reduced [37, 38].

This result nevertheless suffers from some limitations. First of all, when the Higgs
sector explicitly breaks R-symmetry through the higgsinos ;1/B,, term, the effective
operators mediated by higgsinos will not be suppressed. Secondly, as it was shown
in [39], when considering simultaneously Majorana and Dirac gauginos masses this
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effect is dramatically reduced and remains strong only in the so-called “mass-insertion
approximation” (near-degeneracy of the SUSY scalar masses).

Dark Matter One of the early reasons Dirac Gauginos were studied was to make
the Bino a viable Dark matter candidate. Indeed, while Majorana Binos do not decay
fast enough in the MSSM, pure Dirac Bino dark matter can co-annihilate, enhancing
the decay rate.

Such Dirac spinor will have a vector-vector coupling induced by Z-boson with
nucleons, putting strong constraints on such model from direct detection experiments.
However, pseudo-Dirac Dark matter with simultaneously a small Majorana mass and
large Dirac one can still decay through co-annihilation while possibly avoiding direct
detection if the splitting is large enough. This makes the (pseudo-Dirac Bino) a suitable
Dark matter candidate [40] (we will discuss in the coming section a related issue in the
Fake Split SUSY models).

More generally, Dirac Gauginos models have six neutralinos: Bino, wino, two Hig-
gsinos and the adjoint fermions. Extracting the LSP and its relic density is thus a
more involved process than in the ususal MSSM. In [41], it was found that on top
of the usual MSSM scenarios, one could in fact have also pure Dirac Bino (escaping
direct detection assuming above TeV right-handed squarks and higgsinos). Mixed LSP
Bino/Higgsinos are still possible with both Majorana Bino/Higgsinos states.

Gauge couplings unification It was early realised that adding the adjoint chiral
multiplets would spoil the hardly-fought natural gauge coupling unification (namely
unification without mass-threshold tunings) obtained in the MSSM. In order to recover
natural unification, one needs to add bachelor fields to form complete multiplets of the
GUT gauge group [21]. Fascinatingly, while a SU(5) unification is perfectly possible
at one-loop by adding states in a (3,2)_5/5 + (3,2)5/5, it was latter found in [42,
43] that at a Landau Pole appears at two loop before the GUT scale. The second
possibility is a (SU(3))* GUT. In this case one must add states in (1,2)41/5 + 2 X
(1,1)41, loosely speaking, they are two Higgs-like doublets, and two pairs of right-
handed electron-like fields. A priori, such fields can have masses at the same scale that
the other supersymmetric fields, allowing for diverse model-building possibilities which
will be explored in the coming chapters. In order to avoid numerous new couplings,
one can additionally charge these fields under lepton number or impose an exact R-
symmetry [43].

Detection at LHC The study of the phenomenology of Dirac gauginos models at
LHC has so far focused on the color particles.

In particular, the Dirac gluino case has been studied in [44,34]. The general idea
is that one could not use directly the LHC searches for Majorana gluinos and that
lightest squarks are generally allowed.

The case of the scalar octet (also called sgluon) has been studied mainly in the
context of Dirac gauginos models with a totally preserved R-symmetry (MRSSM) [45,
46,47] and a NLO calculation of its production is avaible [48]. Typically, they are pair-
produced from gluons fusion and decay either into gluinos or squarks if kinematically
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opened or into quark pairs or gluons through one-loop interactions [49,50]. As the loops
contains gluinos and squarks, the decay amplitude decreases when they are heavy.

The (pseudo-)scalar octet is a crucial element of the explanation of the diphoton
excess we will present in chapter 5. Therefore, more details concerning the constraints
lying on such particle can be found in [4].

3 Minimal Dirac Gauginos SUSY Model : a Step by Step Ap-
proach

As a particular example, we will construct here step by step the Minimal Dirac Gaugino
Supersymmetric Standard Model (MDGSSM for short) presented in [29]. This model
can be seen as the minimal set of fields which allows a Dirac mass for the gauginos,
preserves one-loop natural unification of gauge couplings and allows to easily reproduce
the measured Higgs mass.

3.1 Field Content

We start with the MSSM field content, summarised in Table 1.1. As we have described
above, in order to have Dirac Gauginos masses, we must add the adjoint supermul-
tiplets, presented in Table 2.1. More precisely, we associate to U(1)y the singlet
supermultiplet S, to SU(2) the triplet supermultiplets T and to SU(3) the octet su-
permultiplets O. These new multiplets contain new complex adjoint scalars, S, T and

O:

g_ Sk + 1St
V2
A Tr+iTy V2(Tyr +iTyr)
2v2 \V2(T_r+iT-1)  —(Tr+iTy)
(@ | @
o@ _ Or” +10; (2.9)

V2

where the SR,O(RE),TR,T_R,TJ'_R and the SI,Oga),TI,T_[,TH are respectively real
scalar fields and real pseudo-scalar fields.

However, we have now broken the natural unification of the MSSM. As we discussed
previously, the simplest unification group for this model is (SU(3))3. The new adjoint
fields must therefore fit in a 24 adjoint representation' which include several new
“unification” bachelor fields. They consist in an extra Higgs-like doublets 2 R,, Ry as
well as two pairs of vector-like right-handed electron superfields E’; 5 in (1,1); and

E’; 2 in (1,1)_;. The unifications fields are summarised in Table 2.2

!This representation also contain four additional singlets which we will not include here for sim-
plicity, as they are not necessary for gauge couplings unifications.

2The hypercharge are opposite with respect to the Higgs doublet in the MSSM to make comparison
with the MRSSM easier



3. MINIMAL DIRAC GAUGINOS SUSY MODEL : A STEP BY STEP APPROACH 23

Names Spin 0 Spin 1/2 Spin 1 | (SU(3),S5U(2),U(1)y)
DG-octet | O (0] Xg (8,1,0)
=7
DG-triplet | T | {70, 7%} (X7 X7} (1,3,0)
[E {W’i, W/O}]
DG-singlet | S S Xs (1,1,0)
=B

Table 2.1: Adjoint chiral multiplet fields.

Names Spin 0 | Spin 1/2 | Spin 1 | (SU(3),5U(2),U(1)y)
Higgs-like Leptons R. Ry, ]zfu (1, 2,-1/2)
Rqg Ry Ry (1, 2, 1/2)
Fake electrons B(x2) E E (1, 1,1)
E(x2) | E £ (1, 1,-1)

Table 2.2: Chiral and gauge multiplet fields in the model.

In order to restrain the possible couplings between the unification fields (which we
will refer to sometimes as “fake” fields in relation with the Fake Split SUSY models
which will be introduced in the following chapters) and the MSSM ones, we will give
them a lepton number. We can therefore view these fields as a vector-like pair of left-
handed leptons and two vector-like pairs of right-handed leptons, together with their
companion sleptons.

3.2 Lagrangian

We will sort the various terms in the Lagrangian according to whether or not they
preserve R-symmetry. We remind that the superpotential must carry a R-charge +2.
Therefore, in order for the gauge fields kinetic terms to be R-conserving, one needs
to give R-charge +1 to the gauge field-strength superfields and consequently R-charge
+1 for the gauginos. An important consequence of this simple algebra is that the
SUSY-breaking Majorana mass term for the gaugino also breaks R-symmetry. As we
have already pointed out above, this is not the case for Dirac masses as one can give
R-charge —1 to the additional adjoint fermions. In this case, we conclude that the
supermultiplets S, T and O must have R-charge 0. We can use these results to sort
the different terms in our Lagrangian, as we will see below.

Let us now write the superpotential for our model. It can be decomposed as

W = WYukawa + WDG + WRV + Wunzf (210)
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where Wy yrawe contains the usual MSSM Yukawas part
Wy uhawa =Y UiQjHy = Y;” DiQ;jHy — Y EiLjHy (2.11)
Wpea contains the a priori R-symmetric contributions of the adjoint superfields
Wpe =(u + AgS)HgH, + V2 rH;TH, (2.12)
while Wgy gathers the R-symmetry violating terms
Wgry =LS + %52 + gs?’ + Motr(TT) + Mstr(OO)
+ AspStr(TT) + Ao Str(00) + %Otr(OOO)
— 0 (2.13)

R—symmetry

and Wy, ¢ the terms with the unification superfields:

Waunit =(pr + AsrS)RuRq + 2 A7rR T Rq

+ (g + AspiS) BB + Aspi; SEE] (2.14)

+ AsrriSLiRq + 2ArLri LiTRq — Y, Ry HyE;

~ Y, RaH B} — Yo Li - HiE; — Vi RyHEj
for which we did not fix a priori the R-charge. Notice in particular that the contribu-
tions of the last two last lines of (2.12) couples the new “fake” leptons with the usual
Standard Model ones.

We turn now to the soft SUSY-breaking terms. Suppressing all gauge indices while

retaining generation indices and denoting the complex conjugation of fields by upper
versus lower indices we can have:

e Dirac gaugino masses:

Wsupersoft :/d29\/§0a l:mDISWYa + 2"’7”LD2J51"(’:[‘VV2 a) + ZmDStr(OW?) a) .

(2.15)
e soft terms associated with the adjoint scalars
— AL = mE|SP + %BS(SZ + h.c.) + 2matr(TTT) + (Brtr(TT) + h.c.)
+2m3tr(010) + (Botr(00) + h.c.) (2.16)

1
+[TsSH, - Hy+2TrHy - TH, + gnAHS3 + h.c]+ (tsS + h.c.)

e soft terms involving the new vector-like leptons:
— ALY SN =m, | Rul® + mby, |Ral® + [BrR4Ry + h.c]
+ Bi(m%)iE7 + B (m% ) B} + [BYEE) + h.c]
+ [T SEE; + TspSRaRy + h.c.] . (2.17)
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Overall, this model have even more parameters than the MSSM. It is therefore par-
ticularly important to constrain the parameter space from experimental and theoretical
reasons.

In the following, we will consider that the couplings between the fake and true
leptons, which are given in the two last lines of (2.12) are negligible. Notice that
there are important constraints on them from rare leptons decay and electron dipole
moment [43]. Furthermore, we will suppose that the terms in the last line of (2.16)
are small so that we will not study their phenomenology. Finally, in a R-symmetry
conserving model, one cannot have simultaneously the trilinears Tsg (respectively
Tsr) and the superpotential couplings Agg (respectively Agr) as each term requires a
different R-charge for the fields £ and E’ (respectively R, and Ry) to be R-invariant.
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Chapter 3
Fake Split Supersymetric Models

Split supersymmetry is generally thought to be the simplest extension of the Standard
Model with natural, MSSM-like unification of gauge couplings [8]. However, as we
have shown in chapter 1, constraints from the Higgs mass measurement severely limit
the available parameter space, and particularly the SUSY scale Mg is bounded to be
below 10° — 10° GeV [15,16,17].

Fake Split SUSY models [1,2] (FSSM) were build from the observation that the pre-
vious conclusion of minimality for Split SUSY only applies to the spectrum of particles
and not to their couplings. Indeed, we will show that by considering the same low-
energy particle content but with different couplings one can alleviate the constraints
on the SUSY scale, leading potentially to a “Mega-Split” spectrum.

We will start by studying in detail the model building of Fake Split SUSY Models
in Section 1 by considering two possible realisations, called type-1 and type-II. In
Section 2, we show that contrary to the Split SUSY the Higgs mass does not lead to
any upper bound on Mg. Section 3 summarises our results and draws a comparison
with the usual Split SUSY case.

1 Constructing Fake Split SUSY Models

A strength of Split SUSY-related models is their exceedingly simple low energy field
content. On top of the usual Standard Model particles, one simply adds the fermionic
supersymetric particles, namely the gauginos and higgsinos while the scalar SUSY
particles are heavy. An approximate symmetry is then needed to protect the desired
split spectrum against radiative corrections which could re-instate the light SUSY
fermions at the heavy SUSY scale.

In this section, we present the full supersymmetric field contents of two types
of Fake Split SUSY Models (FSSM) and describe the approximate global symmetries
leading to the splitting. We then further describe the generic Fake Split SUSY effective
theory below the SUSY scale.

1.1 The Full Supersymmetric Theory

We introduce in this section two realisations of the above idea, called FSSM-I and
FSSM-II. They have both a different field content above the SUSY scale and a different

27
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approximate symmetry protecting the splitting. We will then describe their common
low-energy effective below the SUSY, the Fake Split SUSY setup.

a Typel FSSM

In the case of the FSSM-I, the complete supersymmetric theory above the SUSY scale
is related to the MDGSSM we introduced in section 3 of chapter 2 but for the treatment
of R-symmetry and with a different mass hierarchy as we will see below.

Let us start by reminding briefly its field content shown in Table 2.1 and Table 2.2.
We will group the fields in three sets. In the following bold-face symbols denote
superfields.

1. Fake gauginos (henceforth, F-gauginos) are fermions xy in the adjoint repre-
sentation of each gauge group, which sit in a chiral multiplet 3 having scalar
component Y. These consist of: a singlet S = S+ +/20xg+...; an SU(2) triplet
T = Y, T%0%/2, where T* = T + /20x% + ... and 0% are the three Pauli
matrices; an SU(3) octet O = >_, 0% \?/2, where O = O% + v/20x% + ... and
A% are the eight Gell-Mann matrices.

In order to preserve natural unification we further need to add the bachelor fields
described in section 3. For Mg < Mgyt these fields restore the possibility of gauge
coupling unification, because they equalise the shifts in the one-loop beta functions at
Mg of all of the gauge groups relative to the MSSM [51]. They consist in

2. Higgs-like SU(2)w doublets Hj, and H} (henceforth, F-Higgs doublets) with
fermions appearing as fake higgsinos (henceforth, F-higgsinos).

3. Two pairs of vector-like electron superfields (i.e. two pairs of superfields with
charges +£1 under U(1)y) with a supersymmetric mass Mg.

We stress that in contrast to the usual Split-SUSY case — and also in contrast to the
model we introduced in chapter 2 — we do not preserve an R-symmetry. This means
that the gauginos have masses at Mg, moreover the higgsino mass is not protected,
thus a p term of order Mg will be generated for the higgsinos.

However, we introduce an approximate U (1) symmetry under which all the adjoint
superfields and the F-Higgs fields H}, and H/; have the same charge. The breaking
of this symmetry is determined by a small parameter € which may correspond to the
expectation value of some charged field divided by the fundamental mass scale of the
theory (at which Yukawa couplings are generated); in this case we can suppose it
to have charge —1 under U(1)p, this reasoning is familiar from flavour models. The
charge assignments are the following:

Superfield U(1)r charge
H, 0, S,T,0 1
E'12,E12
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As consequence of this approximate symmetry, the superpotential contains a hierarchy
of couplings due to suppressions by different powers of e:

w Wit + po Hu - Ha + Y, U°Q -Hy — Yy D°Q-Hqg — Yo E°L - Hq

e (g Hu - Hy + i, H} - Hq + ¥, U°Q - H,, - VD Q- Hy — Y/ E°L - H})
e (\sSHy-Ha+ 2\ Ha- TH,)
e? (Nsa S Hu - Hy + N, SH, - Ha + 237, Ha- TH{, + 27 Hy - TH,)

+ 4+ 4+ + U

1 ~ R N
62/1”H/u-Hij + &2 [2 Mg S? + My Tr(TT) + Mo Tr(00) | + O(e%) , (3.1)

where Q, U, D¢ L and E€ are the quarks and leptons superfields, Hy, and Hyg the
usual MSSM two Higgs doublets. We have explicitly written the e factors so that all
mass parameters are expected to be generated at Mg and all dimensionless couplings
are either of order one or suppressed by loop factors. The additional superpotential
Wit contains the interactions involving the pairs E’; 5 and E/l,g; these fields are
irrelevant for the low energy theory because their masses are not protected, so are of
order Mg.

We shall not explicitly write all of the soft terms in the model for reasons of
brevity, since they can simply be inferred from the flavour assignments. For example,
for the gauginos, allowing all terms permitted by the symmetries we have unsuppressed
Majorana masses for the gauginos, and then the suppressed Majorana masses for the
F-gauginos EQMS’T,O — and Dirac masses mixing the two suppressed only by ¢, giving
a generic mass matrix of

My ~ O(Ms) ((916 O(e)>. (3.2)

We have a heavy eigenstate of mass O(Mg) and a light one, the F-gaugino at leading
order, of mass O(e2Ms). Requiring that the F-gauginos have a mass at the TeV scale
(for unification and, as we shall later see, dark matter) then fixes e:

TeV

E:O( VS

) . (3.3)
For the adjoint scalars we shall define the explicit soft terms:

—Lecalar soft O m%\S]Z + 2mAtr T + 2m20tr oo

1
+ §€2B5[52 + h.c] + 2Brtr TT + h.c] + e*Bo[tr OO + h.c] . (3.4)

We see that the B parameters are e2-suppressed. This resolves in a very straightforward
way the problem, typical of Dirac gaugino models, of having tachyonic adjoints [27,52,
53].

The Higgs mass matrix can be written in terms of the four-vector
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vg = (Hy, Hq", H),, H}) as

O(1) O(1) Oe) Of(e)

| 0(1) 01) 0k O
“azkert 2 | ol or on) or) | (3.5)

05) 0F) O@E) o)

In the spirit of Split SUSY we tune the weak scale to its correct value and define the
SM-like Higgs boson H as

H, ~ singH +..., H; ~ cosBioc’H* +..., (3.6)
H, ~ e¢H +..., H), ~cic? H* +..., (3.7)

where 3 is a mixing angle and the ellipses represent terms at higher order in €. Notice
that in comparison with 2HDM, MSSM and Split SUSY case, the Standard Model-
like Higgs is now a mixed state of four doublets. However, due to the suppression
of the mixing between the eigenstates by the U(1), symmetry, we can safely neglect
the influence of the fake Higgs doublets. Thus, the Yukawa couplings are unaffected
compared to the usual Split-SUSY scenario. Note that, if we wanted to simplify the
model, we could impose an additional unbroken symmetry under which the F-Higgs
fields transform and are vector-like — for example, lepton number — . In this way we
would remove the mixing between the Higgs and F-Higgs fields. This is unimportant
in what follows, since we are only interested in the light fields that remain.
Furthermore, the presence of a light SM-like Higgs implies at first order in ¢

By = \J(m3y, + 1) (3, + 1) + O(e) - (3.8)

From the discussion above we can then re~ad off tohe mass matrices after electroweak
symmetry breaking. In the basis (B', W'% H!,", H!,") the neutralino mass matrix is !

mB/ 0 €2MZ €2MZ

_ 0 My e2M, 2M,
Me=1 2n, 20, o —u
e2M, &M, —u 0

(3.9)

We see that there is a mixing suppressed by 2 = % For example, if the F-higgsino is

the lightest eigenstate, it will be approximately Dirac with a splitting of the eigenvalues
2
4702 TeV
of order e* Mz /u ~ (MLS) M.

We then write the chargino mass matrix involving the H’ +, H'™ and the charged
F-gauginos W' * and W~. The mass terms for the charginos can be expressed in the
form

— ()" Myzvt + he., (3.10)

where we have adopted the basis v+ = (W', H/}), v= = (W'~, H']). This gives

2
B myr  e° My
Mxi == < EZMW [ )

'From now on, given the smallness of &, we shall not keep explicit track of the numerical coefficients
in front of it, thus we will use €™ as a shorthand for O(e").

(3.11)
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Again we have very little mixing.

Clearly, the mixing coefficients of order €2 in the mass matrices are dependent on
quantities in the high-energy theory that we cannot determine. However, because they
are so small, they have essentially no bearing on the mass spectrum of the theory
(although they will be relevant for the lifetimes).

b Type II FSSM

Having F-gauginos in the low-energy spectrum will in fact be a drawback when dealing
with cosmology, as we will show in the next chapter. We therefore present a second
model which realises the FSSM below Mg, where only the higgsinos become fake. We
shall refer to this as the type II FSSM (or FSSM-II for short).

Since we do not have fake gauginos, the ultraviolet model building is much more
conservative than the FSSM-I; in particular one does not have to appeal to Dirac
gauginos. Instead, we just add two pairs of Higgs-like doublets, H;, H), and R, Rq.
Unification of the gauge couplings at one-loop above Mg is recovered by adding two
pairs of supermultiplets in the representations (3,1)1/5 ® (3,1)_1/3. In total, we have
therefore added two vector-like pairs of 5+ 5 of SU(5). This should be reminiscent of
gauge mediation scenarios, except that here the doublets mix with the Higgs fields.

In order to create a split spectrum, we introduce an approximate R-symmetry with
charges:

Superfields | R-charge
H,, Hy 0
R., Ry 2
H,, H) +1,—-1

Parametrising the breaking of this R-symmetry by a small parameter e, the part of
the superpotential containing the p terms of the three Higgs-like multiplets is

W > (uH,Hg+ ppH, HY)
+ [MuHu Ry + naRy Hd]
+ 5,ufdrF{'u H:j + €,Ude; H; + Eg,uufHu Hél

The R-charges have been chosen so that the mixing terms between H, 4 and R, 4
fields are unsuppressed. This allows the particles described mainly by H, 4 and R, 4
to have masses of order Mg, while H; 4 brovide a pair of light F-higgsinos with a mass
of O(e2Mg). The Yukawa part of the superpotential is given by

W o [Y,U°Q -Hy-Y;D°Q-Hgq—Y,E°L - Hy]
+e[~Y;D°Q Hj — Y, E°L - H}]

which allows a successful mass generation for the quarks and leptons, the SM-like Higgs
obtained from fine-tuning at the electroweak scale must originate from the H, and Hy
multiplets.

Imposing the R-symmetry on the soft terms leads to the suppression of the Majo-
rana gauginos mass by €2 factors (this mechanism is similar to the usual Split SUSY
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one). In the term of the vector vy = (H,,, Hq", H,, H}*, Ry, R};), the Higgs mass matrix
has the following hierarchy

01) 0(1) 0FE) 0F) 02 0@
1 ol 0B o ol o o
€ € 1 1 € €

TaELber 2 | o) oF) o) o) o) o@ | (12
0(?) 0E%) 0(k) 0>() 0(1) 0O

We can tune the SM-like Higgs from the scalar components of H,, and Hy to get
H, ~ sinBH +..., H; ~ cosfBic?H* +..., (3.13)

and the other Higgs-like scalars only enters the linear combination with € suppression.
The fine-tuning condition can therefore be applied on the B), term similarly, with the
exception that the y terms are not e-suppressed compared to the soft masses, leading
to

By~ \J(m3y, + 12) (m3y, + 13) + O(e) . (3.14)
The parameter ¢ is here also fixed by the requirement that the gauginos obtain a
mass at the TeV scale

Tev

e=0( M

). (3.15)

1.2 The Low-Energy Theory: Fake Split SUSY

Focusing on the effective theory below the supersymmetry scale Mg, we can integrate
out all of the heavy states and find that the particle content of the theory appears
exactly the same as in Split SUSY: this is why we call the scenario Fake Split SUSY.

The following discussion will be made for the FSSM type I, but could be made in a
completely similar fashion for FSSM type-II by replacing the F-gauginos by the usual
gauginos. The only difference is that the couplings g, 4 and g;hd will be suppressed by
¢ instead of €2 which does not modify our results.

Above the electroweak scale, we have F-Binos B’, F~-Winos W’ and F-gluinos §’
with (Majorana) masses mz, my;» and mg, respectively, and F-higgsinos ﬁ;,d with a
Dirac mass pu.

We can also determine the effective renormalisable couplings. The F-gauginos and
F-higgsinos have their usual couplings to the gauge fields. The F-gluinos have only
gauge interactions, whereas there are in principle renormalisable interactions between
the Higgs, F-higgsinos and F-electroweakinos. The allowed interactions take the form

t ~ o T; 2

Lo O —%(gu oW+ g, B H, - H\/Z;

Since the gauge couplings of all the particles are the same as in the usual Split-SUSY

case, the allowed couplings take the same form. However, the values differ greatly.
Indeed in our model the couplings are doubly suppressed:

(=gao* W' + g, B") H, .  (3.16)

~/

T~ o~ Gu ~ Ga~ €, (3.17)
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since the terms in (3.16) violate the approximate global symmetry. We recall that,
in the usual Split-SUSY case, we would have instead: §, = g¢gsin(, gqg = gcospg,
Gy, = ¢'sinf and g/, = ¢’ cos 3, where (3 is the angle that rotates the Higgs doublets
H, and H, into one light, SM-like doublet and a heavy one.

The remaining renormalisable coupling in the theory is the Higgs quartic coupling
A, which at tree level is determined by supersymmetry to be

A= i(gQ —i—g'2) cos?26 + O(e?). (3.18)
The tree-level corrections at O(g?) come from the superpotential couplings ;\5 and
A7, and from the O(e) mixing between the Higgs and F-Higgs fields. Additional O(1)
contributions to this relation could arise if the SUSY model above Mg included new,
substantial superpotential (or D-term) interactions involving the SM-like Higgs, but
this is not the case in our models. Similarly, the introduction of Dirac masses can
modify this relation [21], but they are negligible compared to the Majorana ones (see
eq (3.2)). There are, however, small loop-level corrections to eq. (3.18), which we will
discuss in the next section.

The O(e?) corrections to the 9(u,d)s ggu,d) and A couplings are not determined
from the low-energy theory and are thus unknown from the low-energy perspective.
However, in this study we focus on models where the set of F-gauginos and F-higgsinos
lies in the TeV mass range, which corresponds to values of ¢ of the order of

RN il (3.19)

which gives a €2 ranging between 1073 to 1072 when Mg goes from the highest GUT
scale of 10'6 GeV down to 100 TeV, the lowest scale considered here. With such values
of £, we have verified that we can safely neglect the contribution of g, 4) and gE% ato
the running of the Higgs quartic coupling, and that the shift in the Higgs mass due
to the tree-level corrections to A is less than 2 GeV for Mg > 100 TeV, falling to a
negligibly small amount for Mg > 1000 TeV.

2 Higgs Mass Prediction in Fake Split Models

We will study the Higgs mass prediction in Fake Split SUSY models in two steps.
First, we focus on the low energy effective theory, with most input parameters at the
electroweak scales with the exception of tan 3 which is considered a free parameter at
the SUSY scale. In the second place, we will include the full supersymmetric theories
above the SUSY scale with unified input parameters at the GUT scale. We will show
that contrary to the Split SUSY case, this does not lead to stronger constraints on the
SUSY scale.

2.1 An Effective Theory Approach

Our low-energy effective theory has a remarkably small number of parameters. Namely,
the gluino pole mass, the F-Higgsino u term,tan 8 and the SUSY scale, with the Higgs
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mass depending mainly of tan 3, Mg and the gluino mass. This limited parameter
space is however perfectly sufficient since, as we will see now, it is in fact hard not to
get a 125 GeV Higgs in Fake Split SUSY models.

a Implementation

Our procedure for the determination of the Higgs-boson mass is based on the one de-
scribed in ref. [13] for the regular Split-SUSY case. We impose boundary conditions
on the MS-renormalised parameters of the FSSM, at the high scale Mg for tan 8 (and
the electroweak gauginos masses, defined from a GUT relation as we will described
below), where we match our effective theory with the full supersymmetric theory, and
at the low scale M, for the other parameters, where we match the effective theory
with the SM. We then use RG evolution iteratively to obtain all the effective-theory
parameters at the weak scale, where we finally compute the radiatively corrected Higgs
mass. However, in this analysis we improved several aspects of the earlier calculation,
by including the two-loop contributions to the boundary condition for the top Yukawa
coupling, the two-loop contributions to the RG equations for the Split-SUSY parame-
ters, as well as some two- and three-loop corrections to the Higgs-boson mass.

At the high scale Mg, the boundary condition on the quartic coupling of the light,
SM-like Higgs doublet is determined by supersymmetry and given by eq. (3.18). In
contrast with the Split-SUSY case, a large po-term and A-terms are no longer forbidden
by R-symmetry (as the latter is broken at the scale Mg), and the threshold corrections
proportional to powers of |A; — g cot B]?/M g can in principle alter the boundary
condition in eq. (3.18). For very large values of Mg, the top Yukawa coupling that
controls these corrections is suppressed, and their effect on the Higgs mass is negligible.
For lower values of Mg, on the other hand, the effect becomes sizable, and it can shift
the Higgs mass by up to 6 GeV when Mg ~ 10° GeV [14]. This allows us to obtain the
desired Higgs mass for a lower value of tan 8 for fixed Mg, or a lower Mg for a given
value of tan 5. As our main purpose in this work is to study the possibility of pushing
Mg to its highest values, in the following we shall take the stop-mixing parameter to be
vanishing, and we will neglect all of the one-loop corrections described in refs [13,14].

As mentioned in section 1.2, the effective Higgs—(F-)higgsino—(F-)gaugino couplings
Gu, 9d, g, and g, are of O(e?) for the FSSM-I and O(e) for the FSSM-II, we therefore
set them to zero at the matching scale Mg. The RG evolution down to the weak
scale does not generate non-zero values for those couplings, therefore, in contrast with
the case of the regular Split SUSY, the F-higgsinos and (F-)gauginos have negligible
mixing upon electroweak symmetry breaking, and they do not participate in the one-
loop corrections to the Higgs-boson mass. Consequently their precise nature, fake in
FSSM-I and true in FSSM-II does not modify the low-energy effective theory.

Indeed, the electroweak (F-)gauginos and the F-higgsinos affect our calculation of
the Higgs mass only indirectly, through their effect on the RG evolution and on the
weak-scale boundary conditions for the electroweak gauge couplings, and we find that
the precise values of their masses have very little impact on the prediction for the Higgs
mass. On the other hand, the choice of the (F-)gluino mass is more important due to
its effect on the boundary conditions for the strong and top Yukawa couplings.

To fix the soft SUSY-breaking (F-)gaugino masses, we take as input the physical
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(F-)gluino mass My, and convert it to the MS parameter mg evaluated at the scale
Mg according to the one-loop relation

M
my (My) = —55 (3.20)
1+ 77

where g3 is the strong gauge coupling of the FSSM. We then evolve mg up to the
scale Mg, where, for simplicity?, we impose on the other two F-gaugino masses the
GUT-inspired relations

g1(Ms)1? 92(Ms)1?
my(s) = | W) my(01). mg(ats) = | L8] mts) - 321)
We can then evolve all of the (F-)gaugino masses down to the weak scale. For what
concerns the F-higgsino mass p, we take it directly as an MS input parameter evaluated
at the scale M.

We use the experimental Higgs mass M;, = 125.09 =+ 0.24 from the combined AT-
LAS and CMS results [54]. The gauge and third-family Yukawa couplings, as well as
the vacuum expectation value v of the SM-like Higgs (normalised as v ~ 174 GeV in
our code), are extracted from the following set of SM inputs [55,56]: the strong gauge
coupling as(M,) = 0.1184 (in the MS scheme with five active quarks); the electromag-
netic coupling a(M) = 1/127.944; the Z-boson mass M, = 91.1876 GeV; the Fermi
constant G = 1.16638 x 10~° GeV~2; the physical top and tau masses M; = 173.24+0.9
GeV and M, = 1.777 GeV; and the running bottom mass my(m;) = 4.18 GeV. We use
the one-loop formulae given in the appendix A of ref. [13] to convert all the SM inputs
into MS running parameters of the FSSM evaluated at the scale M.

In view of the sensitivity of A to the precise value of the top Yukawa coupling g,
we include the two-loop QCD contribution to the relation between the physical top
mass M; and its MS counterpart m;. In particular, we use:

Mt

mt(MZ) = 2 oy
L e O + gl (O34 CF)

+ 2i(my)EW | (3.22)

where g3 is computed at the scale M, using eq. (A.1) of ref. [13], X¢(m:)®W denotes
the terms in the one-loop top self energy that do not involve the strong interaction,
and

16 M?
C1 = 3_4111%;, (3.23)
2821 16 338 M} M}
oM = T —C2(1+1n4)—7§3—?1nM2 +221n 2M2 ., (3.24)
2 2 2
~ ]9 ms, (13 M;
9 = 24142 In ) 2
© o TE Mz (3 Ty M2> (3.25)

The boundary condition for the top Yukawa coupling of the FSSM is then given by
gt(Myz) = my(My)/v(My). The two-loop SM contribution C5™ in eq. (3.24) is from

2Although the patterns of neutralino and chargino masses are important for collider searches, in
our model they have negligible impact on the Higgs mass and so the exact relation is not important.
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ref. [57], while to obtain the two-loop (F-)gluino contribution C’gl in eq. (3.25) we
adapted the results of ref. [58] to the case of a heavy Majorana fermion in the adjoint
representation of SU(3). For an (F-)gluino mass of a few TeV, the inclusion of Cgl in the
boundary condition for g; becomes crucial, as it changes the prediction for the Higgs
mass by several GeV. Alternatively, one could decouple the (F-)gluino contribution
from the RG evolution of the couplings below the scale Mg, include only the SM
contributions in the boundary conditions for g; and g3 at the scale M, and include
the non-logarithmic part of C’gl as a threshold correction to g; at the scale My. We
have checked that the predictions for the Higgs mass obtained with the two procedures
are in very good agreement with each other.

To improve our determination of the quartic coupling A at the weak scale, we
use two-loop renormalisation-group equations (RGEs) to evolve the couplings of the
effective theory between the scales Mg and M. Results for the two-loop RGEs of
Split SUSY have been presented earlier in refs [59,14,60]. Since there are discrepancies
between the existing calculations, we used the public codes SARAH [61] and PyRQTE [62]
to obtain independent results for the RGEs of Split SUSY in the MS scheme. Taking
into account the different conventions, we agree with the RGE for A\ presented in
ref. [59], and with all the RGEs for the dimensionless couplings presented in section
3.1 of ref. [60]. However, we disagree with ref. [60] in some of the RGEs for the mass
parameters (our results for the latter are collected in the appendix). Concerning the
RGE:s for the dimensionless couplings presented in ref. [14], we find some discrepancies 3
in two-loop terms proportional to g3 and gS.

At the end of our iterative procedure, we evolve all the parameters to a common
weak scale )y, and obtain the physical squared mass for the Higgs boson as

AMQw)
M} = 1-4"
H \/iGF[ (QW)}
- i 1692 (3024 0;,) —3g2 (907 -3¢ +2+7ﬁ
12874 | 098 \W0h TR T O (TR T ok 3
4 4.2 m?2,
y BIY 370 (3.26)

64 Q2

where ¢; = In(m?/Q?2,). The one-loop correction §'*(Qy), which must be computed
in terms of MS parameters, is given in eqs (15a)—(15f) of ref. [63], while the two-
loop corrections proportional to g3g¢ and to g¢ come from ref. [64]. We have also
included the leading-logarithmic correction arising from three-loop diagrams involving
F-gluinos, which can become relevant for large values of mg /Qy . This last term must
of course be omitted if the F-gluinos are decoupled from the RGE for A below the
scale My . In our numerical calculations we set @y, = M; to minimise the effect of the
radiative corrections involving top quarks, but we have found that our results for the
physical Higgs mass are remarkably stable with respect to variations of Q.

3 In particular, in ref. [14] the coefficient of g5 in the RGEs for g¢, gs, g, u and g} should be
changed from —15/4 to —17/4, while the coefficient of g3 in the RGEs for §, and §q should be changed
from —121/4 to —409/12. In the RGE for ), the terms proportional to g5, Ags and g3¢7 should be
corrected in accordance with ref. [59]. We thank A. Strumia for confirming these corrections.
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b Results

Before presenting our result for the Higgs mass, we stress that at the one-loop level,
the running of gauge couplings in our model is the same as in Split SUSY because the
(suppressed) Yukawa couplings only enter at two-loop level. We have verified that the
gauge-coupling unification of Split SUSY scenario is maintained at two loops in our
model.
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Figure 3.1: Higgs-mass predictions as a function of the SUSY scale Mg for FSSM, High-Scale
SUSY and Split SUSY. We set My = u = 2 TeV and tan 3 = 1 or 40. The green-shaded region
indicates a Higgs mass in the range [124,127] GeV.

Higgs mass in FSSM: We find that, in the FSSM, the dependence of the physical
Higgs mass on the SUSY scale Mg differs markedly from the cases of regular Split SUSY
or High-Scale SUSY (where all superparticle masses are set to the scale Mg). Figure 3.1
illustrates this discrepancy, showing My as a function of Mg for Mz = p = 2 TeV.
The solid (black) curves represent the prediction of the FSSM, the dashed (red) ones
represent the prediction of High-Scale SUSY, and the dot-dashed (blue) ones represent
the prediction of regular Split SUSY (the predictions for the latter two models were
obtained with appropriate modifications of the FSSM calculation described in section
2.1). For each model, the lower curves were obtained with tan 8 = 1, resulting in the
lowest possible value of My for a given Mg, while the upper curves were obtained with
tan 8 = 40.

As was shown earlier in ref. [14], the Higgs mass grows monotonically with the
SUSY scale Mg in the Split-SUSY case, while it reaches a plateau in High-Scale SUSY.
In both cases, the prediction for the Higgs mass falls between 124 and 127 GeV only for
a relatively narrow range of Mg, well below the unification scale Mgyr ~ 2x1016 GeV.
In the FSSM, on the other hand, the Higgs mass reaches a maximum and then starts
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decreasing, remaining generally lower than in the other models. It is therefore much
easier to obtain a Higgs mass close to the experimentally observed value even for large
values of the SUSY scale. For example, as will be discussed later, when tan( ~ 1.5
we find that the FSSM prediction for the Higgs mass falls between 124 and 127 GeV
for all values of Mg between 10® GeV and Mgy .

0.3
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0.15 Il
=
0.1 il
Vi,
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Figure 3.2: Running of the Higgs quartic coupling A in the FSSM and in the usual Split-SUSY
case for tan 3 =1 and 1.5. We set Mg = 2x10'® GeV and My = p =2 TeV.

This new behaviour originates in the RG evolution of A in the FSSM, which differs
from the case of Split SUSY. In figure 3.2 we show the dependence of A on the renor-
malisation scale @ in the two theories, imposing the boundary condition in eq. (3.18) at
the scale Mg = 2x10'6 and setting tan 3 to either 1 or 1.5. Even though we impose the
same boundary condition in both theories, the fact that the effective Higgs—higgsino—
gaugino couplings are zero in the FSSM induces a different evolution. Indeed, in Split
SUSY the contributions proportional to four powers of the Higgs—higgsino—gaugino
couplings enter the one-loop part of 8\ with negative sign, as do those proportional
to four powers of the top Yukawa coupling, whereas the contributions proportional to
four powers of the gauge couplings enter with positive sign. For Mg > 10'? GeV, the
top Yukawa coupling is sufficiently suppressed at the matching scale that removing
the Higgs—higgsino—gaugino couplings makes 3y positive. This prompts A to decrease
with decreasing @), until the negative contribution of the top Yukawa coupling takes
over and A begins to increase. We will analyse this result in more detail in section 3.

Vacuum stability: Figure 3.2 also shows that, for values of tan (3 sufficiently close to
1, the quartic coupling A can become negative during its evolution down from the scale
Mg, only to become positive again when () approaches the weak scale. This points to an
unstable vacuum, and a situation similar to the one described in ref. [65]. However, it
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was already clear from figure 3.1 that, for tan § = 1, the FSSM prediction for the Higgs
mass is too low anyway. For the values of tan 8 large enough to induce a Higgs mass in
the observed range, the theory is stable. This is illustrated in figure 3.3, where we show
the contours of equal Higgs mass on the Mg —tan 3 plane, setting My = u = 2 TeV.
The green-shaded region corresponds to a Higgs mass in the observed range between
124 and 127 GeV, while the yellow-shaded region is where A becomes negative during
its evolution between Mg and the weak scale, and the vacuum is unstable. It can
be seen that, for Mg > 10® GeV, a Higgs mass around 126 GeV can be comfortably
obtained for tan # ~ 1.5. The unstable region is confined to values of tan 3 very close
to 1, and only for Mg > 10'? GeV. For lower values of Mg, the top Yukawa coupling is
not sufficiently suppressed at the matching scale and () is always negative, therefore
there is no region of instability.

We investigated how our results are affected by the experimental uncertainty on
the top mass. An increase (or decrease) of 1 GeV from the central value M; = 173.2
GeV used in figure 3.3 translates into an increase (or decrease) in our prediction for the
Higgs mass of 1-2 GeV, depending on Mg. For larger values of My, the observed value
of My is obtained for tan 3 closer to 1, and the green regions in figure 3.3 approach the
unstable region. The size of the unstable region is itself dependent on M; (i.e. the region
shrinks for larger M;) but the effect is much less pronounced. Consequently, raising
the value of the top mass may lead to instability for large Mg (e.g. for Mg > 10'2 GeV
when My = 2 TeV). Considering an extreme case, for M; = 175 GeV we would see a
substantial overlap of the experimentally acceptable regions with the unstable region
around Mg ~ Mgyr. On the other hand, for values of M; lower than 173.2 GeV the
green regions in figure 3.3 are shifted towards values of tan 8 further away from 1, and
the vacuum is always stable for the correct Higgs mass.

Finally, in figure 3.4 we show the contours of equal Higgs mass on the My —tan (3
plane, setting Mg = 2x10'6 GeV and p = 2 TeV. The colour code is the same as in
figure 3.3. It can be seen that the region where the FSSM prediction for the Higgs mass
is between 124 and 127 GeV gets closer to the unstable region when the F-gluino mass
increases. However, the dependence of My on My is relatively mild, and only when
Mg is in the multi-TeV region do the green and yellow regions in figure 3.4 overlap.
We conclude that if we insist on enforcing exact stability and setting Mg ~ 2 x 106
GeV, then obtaining a Higgs mass compatible with the observed value constrains the
gluino mass to the few-TeV region.

Strongly-coupled fake fermions As a related development, one could wonder from
a purely bottom-up approach what could be the effect of relaxing the constraints on
Gu, Jd, g, and g, and simply choose to fix them at the SUSY scale as

J1u = €9’ sin 8 J1a = €' cos 3 (3.27)
Gou = €gsin 8 Goqa = €gcos 3

where € is a free parameter, which we can use to interpolate between the FSSM case
(€ ~ 0) and the Split SUSY one (€ ~ 1). For bigger values of € > 1, we have a new region
of the parameter space, in which the running of the Higgs quartic runs very quickly to
zero (which could hypothetically allow to fit this low-energy model in a Gauge-Higgs
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Figure 3.3: Contour plot of the prediction for the Higgs mass on the Mg —tan 3 plane, for
Mg = p = 2 TeV. The yellow-shaded region indicates where A\ becomes negative during its
running between Mz and Mg. The green-shaded region indicates a Higgs mass in the range
[124,127] GeV.
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Figure 3.4: Same as figure 3.3 on the Mg —tan 3 plane, with Ms = 2x 10'® GeV and p =2
TeV.

unification approach, with the SUSY scale Mg replaced by a compactification scale).
The Higgs mass can be easily determined as a function of the UV scale M and of the
parameter €, this is shown in Figure 3.5.

2.2 A Complete Treatment

Let us summarise our results so far. We have defined a model — the FSSM — which
has the same particle content at low energies as Split SUSY, but has a substantially
different ultraviolet completion and also low-energy phenomenology:

We have found that a standard-model-like Higgs boson with a mass around 125
GeV can be obtained for low values of tan 3. For low values of Mg, the exact value
of tan (8 is subject to modification that we estimated when considering the presence of
additional contributions to the quartic Higgs coupling from the unsuppressed A-terms.
For larger values of Mg, the latter contributions are negligible.

One crucial element is missing in this picture though: we have left aside the theory
above the SUSY scale and focused directly on the low-energy effective theory. Indeed,
we know from the works on the Mini-Split [15,16,17] that the RGE of the complete
theory above Mg constrains the allowed range of values for tan 3, therefore increasing
the constraints on the Higgs mass. We will now show that in Fake Split SUSY Models,
including the full SUSY theory above Mg does not lead to increased constraints.
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Figure 3.5: Higgs pole mass as a function of the UV scale M¢ and of the strength of the
Yukawas coupling for F-Higgsinos €. We have chosen tan g = 1.

a Obtaining tan

In Fake Split SUSY, the situation is different from the Split SUSY tension between
unification and Higgs mass we presented in the last chapter although the details depend
upon the high-energy theory:

e In the FSSM-I, we have

2 2 -B
det | H. T ol s M5 |20 — tanf=
—B, miy, + |1ol

as above but now unification only requires the fake-higgsino mass parameter p
to be small which differs from pg. This means that provided pg is sufficiently
large it is not important whether m%{u becomes negative; we will always have a

stable vacuum solution, and generically tan 5 ~ O(1).

In addition, there is no R-symmetry protecting the masses and thus the RGEs
take on the full dependence:

d
167T2d10g,um%{“ = 6|yt|2(mH5 + mé +mi + A7) — 695 My — 2g3 My + 2g3-tr(Ym?)
(3.29)

where the trilinear mass A; and gaugino masses M 2 are not suppressed. These

can reduce the tendency for m%{u to become tachyonic in Split SUSY models.



2. HicGs MASS PREDICTION IN FAKE SpLIT MODELS 43

e In the FSSM-II, we have instead an R-symmetry which protects the trilinear
scalar masses and gaugino masses, and neglecting terms of O(g) we have

2 2 _B m2 + 2
det [ "Hu * [l o M5 ] =0 — tanf= fdimdg. (3.30)
—B, my, + |l miy, + [l

As in the FSSM-I, since ,, 4 ~ Mg there is no incompatibility with unification
and obtaining tan § ~ O(1).

Therefore there should be no impediment from taking the soft masses to be gen-
erated at the unification scale. In the following, we will consider the predictions from
a scenario where this is the case: we will take a common scalar mass mg, common
gaugino mass M/, and (in the FSSM-I) a common trilinear mass Aj at that scale and
investigate the consequences for the Higgs mass and dark matter.

b Implementation

The Higgs mass along with the low-energy spectrum are computed using a two-fold
procedure. On one side, we compute the running between the electroweak scale and
Mg. On the other side we compute the running between Mg and the unification
scale. The consistency of the computation is insured through proper matching of the
boundary conditions at Mg.

Running parameters between the electroweak and the SUSY scale are obtained
using the code described in the previous section where boundary conditions are imposed
both at Mg to match the SUSY region predictions and at the electroweak scale to
match the SM inputs. RGEs are then solved iteratively (using numerical routines
from SPheno [66,67]) until we reach a solution satisfying both boundary conditions at
the required precision.

The RGEs above the SUSY scale have been obtained using the public code SARAH (see
ref. [68,69,70,71,61] and ref. [72]).

Our input parameters are the following

e The F-Higgsino p-term,
e The true Higgsino pu-term, pu ~ Mg

e The unified F-gaugino Majorana mass my, and the usual unified gaugino mass
M /5. In the FSSM-I, only the F-gaugino mass is at the TeV scale while the
gauginos are at the SUSY scale. In the FSSM-II, the gaugino mass is suppressed
down to the TeV scale as seen in the previous section.

e The SUSY scale Mg, which also serves as a unified mass scale for all SUSY-
breaking scalar mass terms (but those for the Higgs doublet in the NUHM case)

e The unified trilinear coupling Ag.

The small parameter ¢ is defined from the (F-)gauginos mass

T in the FSSM-I

> (3.31)

/A2 in the FSSM-IT
S
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so that the mass of the light gauginos-like particle is O(Me?) ~ O(1) TeV.

Since the low-energy spectrum contains only F-higginos and (F-)gauginos, most of
the parameter space in the UV is redundant. As a simplifying assumption, we use p
as a common scale for all unsuppressed superpotential p-like and By-like terms, py/e
for all superpotential terms e-suppressed and py for the e2-suppressed terms.

One subtlety is that even if the F-higgsinos are to leading order in ¢ directly derived
from their UV counterparts, their masses should formally be obtained by diagonalis-
ing the mass matrix for the higgsino-like particles. In order to make sure that our
simplifying assumptions do not turn into fine-tuning (which happens when the deter-
minant of the mass matrix becomes zero), we made the following choice in the FSSM-I
(the FSSM-II being free from this issue): the F-higgsino p-term is py and the mixing
between fake and usual Higgs doublets are defined as ’g—g We take B, = ,u?c. This
choice does not modify the low-energy physics and allows us to make sure that py
really controls the mass of the F-higgsinos in the low-energy theory.

A similar issue arises when diagonalising the gaugino mass matrix, so in the FSSM-
I the gauginos’ Dirac masses are defined suppressed by a loop factor at ﬁm fg- This
choice similarly allows us to make sure that my, controls the mass of the F-gauginos
in the low-energy theory.

The Bj-term for the Higgs doublets is fixed at the SUSY scale by the requirement

of having a light SM-like Higgs

By ==/ (myy, + p2)(m3;, + 1) (3.32)

where p, = pg = p in the FSSM-I case and we have neglect e-suppressed contributions.
The light eigenstates are predominantly composed of the original Higgs doublets
and contain fake doublets only at O(e). Hence, the mixing angle [ is given by

m2, + u2
tan § = | —da U (3.33)
my, + K

and it is used to parameterise the Higgs observables, mass and Yukawa couplings. The

variation of tan § allows to reproduce the cases with u, # ug as well as non-universal

Higgs masses (NUHM) set-up, where m%{d and m%[u have different values at Mgyr.
Supersymmetry predicts the SM-like tree-level Higgs quartic coupling at Mg via

equation:

1 N
AMs) = ; (9 +97) cos”28 + AN + AN 4 0. (3.34)

The corrections O(g) are always negligible in this work, however the loop contributions
can play a role. At one loop, we have the leading stop contribution given by

3yt m2 m?] -
AD) t {1 @ Us L o(X 3.35
- |A;—7i cot B2

where y; is the top Yukawa coupling, X, and the dependence on this can

mQBmUS
be found e.g. in [16]. Since the stop contribution is the most important, we make the
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standard convenient choice of using it to define Mg = ,/mg,my;. In the FSSM-II , A;
and p term are suppressed by the R-symmetry, so we can safely take X; ~ 0. In the
FSSM-I, however, both are in general quite large; we have estimated the shift of the
Higgs mass to be at most 4.5 GeV when when Mg ~ 100 TeV and at most to 1 GeV
when Mg ~ 108 GeV. In most of our plots, A; and p are chosen to be equal to Mg at
the GUT scale so the shift is further reduced to circa 2 GeV even for Mg ~ 100 TeV.

Other threshold corrections include terms from decoupling the heavy MSSM parti-
cles and changes of the renormalisation schemes from DR to MS. For the case of Split
SUSY, the expressions are given in [16]. We have found the effects in our models to
lead to a sub-GeV contribution to the Higgs mass so they have been neglected; how-
ever it would be interesting to be able to compute these contributions for our model
to completely assess their effect.

¢ Results

The Higgs mass as a function of Mg is shown in Figure 3.6 (where all heavy mass
parameters have been taken to be equal to the SUSY scale). We first observe that we
obtain a slightly higher Higgs mass than in Figure 3.1 as the running from the GUT
scale produces somewhat heavier gluinos which in turn increases the Higgs mass as
shown in Figure 3.4. In the plot, it is useful to note that the curves exhibit plateaux
so that by choosing the right value of tan 3 between 1 and 5 we can reproduce the
desired Higgs mass for any SUSY scale up to the GUT scale.

If we suppose unification of the Higgs masses at the GUT scale (so that m7; ~ m%{d

and p, ™~ pg), then tan 3, all parameters in (3.33) are of the same order, and we predict
that generically the value of tan 3 is close to 1. This can be seen in Figure 3.7 where
we have plotted tan § in the FSSM-I as a function of the SUSY scale Mg and the
A-term at the GUT scale Ag. We see that in most of the parameter space tan g is
between 1 and 1.4. The increase in the right part of the plot show that for a larger
value of Ay, m%lu + p can run close to zero. In principle, by varying mg and Ag in
the FSSM-I we can find values of tan § > 2, potentially allowing values of the SUSY
scale lower than 10° GeV without requiring a breaking of the universality of the soft
masses at the GUT scale. Figure 3.8 illustrates the effect of the running of the Higgs
soft masses: in both the FSSM-I and the FSSM-II the renormalisation group evolution
does not greatly separate these masses leading to a tan § ~ O(1). Note that the longer
the running above Mg, the higher the predicted tan §, which in turn raises the Higgs
mass at tree level. Hence for small values of Mg it is natural to have larger values of
tan G, and for larger Mg we expect tan 3 ~ 1, both compatible in this model with the
observed Higgs mass.

As we discussed above, unification in both models is ensured at one-loop. At two-
loops it is also well preserved, as can be seen from Figure 3.9 where we have plotted
the unification scale as a function of the SUSY scale Mg, along with |g1 — g3|/g3 at
the unification scale of g; and g3. A percent level unification can be obtained for all
Mg for FSSM-I and above 107 GeV for FSSM-II. The unification scale itself remains
of the order of 10'6 GeV.
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Figure 3.6: Higgs pole mass as a function of the SUSY scale, all parameters at the GUT scale
have been set to be equal to the SUSY scale. The low energy spectrum is taken as mg =1
TeV and py =1 TeV. We consider a Non Universal Higgs Mass (NUHM) scenario in FSSM-II
so that we fix directly tan 3 at Mg to 1 for the lower curve and 5. for the upper one. The
shaded region gives the variation from a 2¢ variation in the top pole mass. The green band
corresponds to the measured Higgs mass.
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Figure 3.8: Running masses mj;, /M3 and m%{d /M2 in the FSSM-I (bold lines) and the
FSSM-II (normal line) at the SUSY scale as a function of the Mg. All UV parameters are set
to be equal to the SUSY scale.
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Figure 3.9: Evolution of the unification scale as well as the precision of the unification
(lgr — g3]/gs in percent at the point where g1 and g2 unify) as a function of the SUSY scale
Ms. All UV parameters are set to be equal to the SUSY scale.

3 Summary and Conclusions

Let us close this chapter by briefly reviewing the main aspects of the Higgs mass

prediction in Fake Split SUSY models and comparing them with the usual Split SUSY
case.

3.1 Easing the Split SUSY Higgs Mass Constraints with FSSM

We have presented a way to rescue the original idea of Split SUSY: allowing an arbitrary
value of Mg and an arbitrarily large splitting in the sparticles masses. This is one aim
of FSSM [1] and [2]. There are different realisations of the FSSM scenario (see also [39]
for yet another different realisation and for a motivation of fake gluinos):

e FSSM-I: both the higgsinos and gauginos are swapped for fake gauginos (hence-
forth F-gauginos) and fake higgsinos (henceforth F-higgsinos).
1. The fermions remain light because of a U(1) flavour symmetry
2. The F-gauginos are Dirac partners of the gauginos

3. Higgs-F-higgsino-F-gaugino Yukawa couplings g, 4, g;’ 4 are suppressed by
(TeV /Mg)?

4. Two pairs of vector-like electron superfields need to be added at Mg to
insure unification.
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e FSSM-II: Only the higgsinos are swapped for fake higgsinos.

1. The fermions remain light because of R-symmetry charges

2. Higgs-F-higgsino-gaugino Yukawa couplings gy, 4, QL’ 4 are suppressed by (TeV /Mg)
3. Two pairs of Higgs-like doublets needed for the F-higgsinos
4

. Two pairs of (3,1);/3® (3,1)_1/3. In total we have added a vector-like pair
of 5+ 5 of SU(5) to insure unification.

The success of FSSM is illustrated in Figure 3.1. Here, we would like to pinpoint
the origin of the differences in the predictions for the Higgs mass. While in Split SUSY,
the Higgs mass regularly increases with Mg, the increase is way flatter in High Scale
SUSY and the curve even exhibits a plateau for the FSSM.

In order to understand the hurdles met when trying to reproduce the correct Higgs
mass with an arbitrary high Mg, let us understand the way A evolves, shown in Fig-
ure 3.2. The various contributions to ) at one-loop can be roughly classified as?:

1 - ~
T 1202+ A(1202 + (- G2 ) = (g% )+ (gt ) = (gt ) =122
™ ——
= Bquartic = ﬂg = ﬂg = /Bt
(3.36)

where (---g"---) and (---g"---) contains contributions from contains gauge cou-
plings and Higgs-higgsino-gaugino Yukawa couplings, respectively. Fixing A at Mg
and evolving it down to the electroweak scale, positive contributions tend to bring
A towards lower values while negative contributions increases the Higgs mass. Two
different effects explain the discrepancies between Split SUSY, High-Scale SUSY and
FSSM:

1. Compared to Split SUSY, we see that both FSSM and High scale SUSY have
vanishing (---g"---) terms. This decreases (5)(Mg) in the Higgs scale SUSY and
FSSM case.

2. High scale SUSY has smaller gauge couplings than FSSM and Split SUSY: these
have extra fermions below Mg which contribute in RGEs to push the couplings
towards higher values.

These corrections are enhanced by a “domino” effect. At one-loop the top Yukawa
coupling y; beta function ; has a positive contribution from (---g§"---) terms and a
negative one from g3. Since y; is fixed at the electroweak scale, a smaller 3,, means
a smaller y; at Mg. The split between different contributions to the [-functions is
presented in Figure 2.

To summarise, the success of FSSM rests on simultaneously switching off the hig-
gsinos Yukawa couplings while conserving stronger gauge couplings than High scale
SUSY thanks to the presence of extra states at the TeV-scale.

4Studying Bx at one-loop is enough to understand the two main mechanisms discriminating the
three cases in Figure 1.
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Figure 3.10: Left plot : 8\ at Ms for tan 8 = 1 in the case of Split SUSY, High scale SUSY
and FSSM-I as a function of Mg. Right plot : Decomposition of 8\ at Mg into its various
components B¢, B4 (superposed for FSSM and Split SUSY) and 3; as a function of Ms.

Finally, it is easy to see that low value of tan § are natural in FSSM, while this is
not the case the Split SUSY models. At the SUSY scale, tan (§ is defined fixed by the
requirement that one Higgs has a mass at the electroweak scale. In Split SUSY this
fixes

d
quu + |uf? quu

2 2
m4; + m
tanﬁ = 71{ |'u/| ~ Hd

since higgsinos are light. Renormalisation group evolution of m%,d and m%{u, particu-
larly due to the large top Yukawa coupling, then generates a tan 3 > O(1). On the
contrary, in FSSM, we have

my, + |pal?

tan 8 = | —Ha T4
& mi 4 |pul?

with pg = py, in the FSSM-I and p,,, g >~ Mg since they are unrelated to the low energy
spectrum. Note that the longer the running above Mg, the higher the predicted tan 3,
which in turn raises the Higgs mass at tree level. Hence for small values of Mg it is
natural to have larger values of tan 3, and for larger Mg we expect tan 3 ~ 1.

3.2 Conclusive Words

In this chapter, we have investigated Fake Split-Supersymmetry Models (FSSM). The
main motivation is their extremely robust prediction of the correct Higgs mass in an
impressive range of values of the SUSY scale Mg, something that can not be obtained
in the original Split SUSY or High scale SUSY models.

We have presented two realisations of such models. The original FSSM-I which in
the UV is a Dirac gaugino model with an extra flavour symmetry, and the FSSM-II
where only the higgsinos are fake but not gauginos. While the first type is based on the
Dirac Gauginos framework, the second type involved a much simpler UV completion
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with a small number of additional matter fields and the hierarchy in the spectrum
which is ensured by an approximate R-symmetry.

Next, we implemented both models, along with their UV completions in a code to
determine the pole Higgs mass and all of the spectrum at low-energy. Once again, we
stress that the Higgs mass prediction in these models is very robust. For unified masses
at the GUT scale, tan 3 ~ 1, all SUSY scales above 10° GeV give a 125 GeV Higgs. If
one allows values of tan 8 between 1 and 5, we have show that a 125 Gev Higgs can
be “predicted” without constraints on the SUSY scale. We have finally checked that
unification was preserved at a percent level at two-loops.

Overall, it seems very difficult to constrain the SUSY scale in Fake Split SUSY
model from the Higgs mass measurement in stark contrast to the usual Split SUSY
case.
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Chapter 4

Fake Fermions and Cosmology

Since Fake Split SUSY models are incredibly effective in predicting the accurate Higgs
mass, one should look for other ways of constraining their parameter space. In this
chapter, we will give a closer look on the cosmology of FSSMs, investigating various
Dark Matter candidates and showing how the (F-)gluinos life-time can be used to put
strong bounds on the SUSY scale.

We shall assume that the universe has a standard cosmology, i.e. any hidden sector
heavy particles decay well before dark matter freezes out — since we are considering high
SUSY scales this is typically the case. We then populate the dark matter abundance
of the universe with the lightest neutral stable fermion in our model, or at least do
not overpopulate (as in the case of underabundant dark matter, the remainder could
consist of axions or other hidden-sector particles).

We recall here that the field contents below the SUSY scale is simple and con-
sists of: the Standard Model field contents; Fake Higgsinos, with the same quantum
numbers (1,2,1) and (1,2, —1) than usual Higgsinos doublets; gauginos-like particle
which can be either the true gauginos or new, fake gauginos (henceforth written F-
gauginos) with quantum numbers similar to the usual supersymmetric gauginos. We
stressed that while we have adopted names reminiscent of a supersymmetric setup, the
Yukawas between the (F-)gauginos, (F-)higgsinos and the Standard Model Higgs are
not constrained by supersymmetry. Our Lagrangian contains:

HT . S HTio?
—(guo*W'*+g, B H, —
Nk GuB) Hu= =75

where W’ and B’ are the (F-)Winos and (F-)Binos, H' the F-Higgsinos and the cou-
plings g are fixed at the SUSY scale as:

Lo D — (—gac®W'*+§' 4B H'y, (4.1)

g, = €g’'sin 3 gy =€ cos 8 (4.2)
gu = €gsin 8 Ga = €gcos 8

where 3 and € are free parameters of our model.
In the rest of this chapter, except when dealing with baryogenesis and when we
explicitely mentioned it, we will consider € ~ 0. More precisely, if the gauginos-like

particles are F-gauginos (a situation refered to as type-I), we will have € ~ % and

93
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if they are the original gauginos (type-1I), € ~ ,/%. While the two types were

behaving similarly when dealing with the Higgs mass, we will see that assuming a
standard cosmology, the life-time of the gluino-like particle will put distinct bounds
on them.

We start this chapter by presenting the relic density of various dark matter can-
didates in Fake Split SUSY models in section 1. Then we consider other cosmology-
related bounds on FSSMs in section 2. Finally we deal with the possibility of Elec-
troweak Baryogenesis in the context of FSSMs in section 3

1 Dark Matter Relic Density in FSSM

1.1 The WIMP Idea

Supersymmetry is well-known for providing plenty of Dark Matter candidates in the
form of Weakly-Interacting Massive Particles (WIMPs). Such particles can explain the
current Dark Matter relic density measurement from Planck Qh? = 0.1188 £ 0.0010
(see [73]) by a mechanism called freeze-out. We will review briefly this mechanism and
highlight the so-called WIMP miracle.

Let us start with a WIMP particle with mass m and an annihilation cross-section
to any final state of Standard Model particle noted 0. We use the FLRW! metric with
the scale factor @ and Hubble scale H = % to describe the expanding universe.

The Boltzman equations on the phase space density f for the WIMP particle can
be written in the symbolic form [74]

Lif] = C[f] (4.3)

where L is the Liouville operator which measures the change in time of the phase space
density and C is the collision operator which quantifies the creation of annihilation of
particles from interactions.

Since we are only interested in the dependence of the phase density as a function of
time, we can integrate this equation in the spatial components of the WIMP momen-
tum. Supposing that the phase space density is spatially homogeneous and isotropic,
we define the number density n(t) by

3
n(t) =3 / (%3 F(E,1) (4.4)

where the sum runs over all the spin configurations and basically counts the number of
degrees of freedom of our WIMP. After a bit of algebra the Boltzmann equation leads
to the standard result

0+ 3Hn = —(ov)(n® — nzq) (4.5)

where ne, is the equilibrium number density and (ov) is the thermally-averaged cross-
section times velocity. Supposing that decay products are in thermal equilibrium and

!Friedmann—Lemaitre-Robertson—Walker
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that all particles obey Maxwell-Boltzmann statistics, we have

foq(BE.T) =€ T (4.6)
dpr B

Neq :g/ (27T)3€ T (4.7)

and
2 3 3
g d°py d’p2 _Ey+Ey
(ovy = 2 / / (ov)e=F (4.8)
ngq (2m)3 (2m)3
with
(p1 ‘pz)z —m?

and we have replaced the sum over the spin states by the number of degrees of freedom
g- Traditionally, one then trade the variable n for Y = = where s is the total entropy
density of the universe. Indeed, expansion of the universe naturally dilutes the number
density as a®. Supposing expansion to be isentropic, the entropy per comoving element
S o sa® is constant leading to s o< a2. The variable Y is therefore proportional to
the number density of WIMP per comoving volume element. Furthermore, during the
radiation-dominated era, time and temperature are related by

t= 0.301%%‘1/2 (4.10)
with my; is the Planck mass and g, the effective number of relativistic degrees of
freedom in the thermal bath defined as

(1) = g+ -3 (411)
b f

with the first (second) sum running over all bosonic (fermionic) relativistic degrees of
freedom. For example g, = 106.75 in the complete Standard Model. One can therefore
further replace t by x = 7% so that eq. (4.5) now reads
ay  (ov)
ox  xH
This equations tells us that when the annihilation rate (ov) fall below the Hubble rate
during inflation, the number density for comoving volume element essentially “freeze-
out”.
The analytic approximate solution for the temperature at “freeze-out” is given by

(Y>-Y2) (4.12)

-1
T % - [ln(0.038 \/’L Mp<av>)] ~ 20 (4.13)

O«

where the approximate value of x; use the usual cross-section for a WIMP. After the
freeze-out, if there is a residual annihilation of relic particle, one needs to use

J(zs) = /a: RO (4.14)

2
! x
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to finally obtain the present day number density

N
Yoo ~ 3.8V . (4.15)
g mpJ(zg)m

We can now report the result in the relic abundance to find:

h? « soh? 1
Qn? = PIZ _ g g V950 . (4.16)

Pc g Pec mle(-rf)

Using the numerical values for the entropy density sy = 2890 cm? and the critical
mass density p. = 1.05 x 107°h? GeV cm 2 and supposing that there is no effective
annihilation after freeze-out, we can directly integrate J and find

2 10737 cm?

Qh? ~ (4.17)

(ov)

Now consider a simple scenario in which the WIMP candidate can only decay through
a coupling y to a heavy mediator of mass mg, the s-wave annihilation cross-section is

given by
4,02
y*m
(ov) ~ T — (4.18)
-
2 /2TeV\*
Y\ 200Gev me ’

so that SUSY neutralino are exactly in the right ballparks to reproduce the observed
relic density of Dark Matter. This is such an impressive coincidence that it has earned
the name of WIMP miracle.

We close this review by discussing a famous exception to the previous result which
will be used in the next section: the co-annihilation setup. We consider two Dark
Matter candidates y; and yo with a small positive mass difference dm = mo — m; <
(mg2 +mq)/2 (usually below 10%). We now have also the following available processes

Xj < xiXX'
xiX — i X' (4.19)
xixi = X'X
where X, X' is any Standard Model particles, supposed to be relativistic at freeze-out.
We note the cross-section for the first processes o;;. Ultimately, all x2 will decay in

the lightest particle x1. It was shown in [75] that in this case, one must replace in
previous calculation the annihilation cross-section o by

Oepp =D oyrirt (4.20)
tj
where 7? is the proportion of x; in the Dark Matter density at equilibrium, namely
i g g1+ M) exp(—zA)

= 4.21
Sk, 3 gn(1+ Ap)P exp(—wAg) (4.21)

r
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with A; = (m; —my1)/mq. This effective cross-section can be vastly different from the
original one. For instance, suppose we have g2 X agay a’o11, for a > 1 this leads
for almost degenerate particle to as sizeable enhancement of the cross-section

a2
g =01l7 7 o
SN0 91/g2)?
and reciprocally to a decrease of the cross-section for ¢ < 1. This co-annihilation
region is particularly important for (F-)Bino dark matter as we will see below.

(4.22)

1.2 Application to FSSM

Being derived from a supersymmetric theories, Fake Split SUSY models have natural
WIMP candidate in the form of the lightest SUSY particle, called Lightest SuperPart-
ner (LSP). We present in this section the possible candidates and determine their relic
density.

a Dark Matter Candidates

At low energies, the non-SM fields in the FSSM are organised into a set of neutral

. . . . DI OTE 5,0 ;3,0
fermions — neutralinos — and charged ones — charginos. In the basis (B', W'Y, H," H/,")
the neutralino mass matrix is

~/ ~/
gdv guv
Mz 0 -2 Zu
B ~\/§ ﬂ
0 m., Jv_gu
voV2 V2

Mo = g daw . ) (4.23)
VI o2 8
Gu¥  _guv 0

vz v

We can express the chaljgiino mass matrix involving the F-higgsinos H’ +, H'™ and
the charged (F-)gauginos W’ in the form

— ()" M=ot + he., (4.24)

where we have adopted the basis vt = (W', H’}), v~ = (W'~, H']). This reads

My = (va gzﬂ’). (4.25)

Here the crucial difference to Split SUSY is the suppression of the F-higgsino Yukawa
couplings g, 4 and g;’ 4 (by € for the FSSM-II and &2 for the FSSM-I), which results in
rather different dark matter phenomenology. Our WIMP candidate will be the light-
est eigenstate of the neutralino mass matrix (4.23). We will consider three standard
possible scenarios for a viable Dark Matter candidates:

e Scenario H|py: F-higgsino LSP.
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e Scenario W|py: (F-)Wino LSP.
e Scenario B/H|py: a mixed F-Bino/F-higgsino LSP, with a small splitting.

Notice that a priori, one can also have a mixed Bino/Wino dark matter which
gives the correct relic density. But since we expect generically that the gaugino mass
hierarchy is fixed by the chosen mechanism of supersymmetry breaking, one does not
have the freedom to tune the (F-)Bino / (F-)Wino mass ratio as can the (F-)Bino
and the F-higgsinos masses in the scenario B/H |py. We shall not discuss here such a
scenario.

In the setup of V~V|DM, since the RG running would naturally induced a Bino LSP,
one has to consider non-universal gaugino masses (NUGM) mass hierarchy at the GUT
scale. For practical purposes, we will consider unification at Mgy between the Wino
and gluino masses but suppose that the SUSY breaking mechanism induces a larger
Bino mass. The latter becomes an extra parameter which has no impact on the Higgs
mass and on the Dark Matter constraint, as long as it is heavy enough not to be the
LSP. In the following, when dealing with scenario W\DM, we take Majorana mass for
the (F-)Bino M; = 10 TeV at the GUT scale, which translates into a Bino of roughly
5 TeV at the electroweak scale.

Finally the scenario B/H|py relies on co-annihilation between the higgsinos and
Binos to avoid overproduction of the latter. This implies that the Bino mass must be
chosen precisely to reproduce the correct relic density. Evaluating fine-tuning from the
simplest definition:

B ONh* mp
~ Omg Qh2’

(4.26)

we found A ~ 20 — 40 in the scenario B/H|py (depending on Mg and on wether or
not one consider FSSM-I or FSSM-IT), while we have A ~ 1 in the scenarios H|py and
A ~ 2 in W|py, indicating that this scenarios is ten to forty times more fine-tuned
than the two others. It however offers other virtues, such as avoiding the constraints
from direct detection which apply for H|pys.

b Relic Density Results

In Split SUSY models, the LSP abundances are governed mainly by gauge interac-
tions that are the same for true and fake gauginos/higgsinos. The suppressed Yukawa
couplings are expected to play a minor role. In that case, one can use the standard
expressions [76] to obtain a rough estimate

5 My \?
for Wino-like DM and
" 2
Qzh* =0.10 (1 TeV) , (4.28)

for higgsino-like dark matter.
In order to compute the relic density with a better precision, we have used routines
from the public code micrOMEGAs [77] to compute the relic density in the three scenarios
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described above. We used SARAH [70] to generate the CalcHep file which was taken
as an input by micrOMEGAs. We take for the relic density the Planck 2015 value [73]
Qh? = 0.1188 £ 0.0010; clearly the theoretical uncertainty stemming from higher-order
corrections is many times larger than this — the contours could potentially move by
potentially as much as 50%. However, we do not show this uncertainty in the plots
because it is difficult to estimate, and because the important point is the relationship
between the parameters.

In scenarios H |pm and W|DM, our results are fully consistent with the previous
approximate formulas. In order to recover the correct relic density at 3o, we need to
have an F-higgsino pole mass between 1110 GeV and 1140 GeV or a (F-)Wino pole
mass between 2390 GeV and 2450 GeV.

1400
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Figure 4.1: Visualisation of the constraints coming from gluino life-time, from the require-
ment of a 125 GeV Higgs pole mass, and from obtaining the correct relic density. We further-
more represent the separation (Black diagonal line) between a Bino LSP and a Higgsino LSP
We use a fipole - mp plane, where mp is the Bino pole mass and pipole is the Fake Higgsinos
pole mass. The SUSY scale Mg has been chosen at 10'® GeV. Calculations has been done in
the FSSM-II.

Since the (F-)Bino cannot annihilate except through mixing, in the B/H|py sce-
nario we therefore require co-annihilation to obtain the correct relic density. However,
differently to other SUSY scenarios, when we have co-annihilation so that |gpole —
mp| S Ty, the mixing is in general still very small. Indeed in the FSSM it is controlled
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~/
gu,dv

_Tuwd (4.29)
|l — M

For example, if we take Mg = 10 GeV then ¢ ~ 1073 so for (|u| — mp) ~ v we
have mixing in the FSSM-II of ~ 1072 and in the FSSM-I of ~ 1076 Since as usual
Ty ~ m/20 ~ O(10) GeV for m the LSP mass, the enhancement of the mixing is
only O(10) — which for small values of ¢ still leads to negligible mixing of the Bino/F-
higgsino. Only when Mg is rather low and in the FSSM-II, or in the case of very
small mass differences, smaller than that required to allow co-annihilation, will we find
appreciable mixing. Overall, we conclude that in the scenario B / H |pMm, the LSP is in
fact almost a pure (F-)Bino dark matter.

We now show that (F-)Bino is nonetheless interacting enough to be kinetically
thermalised in most of the interesting parameter space of the FSSM. Pure higgsinos
have an annihilation cross-section given by

4
(T7v) 2512QTH2(21 + 3tan? Oy + 11 tan’ ) (4.30)

and their interactions freeze out at the typical temperature of Ty ~ p/x¢ where x¢ =
m/Ty ~ 25. So if the Bino has a similar mass but weakly mixes, let us approximate
the ratio I'/H = n{ov)/H for processes involving it near the freezeout temperature
and put m ~ Myy:

I'(B 4+ H — SM fermions) §;7d2 (mT)3/2e=m/T

~ ~ 10" x g, /2
H M, 1.66,/g.T2/Mp Fud
T(B+SM — H+SM) .4 T° 16 - 2
7] M2, T2/Mp % Gud (4.51)

so the first process is always frozen out well before the higgsino interactions, but the
second will remain important for Mg < 101! GeV in the FSSM-I and for any value
of Mg up to the Planck scale in the FSSM-II. This means that the Bino remains
thermalised even if its annihilations are ineffective. Notice that Mg > 10! is at any
rate generically ruled out in the FSSM-I by constraints on the F-gluino life-time, as
we will see below.

We can therefore calculate the relic density rather straightforwardly following the
procedure described at the end of section 1.1:

8.7 x 10~ HGeV 2
\/gif;;’ dex=2(ocfpv)

The integral over temperatures after the freezeout (in the denominator) can be impor-
tant as there can be a significant reduction of the dark matter density.

Let us define Q.h%(= 0.1188) as the observed dark matter density fraction, and
te the value of p that matches this for a pure higgsino. Then for our case we can
approximate

Qh? ~ (4.32)

2
1
(Oepfv) = r%(aﬁgm ~ 7"%[ x 8.7 x 107"z / /9. X (7;) WY (4.33)
C
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so that

Qh? )2 1
— ~ = . 4.34
Q.h? (,uc> xy f;: dx r%/xQ ( )

Therefore if we plot the contour matching the relic density in the Bino-higgsino mass
plane, as we have done in Figure 4.1, we are plotting the contour of the right hand
side of the above equal to one. We find in the FSSM, since we shall typically require
A; < 1, that we can well approximate

ry o <1 n ieXp[_ . <mB—mH> ])_1, (4.35)

M

The immediate observation is that when mgz = mg we have r5 = 4/5 and so we
require p = % Le; on figure 4.1 we see that the curves cross at 900 GeV which is exactly
four fifths of 1125 GeV, the critical value for a pure higgsino. This crossing point can
be of importance, since F-higgsino dark matter is a perfect example of inelastic dark
matter and therefore direct detection experiments can be sensitive to it. Numerically
evaluating equation (4.34) then gives a curve in excellent agreement with the results
of micrOMEGAs. For a Bino LSP we find a linear approximation to fit rather well in the
range of values considered mpg ~ ppole — (4fte/5 — ppole)/T ¢, i-e. the mass difference
required is of order T7.

¢ Enhanced F-Bino Annihilation

When relaxing the constraints that € ~ 0, we have observed that the conclusion that
Fake Split SUSY models have several good dark matter candidates is not modified. In
fact an interesting side-effect of the case € > 1 is the (F-)Bino can further become a
good WIMP without relying on co-annihilation.

Indeed for large €, the couplings between the F-gauginos, the F-higgsino and the
Higgs is sufficiently enhanced so that a F-Bino Dark Matter can now annihilate through
F-higgsinos exchange. Thus we have a more effective Bino annihilation into two SM-
like Higgses H or one Z and one H, which for high enough € allows the F-Bino to
be a valuable Dark Matter candidate. This behaviour is illustrated in Figure 4.2 and
Figure 4.3. In particular, the bottom-right corner of these Figures represent an almost
pure F-Bino dark matter, which becomes viable for € = 1.5.

2 Other Cosmological Constraints on FSSM

Returning to the case € ~ 0, we will consider in this section the constraints on FSSM
from direct detection experiments and from the fact that (F-)gluinos tend to have a
long life-time.

2.1 Direct Detection and Inelastic Scattering

We have computed the conventional direct detection constraints for our model and
found that, when the dark matter can be treated as a Majorana particle, due to
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Figure 4.2: Relic density for mixed Bino/F-Higgsinos Dark Matter as a function of mass
parameter u for the F-Higgsinos and mp for the Binos. From left to right, the curves gives the
region where we obtained the correct relic density for € =1,1.4,1.6 and 1.7.
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Figure 4.3: Right plot: Relic density for € = 1.7, the straight lines gives the fraction of Bino
in the ligtest neutralino, from top to bottom : 0.1,0.5,0.9,0.99.
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the highly suppressed Higgs/(F-)gaugino/F-higgsino interactions, they barely restrict
the parameter space. However, since those same interactions determine the splitting
between the F-higgsino mass eigenstates, when it is small enough the fake higgsinos
can be treated as a Dirac fermion. In that case one can have vector-vector couplings
with nucleons through the exchange of a Z boson, leading to inelastic scattering. The
spin-independent cross-section implied by this process is so large that direct detection
experiments have already ruled these out by many orders of magnitude. This effect
has been studied in [78] where they find that the XENON100 [79] and LUX [80]
experiments constrained the splitting to be larger than 210 keV for a 1 TeV higgsino
LSP. We will consider below a conservative bound of 300 keV for the splitting.

Given the mass matrices for neutralino (3.9) the splitting 0 between the two hig-
gsinos can be estimated as :
@+ 3. | Ga+au)? | @), (Ga—3u)

My —p My —p My +p Mo+ p

1)2

52—4

(4.36)

This analytic formula agrees with the numerical mass difference between the two hig-
gsinos pole masses at a few percent level accuracy when estimated using MS running
parameter at the electroweak scale. This gives

400 TeV \ 2
200 keV - O(1) - O?w eV> ( 4mTf;gV) for the FSSM-I
S

107 GeV 7 4 TeV
200 keV - O(1) - for the FSSM-II
¢ (1) Mg > (1 TeV) < myg ) or the ’

O~

(4.37)

where my, gives the typical scale of the F-gaugino masses. The extra O(1) terms
come from the uncertainty on the precise suppression of the gy, g4, g, and g, couplings.
We see that for F-gauginos of several TeV and for a p term around 1 TeV (as required
from relic density constraints), the SUSY scale Mg is bounded below roughly 5 - 108
GeV for the FSSM-IT and 5-10° GeV for the FSSM-T if the O(1) is taken to be 10. The
constraints are far more stringent than in Split SUSY because of the extra-suppression
in €2 for the FSSM-I and in ¢ for the FSSM-II.

2.2 The (F-)gluino Lifetime

The gluino lifetime is crucial for determining the cosmology of the Split SUSY model
[7,81]. In the standard Split-SUSY case, if the gluino has a lifetime above 100 seconds
then it would be excluded when assuming a standard cosmology [81] due to constraints
from Big Bang Nucleosynthesis (BBN).

In the FSSM-I, fake gluinos are even more long-lived than gluinos in usual Split
Supersymmetry ( [82], [39]). Indeed, the decay of F-gluinos to the lightest F-neutralino
must proceed via mixing with the usual gluinos in order to have couplings to sfermions.

And since the mixing is suppressed by factors of €, the overall F-gluino lifetime in the
2

FSSM-I is therefore enhanced by a factor of e 4 ~ :nVIQS )
fa

7
Mg \® [(1Tev
Ty ~ 4 sec x (107Ge\/> X < - > . (4.38)
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Figure 4.4: Visualisation of the constraints coming from gluino lifetime, from the requirement
of a 125 GeV Higgs pole mass, and from obtaining the correct relic density in scneario W\DM.
We use a Ms - M plane, where My is the Wino pole mass. The yellow color gradient indicate
the area excluded with gluino life-time bigger than 100 s in FSSM-I. The red color gradient
is the area for the FSSM-II. The bold purple line gives 125-GeV Higgs for M; = 173.34, the
slimmer one is the 125-Gev Higgs for a 20 variation in M;
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Since the gauginos are not fake in the FSSM-II, this enhancement does not occur and
one is left instead with the Split SUSY gluino life-time

4 5
Ty ~ 4 sec X (&:{fg}\/) X (17;[;6:/) . (4.39)
Constraints from Big Bang Nucleosynthesis (BBN) limit this lifetime to be below
100s if one relies on a standard cosmology [81]. A much longer lifetime gluino is con-
strained from the CMB spectrum, the gamma-ray background or even heavy-isotope
searches when the gluino is stable at the scale of the age of the universe.
More precisely, for F-gluinos stable on the lifetime of the universe, remnant F-

gluinos could form bound states with nuclei, which would be detectable as exotic
forms of hydrogen. The relic density is very roughly approximated by

2
M
Qgh* ~ (10 1Zev> , (4.40)

although this assumes that the annihiliations freeze out before the QCD phase tran-
sition and are thus not enhanced by non-perturbative effects; for heavy F-gluinos this
seems reasonable, but in principle the relic density could be reduced by up to three or-
ders of magnitude. However, the constraints from heavy-isotope searches are so severe
as to render this moot: the ratio of heavy isotopes to normal hydrogen X/H should
be less than 1072% for masses up to 1.2 TeV [83] or less than 10720 for masses up to
10 TeV [84], whereas we find

TeV
If we want to avoid these bounds, then we must either:

% ~ 1074 (m9> . (4.41)

1. Dilute the relic abundance of F-gluinos with a late period of reheating.

2. Imagine that the reheating temperature after inflation is low enough, or that
there are several periods of reheating that dilute away unwanted relics before the
final one.

In both cases, we must ensure that gluinos are not produced during the reheating
process itself, which may prove difficult to arrange: even if the late-decaying particle
decays only to SM fields, if it is sufficiently massive then high-energy gluons may be
among the first decay products, which could subsequently produce F-gluinos which
would not be able to annihilate or decay away.

Overall, assuming a standard cosmology, the effect of the previous formulas with
our values for the pole masses can be visualised in Figure 4.4 where we chose a Wino
dark matter. We see that since the Wino pole masses must be quite heavy in order to
get the correct relic density, the gluino pole mass ends up in the several TeV regime,
reducing slightly the gluino lifetime. In W|py; scenarios, the (F-)gluino lifetime gives
an upper bound on the possible Mg of 108 GeV for the FSSM-I and of 10'° GeV for
the FSSM-II. One should not forget that the (F-)gluino pole mass is here obtained
by supposing unification of the (F-)Wino and (F-)gluino masses at the GUT scale.
These bounds should therefore be modified according to the previous formulas if one
considers a particular SUSY breaking setup with a given ratio between (F-)gaugino
masses.
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2.3 Summary of the Cosmological Constraints

The direct detection for inelastic Dark Matter, the relic density, and the constraint
on gluino life-time, have set bounds on four parameters of our model: the F-higgsino
pole masses fipole; the (F-)Bino pole mass m g, the (F-)Wino pole masses my; and the
SUSY scale Mg.

If we take tan 3 = 1, the Higgs mass gives a lower bound on the SUSY scale
Ms 2 5-10% GeV, which in the FSSM-I is in tension with the gluino lifetime. We
see from Table 4.1 that the H |pMm scenario is also almost ruled out by direct detection
constraints depending on the precise suppression of Gy, §a, g, and g/;.

If one sticks with a standard cosmology the (F)-gluino lifetime is severely con-
strained, 7; < 100s [81]. Big-Bang Nucleosynthesis (BBN), the CMB spectrum and
the gamma-ray background ruled out relic (F)-gluinos with lifetime between 102 s until
10'7 s. When the (F)-gluino is stable at the scale of the age of the universe, heavy-
isotope searches also rule out such relic (F)-gluinos. This translates into limiting the
SUSY scale to be below 5-10% GeV for the FSSM-I and 5 - 10'° GeV for the FSSM-IL.
As it has been already underlined, these constraints depends on wether or not one con-
siders a “standard” cosmology. A late time reheating occuring before BBN could for
instance dilute gluino relic. In such case, heavy-isotope searches are so stringent that
they still constraint 753 < 10'% but one can avoid constraints from the CMB spectrum
and the gamma-ray background, allowing therefore SUSY scales up to 10'° GeV for
the FSSM-I and 10* GeV for the FSSM-IL

It is however easy to find viable dark matter candidates in FSSM. We have distin-
guished three scenarios :

e Scenario H|py: F-higgsino LSP.
e Scenario W|py: (F-)Wino LSP.
e Scenario B/H|py: a mixed F-Bino/F-higgsino LSP, with a small splitting.

The constraints on F-higgsinos dark matter (scenario H|py ) are in particular quite
stringent. Indeed, since their couplings to the Higgs and (F)-gauginos are suppressed,
the neutral higgsinos have a very small splitting. They are therefore a perfect example
of inelastic dark matter and direct detection experiments constrain their mass splitting
J to be bigger than roughly 300 keV [78,79,80] (see also [85]). Estimating the splitting
by

400 TeV \ 2
200 keV - O(1) - 0(])” eV) (4”}1;9\/) for the FSSM-I
S

107 GeV " 4 TeV
200 keV - O(1) - for the FSSM-IT
¢ (1) Mg ) (1 TeV) ( Mg ) oF Bhe ’

0 ~

(4.42)

we obtain the bounds Mg < 5 - 10°GeV for the FSSM-T and Mg < 108GeV for the
FSSM-II.

We have summarised all the relevant constraints in Table 4.1, distinguishing be-
tween the two types of FSSM and the three dark matter scenarios we have considered.
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DM type || Inelastic scattering Relic density Gluino lifetime

WM None my, C [2390,2450] GeV For multi-TeV gluinos
Ms < 5-108GeV

B/H|pm || fipole < 900 GeV mp = fipote — (900 — fipote) /¢ (for FSSM-I)

Ms < 5-10°GeV

(for FSSM-I) Ms $2-10"°Gev
H|pm fipole C [1110,1140] GeV (for FSSM-IT)

Ms < 103GeV
(for FSSM-IT)

Table 4.1: Approximate constraints on the SUSY scale and on pole masses for the Dark
matter candidates. We impose a splitting between fake Higgsinos bigger than 300 keV to
avoid direct detection through inelastic scattering, we require a gluino life-time smaller than
100 s to avoid hampering BBN and finally constrain the relic density (calculated at tree-level
in micrOMEGAs) to be Qh? C [0.1158,0.1218]. When considering constraints on Mg, gaugino
masses were taken in the multi-TeV range.

3 Electroweak Baryogenesis and Thermal Effects

We close this chapter by briefly discussing the issue of baryogenesis in Fake Split SUSY
models with € 2 1. In Electroweak Baryogenesis (EWBG), matter-antimatter asym-
metry in the present universe is generated dynamically during the electroweak phase
transition. Indeed the three Sakharov’s conditions may be fulfilled simultaneously
during this transition as (see e.g. [86] for a review):

e Baryon number violation can proceed through non-perturbative processes called
sphalerons [87] at the “bubble” wall between the SU(2) x U(1) phase and the
broken one.

e CP violation can for instance originate from the Bino-Higgsinos sector comple-
menting the violation in the CKM matrix, without introducing too large Electron
Dipole Moment [88].

e Out of equilibrium condition can be achieved in the vicinity of “bubble” wall if
the phase transition is “strongly” first order in the sense that that we want

de

>1 4.43
L2 (4.43)

where ¢, is the VEV of the Higgs boson doublets at the new broken minimum and
T, is the critical temperature. This ratio governs the rate for sphaleron transitions
in the broken phase and 4.43 ensures that this rate is suppressed enough so that
sphalerons within the broken phase will not wash out the asymmetry produced
at the bubble wall.

In the following, we will focus on the out-of-equilibrium assumption, and more pre-
cisely on (4.43) in Fake Split Models. In [89], it was argued that when the Standard
Model were supplemented by Higgsinos, Winos and Binos with strong coupling to the
Standard Model Higgs, one could meet (4.43), allowing for a successful baryogenesis.
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Such particles correspond precisely to our F-gauginos and F-higginos in the case € > 1.
In the following we show however that one cannot conciliate the Higgs mass require-
ment and € large enough to obtain € > 1 without adding new, stabilising bosonic field,
thereby modifying our model.

As it was already noticed in [89], for large values of € > 1, the Higgs quartic A
tends to run quickly to zero. In Figure 3.5, we have shown precisely this behaviour.
We see that for a Higgs at 125 GeV, A is zero (corresponding to the scale M¢ in the
Figure) at 10 TeV already for € ~ 1.6 (which corresponds to a coupling h ~ 0.5 in
the notation of [89]). In order to solve this issue, the authors of [89] have introduced
stabilising bosonic fields with vacuum masses smaller than

ym% ~ exp(—)ms . (4.44)

where ¢ is the number of fermionic degrees of freedom. For the FSSMs, supposing
relatively heavy (F-)gluinos and making the additional simplifying assumption that
the (F)-Bino decouple (which can be obtained easily by setting € to zero for the g,, and
gl couplings), we have 12 degrees of freedom couplings to the Higgs, so that for h ~ 1,
the stabilising fields are only twice heavier that the fermions. This is at odd with the
Split Spectrum we have in Fake Split SUSY models.

Furthermore, for values of € compatible with our split spectrum (namely € < 1.6),
we generically found ratios % < 0.1 indicating that our fermions are not sufficiently
strongly coupled to lead to a strong first order phase transition.

We conclude that EWBG is not possible in the current state of Fake Split Models
as we cannot conciliate the Higgs mass with couplings strong enough to generate a
strong first order phase transition. In the more general context of Dirac Gauginos and
R-symmetric models, this may however be achievable [90,91] thanks to the presence of
the adjoint scalars which couple to the Higgs and can strengthen the first order phase
transition.



Chapter 5

The Diphoton Excess and Dirac Gaug-
INoS

The year 2015 has left the community with only but a first taste of the upcoming
results of the second run of the Large Hadron Collider at center-of-mass energy of 13
TeV. This limited data set has nonetheless already yielded a promising hint for new
physics. Both experiments ATLAS and CMS have detected an excess in the di-photon
mass spectrum for comparable invariant masses. The CMS analysis observed it for an
invariant mass of 760 GeV with a local significance of 2.6 o [92]. Simultaneously, the
ATLAS collaboration has reported a similar excess at an invariant mass of 750 GeV
with a local significance of 3.6 o [93]. Furthermore, CMS subsequently increased its
data set by including the events measured with the main magnet turned off, which
pushed the signal local significance to 3.4 ¢ [94]. While the local significance must be
reduced to account for the look-elsewhere-effect, the simple fact that the two excesses
occurred for almost equal invariant mass makes this anomaly one of the most promising
hints seen at LHC so far.

Under the assumption that the excess is generated by the decay of spin-0 particle
with a ratio decay width over mass of I'/Mg = 0.014 x 10~2 (with Mg the pole scalar
singlet mass) the combined dataset of CMS with 3.3 fb~1(13 TeV) and 19.7 fb~1(8 TeV)

gives
oIV B~ 3.7+ 2fb. (5.1)

A combined analysis of the two experiments performed by [95] gives more generally a
best-fit cross-section for the process S — v ranging from 2.6 fb for a narrow width
resonance to 6.9 fb for a broad resonance with an arbitrary width. In the following,
we will require for cross-section in the broad range 2 — 8 fb.

The simplest interpretation of this excess is the production and subsequent decay
of a scalar resonance! with mass 750 GeV. However, the decay rate of this resonance
is so large that fitting is in one of the previously proposed supersymmetric extensions
of the Standard Model (SM), including the MSSM, is particularly challenging.

In this chapter, we will show that the model introduced in chapter 2, the Mini-
mal Dirac Gaugino Supersymmetric Standard Model (MDGSSM) can simultaneously:

!Note this resonance could also be producde by the decay of a spin-2 particle, see [96,97,98,99]

69
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explain the excess, retain perturbativity up to the GUT scale, vacuum stability and
gauge couplings unification. This is furthermore achieved with the "minimal” field
content for such scenarios, in the sense that we will not have to introduce “ad-hoc”
fields.

Indeed, all the necessary ingredients are present in the MDGSSM:

e The singlet supermultiplet S introduced to give the Bino a Dirac gauging mass
has a scalar component Sk which can be identified with the 750 GeV resonance.
Notice that since we will not used here the pseudo-scalar component Sy, we will
simplify our notation and simply note .S the singlet real scalar component Sg.

e The "fake leptons” supermultiplets R,,, Rq and E’; 5 which have been introduced
as unification fields to ensure gauge couplings unification will strengthen the cross
section S — v by participating in the loop processes leading to the decay of S
in di-photons.

e The adjoint scalar octet, which appears in the octet adjoint supermultiplets O
will similarly increase the production rate of S through gluons fusion.

We will start this chapter by reviewing the standard results for the loop-induced
processes coupling the singlet S to two photons (to account for the diphoton excuess)
or two gluons (to produce the singlet by gluons fusion). We then considered the various
theoretical and experimental constraints on our model. Our results will be shown in
section 2. Note that the material we will covered in this chapter will be expanded and
completed in [4].

1 Theoretical Considerations

In order to have a plausible supersymmetric theory describing the di-photon excess, we
will have to satisfy a number of theoretical and experimental requirements. We start
by considering the basics of production and decay of the scalar singlet and studing
some of the collider constraints on our model. We further investigate three theoretical
constraints: gauge coupling unification, perturbativity up to the GUT scale and finally
vacuum stability and non-appearance of Charge or Color Breaking Vacuua.

1.1 Production and Decay in the DGMSSM

In the narrow width approximation in which the mediating .S singlet is automatically
on-shell, we can approximate the cross section of the complete process pp — S — v

as follows:
2J+1

opp — S — vv) :m ngr(s — g9) + Z quI‘(S - QQ)}F(S =) (5.2)
q

Assuming a spin-zero particle produced resonantly via gluon fusion, we arrive at
Ly T

I T' Mg
LogTyy T

I T' Mg

o(pp — S — yY)13 Tev = K13 x 4.9 x 10° fb (5.3)

olpp — 8 — vy)s Tev & Kg x 1.1 x 106 b (5.4)
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Itn

Figure 5.1: Examples of one-loop diagrams contributing to the couplings of S into two gluons
and two photons.

taking Cg;]rev =174 and CglgTeV = 2137 as values arising from the parton distribution
functions [100], respectively. An important aspect of our calculation is that for a more
realistic estimation, we have taken into account the K-factors Ky 13 for the full N"LO
production of H + jet compared to the tree-level process. We have estimated Kg ~ 1.9
from the comparison of the leading-order effective vertex from MadGraph and the Higgs
Cross-section working group value for a Standard-Model-like Higgs of 750 GeV at 8
TeV. We will take conservatively for the same value for Ki3.

The two relevant amplitudes I'jy and I, are obtained from one-loop diagrams of
the form of Figure 5.1.

Let us first consider the coupling to two gluons. The process S — gg is a priori
generated by loops of squarks, scalar octet and gluinos. The amplitude is of the form

2

a2ms gs gs
08— 90) = g™ (W05 D ATalrn) + 0o A (59)
2
_ gs S
~4.3-1072 |tr(Y ffA1/2 1) + 2\/15;’3%14(@)

2
m; .
where we have defined 7; = 44, the sums runs over all scalars and fermions, and

ORI
Fr) = —% {log 1+P i7T:| T<1
A = 7(rf(r) - )
A1/2 =2r(1+ (1 —7)f(1))) .

and Qf, Qg, gsrr and gsee are the electric charge and coupling with the singlet of
the fermions and scalars participating in the triangular loops. The loop fonctions AOS
and A} /o have a maximum at the resonant mass Mg /2 ~ 375 GeV. We will therefore
generically require masses close to this scale in order to enhance the cross-section. The
phenomenology for the squarks and scalar octet is straightforward: we need them as
close from the resonance as possible and as coupled as possible. The main contributions
will come from
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e D-term-induced couplings between the squarks and the singlet, generated by the
same contributions we discussed in chapter 2 when dealing with supersoftness.
Theses couplings are proportional to the hypercharge of the squarks and the
Dirac mass mqp. They are sizeable only for large Dirac mass m1p.

e Soft terms trilinears couplings from (2.17) between the adjoint scalar octet and
the singlet. They give a strong contribution but unfortunately are strongly con-
strained from vacuum stability bounds.

The contribution from the Dirac gluinos is more peculiar. In fact, we observed that pure
Dirac gluinos do not contribute at all to the amplitude, this point will be developped
in [4]. This remark is of crucial importance for the pseudo-scalar S; which can only
couple to gluons through fermions loops as we assume CP-conserving couplings. If no
Majorana masses for the original gluinos are introduced, the pseudo-scalar is practically
not produced. However, if we allow for the presence of an additional Majorana mass
term, the pseudo-scalar S; can be produced and participates in the S — ~7 cross-
section. This can potentially lead to a “double-peaks” scenario [4].

In the limit in which I'j; dominates the decay width (which is overly optimistic in
our case as we will see in the next section), we find the following bound on I, - :

T, >15x107% (5.6)

We now turn to the amplitude to di-photon. This is given for a scalar by

2

2
[(S —vy) = Oé4 Z 9541 QfA1/2 Tf Z Qj%j;m Q¢ 0(%)) (5.7)

- gs 9s
~ 2 . 10 Z ffA1/2 ) 2\/—¢fn¢‘4 ( ¢))

Notice that the numerical factor in (5.7) is an order of magnitude smaller that the
bound (5.6). The key issue will therefore be to populate the sums in the square terms
of (5.7) since the amplitude will very roughly scale as N2 | with N the number of
particles participating in the loop.

In our case, the main contributions will come from

2

e D-term-induced couplings between the sleptons and the singlet, they are again
proportional to the hypercharge of the sleptons and the Dirac mass mip and
therefore sizeable only for large Dirac mass.

e Superpotential-induced couplings between the fake leptons and the singlet from
the terms of (2.12) in chapter 2. They are the main contributions in our model.

e Soft terms trilinears couplings from (2.17) between the fake sleptons and the
singlet. Similarly to the gluons case, they are strongly constrained from vacuum
stability bounds.

An important remark here is that the two last contributions are mutually incompatible
in presence of a preserved R-symmetry, as we have already noted in chapter 2. Indeed
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the require a different R-charge for the fake leptons fields £ and E’ to be R-invariant. A
theoretical estimation for the cross-section in the ideal case where the gluon amplitude
dominate the decay width and there is no mixing between the scalar singlet and the
Higgs boson is given in Figure 5.2.

700

650

450

400 450 500 550 600 650 700
Mmip |

Figure 5.2: Cross-section of S — 77 as a function of the masses my and mg without
trilinears. We assume that the gluon fusion process dominate the other processes. We have
taken Asrg = Agr = 0.7. Notice that the masses are in the axis should be understood as the
pole masses.

1.2 Constraints from Higgs Mass Mixing and 8 TeV data

A crucial property of the singlet S is that it will in general mix with the Higgs eigen-
state. This is in our case an undesirable feature since it will lead to tree-level decays
of S into tops, W, Z or Higgs which could easily overcome the one-loop decay into
photons.

Building on the notations introduced in chapter 2, we introduce

2

v
2
iy = mTRWL)\ZT?a (5.8)

where the effective masses for the real parts of S and T read:
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Then, at tree level the scalar mass matrix in the basis {h, H, Sg, T3} is [29]:

M% + AhS%/B AhSQﬁCQﬁ AhS AhT
Ah825625 M[% — Ahsgg AHS AHT

5.10
Aps Aps mg )\s)\Tg (5.10)
Apr Anr )\s)\Tg m
where we have defined:
v 2 2
Ap = 55 +A7) - Mz (5.11)
which vanishes when Ag and Ar take their N = 2 values,
Vs . (%
Apg = —27ng, App = —27m%R (5.12)
and
Aps = g'mipvsas, AfT = —gmapvsag
(5.13)

This matrix is diagonalised by the mixing matrix §;;. Of particular interest will be
S11 which measures the lightest scalar eigenstate in Standard Model Higgs-like.

We can subsequently use the minimisation condition of vg on the off-diagonal
element Apg of the scalar mass matrix given in (5.12) to find (see [29])

Ans =v[vg i — g'mipeag + V2Agi + AsAror]
=v[V2Asfi — ¢'mipcag) (5.14)

where we used the effective mass parameter

1
i = p+—=Asvs+Arv 5.15

fi 1 \/5( s Vs + Arvr) (5.15)
From this basic analytical calculation, we see that we can minimise the tree-level mixing
by choosing;:

-~ Q/mlchB
Vepo
In general, this relation will be modified at one-loop, but the property that one value
of Ag is favored will remain and is easily observable in our coming Figures.
Such a mixing with the Standard Model Higgs will modify the Higgs sector ob-
servables. From [101] we find the latest constraint on the 125 GeV Higgs global signal
strength plaverage to be

As (5.16)

Haverage = 1091_8%6 s (517)

In our case this is modified by a factor of |S11]?, where S is the mixing matrices of the
scalar sector; the above constraint gives us

1—[S112 <024 < > |S1> =D [S]* < 0.24. (5.18)
k#£1 k#£1
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This condition is in fact satisfied quite easily, as can be seen from Figure 5.3 where
we show the contours for the Higgs mass and the mixing matrix element S3; as a
function of tan 8 and Ag. An important comment regarding this Figure is that a 125
GeV also favors small mixing. However, the more stringent constraints arises from the

130

125

=
N
o
mp [GEV]

4115

—110

tanf

Figure 5.3: Higgs mass and mixing between h and S as a function of Ag and tan 3 obtained
from the benchmark point (5.1). The thin black lines represent the 2% and 4% mixing contour
lines. The irregularities at tan 3 ~ 2—3 arise since the two-loop effective potential method used
to determined the Higgs mass (and scalar singlet mass) suffers from the so-called “Goldstone
boson catastrophe” (see [102] for more details).

non-observation of any excess in the 8 TeV data for the ZZ, Zh and hh, dijets and
WW channels. As the mixing between S and h induces a tree-level decay one naively
expect a percent-level suppression to be necessary. As the S as mostly produced by
gluons fusions in our scenarios, we request that (see [100]):

15— 22) <6, (5.19)
IS —v7v)

which is the ratio we have observed to give the most stringent constraints on the mixing
between S and h in our model. Note that in practice this constraints are automatically
satisfied most of the time when we will have a cross-section to diphoton big enough to
fit the experimental data. This will be clear in Figure 5.7.
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Finally, the vev of T' gives a contribution to the W boson mass and the electroweak
precision data give important bounds on it. One must examine the induced correction
Ap to the Veltman p-parameter:

Mg,
p= =14+Ap, (5.20)
c(%WM%
with
402
Ap ~ —L 5.21
N (5.21)

and v, the Standard Model Higgs VeV. In order to be below the experimental con-
straints, we need Ap < (4.2+£2.7) x 1074, ( [29] - see also [30,31] ). At tree level, we
have

v2

[—gmwc% — \/iﬂ/\T] , (5.22)

v X =
Qm%R

with M2, = m# +4m3, + Br, therefore, small Ap require large triplet Dirac and soft
masses. This requirement can often be at odd with naturalness which prefers smaller
triplet masses. Indeed, radiative corrections induced by the adjoint triplet scalars to
m%{u’d are [29]:

(5.23)

A
QA%m?p)log { TV }

1

2

MHa 2~ Tg2
with A the UV cut-off, m%{u " m?% the squared masses for Higgses and scalar triplet
T, and Ap the coupling defined in (2.12). For A at the Planck scale, a fine-tuning
Ar = §m?;/m3, better than 10% translates into the constraint

1
mr S E450 GeV . (5.24)

In Figure 5.4, we show the allowed region for Ar and meop around the benchmark
point (5.1). Ap has been obtained at one-loop using the Spheno [66,67]) code generated
by the SARAH (see ref. [68,69,70,71,61]). We see that the Higgs mass prefer large values
of Ay but that the following three requirements are perfectly compatible: (1) a 125
GeV Higgs, (2) a natural mass for the triplet and (3) a parameter Ap compatible with
the current constraints.

1.3 Unification and Landau poles

In this section, we will consider two theoretical constraints on our model: gauge cou-
pling unification and perturbativity up to the Grand Unified Theory (GUT) scale.
Concerning the former, we note that the field content of the MDGSSM, and more
precisely the two pairs of vector-like electrons E and E’ as well as the doublet R, Ry,
have been chosen to have one-loop unification by completing the 8y + 3¢ + 1¢ set of
adjoint multiplets into a complet GUT representation of (SU(3))? (see [43]). We have
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Figure 5.4: One-loop 10* - Ap obtained from the benchmark point (5.1) by varying Ar and
map. The black lines give the contours for m;, = 122,125,128 GeV
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checked numerically that unification is also preserved at two-loops, albeit its precision
decreases when increasing the squarks mass.

Once the GUT scale is determined, we require perturbation theory to be valide up
to the GUT scale. As we will see now, this gives strong constraints on the Yukawa
couplings. At one-loop, the beta functions for Agg, Asr, Aso, As and Ap form a coupled
system given by:

Brg = #)\S[@\% + 30N+ 20, + 202 + 40 — gg% — 395 +3y2 +...] (5.25)
B = 1o M2+ AN — Dot~ Tg3 437 (5.26)
Brsp = #)\SE[Q)% + 4N g + 2050 + 4\ — %g% +...] (5.27)
Brsp = #ASR[D\% + 2203+ ANEp + 402, — gg% — 393 +...] (5.28)
Brso = ﬁxw[mg + 4N 205 + 605 — 122 + ..., (5.29)

where the dots contain the contributions from the other couplings. Before studying
this system numerically, we point out some peculiarities of these expressions:

e The gauge couplings contribute negatively to the beta function, increasing the
stability. In particular, Ago is strongly stabilised.

e In the limit Ag — 0, Ap completely decouples from the other Yukawa couplings.

e The perturbativity of the coupling Ag will be critical as: (1) the gauge and top
Yukawa already gives a positive contribution ~ 1.1 to its beta function; (2) all
the other Yukawas feed intro its beta function and conversely Ag feeds into all
the beta functions.

We have numerically constrained the initial values for Asg, Asr, Aso, As and Ay at
the low scale (SUSY scale), so that they remain perturbative up to the GUT scale. We
use the two-loop RGEs generated by the public code SARAH (see ref. [68,69,70,71,61]
and ref. [72]). We choose as perturbativity requirement that all Yukawa couplings
should remain smaller than /4.2

In Figure 5.5, we study the case of Ago = 0, which will be relevant in our case.
The perturbativity bounds are shown in the planes Ag/Asp and Ag/Ap. As expected,
we obtain the strongest constraints for Ag, especially in the large Agp case, which is
the one of interest in this paper. Furthermore, we recover that for A\g — 0, Ap is
insensitive to the other Yukawas couplings. Adding the R-violating parameter Ago
will further constrain the Yukawa couplings [4].

Finally, being mass couplings, the trilinears Tso, T'sg and Tsg do not develop Lan-
dau poles. Since we focus on the low-energy theory, we will not derive any constraints
from their RGEs evolutions, however we will now see that their values are limited by
requering the non-appearance of charge/color breaking vacuua.

2Notice that the precise value for perturbativity criterion is not very important since large couplings
tend to grow exponentially in any case.
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Figure 5.5: Perturbativity bounds on our model, around the first benchmark point from
Table 5.1, obtained from the requirement that no couplings overtake v/4rw before the GUT scale.
We consider Asg = Asg. Left plot: Bounds for (from left to right) Asg = 0.7,0.5,0.3,0.1 in
the As/Ar plane, all points above the curves are excluded. Right plot: Bounds for (from left
to right) Ar = 0.9,0.7,0.4,0.1 in the As/Ase plane, all points above the curves are excluded.

1.4 Vacuum Stability

We now turn to the constraints from vacuum stability. The scalar potential can be
decomposed into three main contributions:

V=Vy+ Vi + Viost (5.30)

with Vj, containing the D-terms contributions, Vy the superpotential contributions
and Vi, the soft SUSY-breaking terms.
We have

1 1 1
Vo= 5D% + 5D2Df + 5 DsaD§ (5.31)
where

Dy = —-2m1pSg + Dg)) with D§9) = —g/Zngo;r-goj
J

D§ = —v2mop(T* + 1) + DI with DI = —g, S oM (5.32)

J
D§ = —v2mgp(0°+ 0™ + DI with DO = g, 3 plMre; .
j

where ¢; are the scalar components of the matter chiral superfields, possibly in the
adjoint representation and M} is the matrix of the gauge representation of ¢;. Let us
leave aside the triplet contribution (we are considering a heavy triplet and therefore
expect a near-zero VEV for it) and focus on the singlet and octet terms. Similarly, we
will leave aside the squarks contribution as we are not considering large A terms and
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therefore do not expect them to acquire a color-breaking VEV. We have then

g i 3
DY = % (Bl Ry — BiRa) — ¢ (| Bil* — |E3])
D3 = —gy(RLT R+ RY T Ra) (5.33)
D5 = —g50}(1*) O ,

with (T%)% = (—ifa%¢) and f%¢ the SU(3) structure constants.

We now turn to the superpotential contributions (we suppress the ¢ indices for E';
and E'; and the “-” denotes SU(2) indices contraction by e tensors) and find:

Viv = u(RiRy + RiRa) + 1 (| EI” + |E'P) (5.34)
+ Mg [| BB+ |SPEPR + |E'%)] + M2g [|Ru - Ral® + [SP(Rul? + |Ral®)]

Adding finally the soft SUSY-breaking terms, we obtain
V=Vg+Vsg+Vsr+Vs+Vr+Vo+Vso, (5.35)
with
Vi = (mE+uB)(1EP + |E') + \2p|EEP + g (B — |E')? + Bp(EE + h.c.)
(5.36)
Vs O mz|S|* + 2mi1pSE + %BS(S2 + h.c.)
Ve O (m%+ p?)(Rl R, + RIRg) + A4g|Ru - Ral> + Br(Ry - Rq+ h.c.)
+ 3|07 R - RiR0? + 3RS R+ R R
Vo D 2mbtr(070) + 2m2ptr(0L0R) + (Botr(00) + h.c.)
+ 923 (O)(T)0:) (O} (T)0c) | + V2g5man (O + ON)*O}(T)*O. ,
and the mixed contributions
Vsg = 2¢'mipSr(|El> — [E']) + Xl S| EI> + |E')*) + Tsp(SEE' + h.c.) (5.37)
Vsr = g'mip(RlR, — RiR4) + \3p|S|*(RL R, + RLRy)? + +Tsr(SR, - Rq + h.c.)

Tgo(Str(OO) + h.C.) .

o
Q
[

We will consider large trilinear couplings. As usual when looking for a charge/color
breaking vacuum, we study the regions of large fields values, so that we can neglect
the contributions from the mass terms.
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First, we investigate the .5, E, E’ sector. Furthermore we will focus on real fields
for simplicity. In the large VEV limits, the minimisation equations are

ov . A A A A
o5 = oVImp(BP — |B'?) + MpS(BP + |B'P) + TopBE' =0 (538)
ov .

9B E(m3, + % + AeplS|” + ¢'mipSk) + E'(Be + TspS) + \epE|E'?
+g E(EP —|E'?)
=0

oV A . A
oE E'(m% + ph + AeplSP® — ¢'mipSr) + E(Bg + TspS) + \epE'|Ef?
—g?E'(|E)? - |E')?)
= 0.

One should notice that the customary unstable direction £ = E’ (where the potential
is not protected by the quartic terms proportional to g’2), cannot be considered here.
This is due to the presence of the Dirac mass term =g’ E’ml pSgr which prevent any
solutions of the previous system in this direction. However, in the limit of interest for
us mip < Tsg, we can in fact approximate this term and take E ~ E’ so that we can
also neglect the ¢'? quartic.

In this limit, we find the solution to the previous system:

T2
vp = —SE — (m% + pf + BE) (5.39)
v — Tsg
S 2A\sE ’

so that we have appearance of a charge-breaking vacuum if

Tsk
2)\sE

> \/m% + ud + B . (5.40)

Similarly the condition to avoid appearance of charge-breaking vacuum in the
S, R, Ry sector is

Tsr
2)AsR

> \/m% + %+ By . (5.41)

In general, these bounds can be slightly relaxed by simply requiring that the second
vacuum has an energy bigger than the charge-preserving one. We have found that the
corresponding highest values for the trilinear compatible with fake sleptons close to
375 GeV is around 1 TeV. For such an upper bound, it is preferable to use Yukawas
Asg over the trilinear in order to maximise the cross-section.

The situation is even worse for the scalar octet, since R-symmetry forbids the
coupling Agp. In absence of any quartic, even the smallest trilinear term Tso can lead
to an Lagrangian unbounded by below. Suppose we add quartics of the schematic form

y§|5|20% + %00}1 (5.42)
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where we focus on the light pseudo-scalar octet we are practically using. Supposing
that such couplings will be loop-generated with values of a few 1072, One can estimate
the upper bound on Tso compatible with a stable color-preserving vacuum. We found
the (rough) bound Tso < 350 GeV for scalar octet with masses around 500 GeV. In
the following, we will conservatively consider Tso < 300 GeV as this is sufficient to
recover the measured cross-section. This issue will be discussed in more details in [4].

2 Results

Before presenting our results, let us briefly present our parameter space. While the
MDGSSM has a large set of free parameters, the most relevant subset can be divided
into three roughly independent sets controlling different features:

1. Higgs and singlet masses and mixing: mip, mg, Bg,tan 3, u, Ag and Ar.

2. Singlet decay/production amplitude to gg : Tso, mo, mg, where mg is the
soft masses for right (or left)-handed squarks.

3. Singlet decay amplitude to vy : Tsg,Tsgr, or Asr, Ase supplemented with
soft masses and B terms for the fields E, £/, R, and Ry.

The first set is dedicated to reproducing the measured Higgs boson mass as well as
a 750 GeV scalar singlet. Moreover, one can adjust the value of Ag to have a small
mixing between both scalars. As we have shown, this strong requirement is tempered
by the fact that this region largely overlap with the requirement mpy € [122,128].
The second set can be used to enhance the production rate of singlet through gluon
fusion. The trilinears Tsp are crucial in this respect as they allow the scalar octet to
participate in the loop-induced coupling Sgg, greatly increasing the singlet production
rate. Finally, the last set of parameters is used to increase the amplitude to vy. The
superpotential Yukawa couplings Asg and Agg from (2.12) are constrained to avoid the
appearance of Landau poles before the GUT scale as we have discussed in section 1.3.
The trilinears are mainly constrained by enforcing the scalar fields E,E' R, and Ry do
not get a charge-breaking vacuum expectation value. In the following, we will consider
a R-conserving model and choose to conserve the terms Agr, Asg against the trilinears.

The singlet production proceeds mainly by gluons fusion through loops of squarks
(controlled by ¢'mip) and (pseudo-)scalar octets (controlled by the trilinear Tisp).

Following our study of unstable vacua, we limit ourselves to low trilinear mass
Tso < 300 GeV. Since we have a Dirac masses for the gluinos msp 2 1.8 TeV from
LHC searches, the scalar octet is a priori heavy, except if one chooses carefully a large
negative Bp. On the contrary, the pseudo-scalar octet can be light. Unfortunately,
recent searches in the four-tops channel leads to stringent constraint on such particles
(while the scalar octet is unconstrained for sufficiently heavy gluinos). We refer to [4]
for more details on this issue, the main idea is that since we are focusing on CP-
conserving interactions, the pseudo-scalar octet cannot decay to two gluons so that
its pair production mostly lead to four-tops signals. On the contrary, the scalar octet
does couple to gluons through squarks loops which reduces its four-top signature.

In the following, we will focus on the light pseudo-scalar octet case, and require
its pole mass to be above 880 GeV to evade four-tops searches. Therefore, gluons



2. RESULTS 83

fusion proceeds both through pseudo-scalar octet loops and an additional contribution
from 800 GeV right-handed stops (left-handed squarks and left-handed sbottom are
heavier at 1.75 TeV and the first two right-handed generations are at 1 TeV). As
a consequence, the mass of the stop is a critical parameter in enhancing o,,. We
illustrate this dependence in Figure 5.6 where we plot the S — 7~ cross-section as a
function of the stop one-loop mass, with fake leptons and sleptons close to the resonance
with masses around 400 GeV.
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Figure 5.6: S — v+ cross section in fb as a function of the one-loop mass for right-handed
stop obtained by varying around the first benchmark point from Table 5.1. The lower part
shows that the fast decrease of the amplitude to gluons is slightly counterbalanced by an
increase in the amplitude to photons.

The decay S — =7y proceeds both through loops of light right-handed sleptons (we
consider left-handed sleptons above the TeV) controlled by ¢g’mip and loops of fake
leptons, E, E' , R, and R4 which are controlled by a unified Yukawa Agg = Agg = 0.7.
Furthermore, the fake sleptons also contribute with couplings controlled by ¢’'mp. In
order to maximise the overall contribution, one has to take care that no cancellations
occur between the various contribution (particularly for the D-terms induced couplings,
which are proportional to the hypercharge of the scalar participating in the loop).
Refering to Table 2.2 and 1.1 we see that one can for instance require light E, Ry and
ér and heavier E', R, and left-handed sleptons.
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In order to have a sizable contributions from the (fake) sleptons, we need reasonably
large Dirac mass mip ~ 1250 GeV, this has the added benefit that it also enhances
the squarks contribution to the scalar singlet production rate. On the other hand, it
increases the tuning of A\g necessary to have a small mixing and additionally implies
that we have either a small tan 3 or a somehow large p term as can be seen from
Eq.(5.14). Overall, Figure 5.7 presents the cross-section obtained in the Ag/up plane
by varying around the benchmark point of Table 5.1. Roughly speaking, this Figure
combines on the x-axis the constraints from mixing with on the y-axis the requirement
that the particles participating in the loop have masses close to the resonant one 750/2
GeV.3

We see from Figure 5.7 that the main requirement in our model is that we must
consider values of Ag tuned at the level of a few percent. This tuning is however,
somehow mitigated from the fact that reproducing the Higgs mass already imposes
that Ag belongs to a limited range, as could be seen in Figure 5.3. We can also see that
the constraint from the ratio I'zz/I'y , are significantly weaker than the requirement
on the cross-section. We further give in Table 5.1 one benchmark point, satisfying all
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Figure 5.7: S — v cross section in fb as a function of the pur and Ag. The plot is based
on the benchmark point of Table 5.1. The black contours show the most constraining ratio
from (5.19) while the red contours shows the pole mass for the fake leptons.

3Notice that the fake lepton mass gets a sizeable contribution from the vev of S throught the Asg
term.
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the previously-mentioned constraints while retaining a ~~y cross-section of order 4 fb.

Parameter Values
Higgs mass I 925 GeV
tan( 3
AT 0.7
mr 500 GeV
Singlet masses and mixing mip 1250 GeV
mg 500 GeV
Bg —2.442 TeV?
Ag 0.29
Singlet decay Tso 200 GeV
/production amplitude mo 1300 GeV
to gg mg, 500 GeV
Singlet decay amplitude ASR = AsE 0.7
to vy m% = m%ﬁu . 10% GeV?
pp = pn, /1.4 | 325 GeV
mip 250 GeV
Outputs Pole mass Higgs | 125.5 GeV
Pole mass Sg 750.1 GeV
Pole mass Oy 945.5 GeV
Pole mass tp 820.3 GeV
Pole mass I 418 GeV
Pole mass £ 397 GeV
a(S — vy) 3.20 fb
Ap 0.97 x 1074
vg 151.4 GeV

Table 5.1: Benchmark point for our scenario. We further have, B, = 2.5% TeV2, the heavy
left-handed squarks (as well as right-handed sbottom) have masses around 2.25 TeV. The two
first generation of right-handed squarks have masses at 975 GeV, left-handed sleptons have
masses at 1.5 TeV. We have map = 1200 GeV, and msp = 2.5 TeV

3 Outlook

While the R-conserving scenario is very promising, it is nonetheless quite constrained
to a small windows of values of Ag, in order to have a small mixing with the Higgs and

a sizeable cross-section to photons.

It is therefore interesting to relax the R-symmetry condition and allows for model
which we can have simultaneously the couplings to the fake leptons and the trilinears
Tsk and Tsg. Two promising scenarios which we will be further presented in [4] are

e R, : Similar to the model presented above, but with additionally the couplings

Tsg, Tsr and Ago.
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e R, : Similar to the model R, , but we further tolerate the presence of a Majorana
gluino mass term M3.

It is interesting to note that in studying these R-conserving scenarios, we did not
consider the possibility that the pseudo-scalar singlet S; contributes to the overall
cross-section. Since this field does not mix with the Higgs, it would have the additional
benefit of reducing the constraints from mixing. As we have already discussed, this
pseudo-scalar is not produced by gluons fusions in absence of a soft SUSY-breaking
Majorana mass term for the gluinos. Since the model R, allows for the presence
of such a mass, one can simultaneously produce the scalar Sp and pseudo-scalar St
singlet and have a “double-peaks” resonance set-up.



Chapter 6

The Slow Gravitino

Lorentz symmetry is both a completely fundamental symmetry of nature and a bla-
tantly broken one. Indeed, the boost symmetry underlying the construction of special
relativity is broken as soon as one introduces a fluid whose four-velocity fixes the arrow
of time. In this chapter we will see that when Lorentz symmetry as well as supersym-
metry are broken by a fluid, the pseudo-particle generated by this breaking, called
phonino, becomes the gravitino’s longitudinal degrees of freedom. Crucially, these
new degrees of freedom are slowed down by their interactions with the fluid while the
original transverse ones are not, a feature we called “slow gravitino” in [5].

Such setups arise naturally when considering inflation in supergravity, since the
scalar field describing the inflaton can be considered as an isotropic fluid. In particular
it was shown in [103,104,105] that the equations of motion for a massive gravitino in
a FLRW spacetime differed markedly between the spin-1/2 and spin-3/2 components.
A feature similar to the slow “gravitino” case. These results have been successfully
reproduced and extended in [106,107,108] using the constrained multiplet formalism
of [109] (see also [110]).

On a more formal ground, constructing consistent Lagrangians for massive spin-3/2
is a difficult exercise. Indeed, apart from the supergravity gravitino, generic spin-3/2
massive particles suffer from acausal behaviour (more precisely, the Cauchy problem
is not well defined) when coupled with electrodynamics, this is the Velo-Zwanziger
problem [111](see also [112]). When attempting to construct massive spin-3/2 La-
grangian it makes therefore sense to try to build them from supergravity and to give
a mass through a super-Higgs mechanism. This is precisely what we will describe in
this chapter. We first show in section 1 how one can obtain a super-Higgs mecha-
nism from thermal SUSY-breaking in supergravity. In section 2 we study the resulting
Lorentz-violating Lagrangian per se, deriving the equations of motion for the physical
components of the gravitino. Finally, section 3 is dedicated to the derivation of the
covariant propagator.
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1 Generating the Lagrangian for a Lorentz-invariant Low-energy
SUSY

It has been known for a long time that supersymmetry is broken by thermal effects
and is not restored in the high-temperator limit [113]. This is in line with the fact
that fermions and bosons obey different statistics. It was proven in [114,115] by work-
ing in the real time formalism that a massless goldstone fermion (goldstino) appears
following supersymmetry breaking. This goldstino has been identified in certain cases
with composite bilinear boson-fermion operators [116]. Later, this temperature gold-
stino has been called phonino [117] and has been subject to further studies where it
became clear that this excitation was non-perturabative and has more to do with a
“supersymmetric sound” (hence the name phonino) than with a fundamental particle
(see for example [118,119,120,121]).

The only feature of the phonino that is relevant for this work is that it has a non-
relativistic kinetic term, dressed by the stress-energy tensor of the fluid [122], which
involves the derivative TH"~y ”8,,.

1.1 Akulov-Volkov Lagrangian for the Phonino

In section 2 chapter 1, we have presented the super-Higgs mechanism starting from
the “pure” supergravity extension (see Eq.(1.19) of the same chapter) of the Akulov-
Volkov Lagrangian for non-linearly realised supersymmetry. A procedure to obtain
this Lagrangian was described by Deser and Zumino in [123]. We will now extend it
to the case of a background fluid.

Keeping the conventions introduced in chapter 1, the usual (Lorentz invariant)
Akulov-Volkov (AV) Lagrangian is given by:

1 14
L = —§f2 det(W,") (6.1)

where f is a constant parameter and
v v é 124 G
w,” =46, "+ 77;16 (?) .

This Lagrangian has been chosen such that under the supersymmetry transformation
of constant parameter €

5((;) = €+§“8u(?) with g o= gy

we have (W, ") = 0V¢,W, P + §P0,W,” , and

; (6.2)

= Q

S(£) = — 5 F20ule" det(1W,°)]

The Lagrangian (6.1) is therefore invariant up to total derivatives under the non-linear
transformation (6.2). Expending (6.1) at first order in G2, we obtain

L= — %fQ — %éwa“c: +0(GY . (6.3)
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As the main new feature of the phonino is its kinetic term of the non-Lorentz-invariant
form T~ ,0,,, we will modify (6.3) to reproduce it. Defining 7" a normalisation factor,
the non-linear Lagrangian yielding this kinetic term is given by:

_ Lo v Gy’ ., G _ Ly 15TV 4
L = —2f det |9, 7T 8(f) ——2f +2GT7M&,G+O(G),(6.4)
with the modified non-linear supersymmetry transformations,
G G THPy , G
§(=) = e+ &"0u(= with P = —¢ L= 6.5
(F) = e+ e0uF) ; 5 (6.5)

It is straightforward to verify that (6.4) transforms as a total derivative under (6.5).

1.2 Super-Higgs mechanism in a Fluid with Curved Background

The way forward is clear. First, we have to find the Lagrangian minimally coupling
the AV Lagrangian (6.4) to gravity, mimicking the procedure of [123] in our Lorentz-
violating case. In a second place, we will translate the calculation made in chapter 1
to realise the super-Higgs mechanism in a fluid.

a Perfect Fluid in Curved Background

To leading order in derivatives, the supergravity Lagrangian including the graviton,
gravitino and goldstino fields is given by

1
L = 56 [ﬁgravitino + Ephonino + £mixing] + Ef ; (66)

where e is the square root of the metric determinant and

Lgravitino = R— sz_)u’}/ vau%

_THv
Ephonino = GT’}/HVZ’G
THY  _
Emixing = - ﬁm(}y/ﬂ/}l/ .

Notice that the cosmological constant term of [123] have been replaced by an a priori
unknown term L giving the contribution of the SUSY-breaking fluid. Since we want
this Lagrangian to transform as a total derivative under the linear transformations :

dej, = %MpEfy“wu

Sy = MpV e (6.7)
_ VT

(5G = WG,

we should require

1
—25(£f) = — Mpg’yﬂwy[WT“V] .
P
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Let us show now that this is the case if L¢ describes an irrotational relativistic fluid
(see [124] for a nice review). We denote by 0 the scalar potential, «, 5 the Gauss
potentials and j# the fluid density current. We can construct the particle number

density n as
n = \/_g;wjujy )

so that the fluid four-velocity u* satisfying g,, u#u” = —1 is obtained from j* = n u*.

We introduce a function F'(n) such that the (perfect) fluid energy density ¢ and
pressure p are given as functions of n by ¢ = F(n) and p = nF’(n) — F(n). Then, the
fluid Lagrangian can be written as:

€ .
Li = = 55 MO0+ ad,B) + F(n) (63)
P
in which only n is a function of the metric. The Lagrangian (6.8) is such that combined
with the Einstein term §R and using the equations of motion for! j# in the one for
g, we obtain the Einstein equations:

1 T

R;w - igw/R = M}Q)

1
Mil% [Pg;w + (o —|—p)uuu,,] ) (6.9)

with on the r.h.s we recognise the stress energy tensor of our perfect fluid. Notice that
after integrating out j*, we have

L= - A;% (0,0 + ad,B) + F(n)] = AGZ% . (6.10)
The variation w.r.t @ and (3 leads to current continuity equations describing the internal
dynamics of the fluid.

The final Lagrangian (6.6) includes a “source” which will generate for instance a
FLRW metric if the fluid is at rest. A similar Lagrangian has been obtained by [106]
using a constrained multiplet from [109] in a minimal effective field theory for super-
symmetric inflation. In that case the fluid stress energy tensor is represented by a
scalar field with p = %qﬁz — V(¢). In the limit where the fluid is simply a cosmological
constant, we recover the case from [125] that (6.6) can be embedded in a de Sitter
supergravity action. Notice that is should be possible to construct a constrained mul-
tiplets version of the fluid Lagrangian L, allowing to extend the results of [106] to a
general fluid, albeit we will not attempt such construction here.

b Super-Higgs Mechanism in a Fluid

We are now ready to proceed to the super-Higgs mechanism by effectively trading the
fluid part of the Lagrangian for a non-relativistic mass for the gravitino. We start by

LA priori, we should also include the contributions from phoninos and gravitinos. However we will
always suppose that their contributions to the pressure and energy density are negligible so we can
use
F'(n)

n
We have taken the convention that the pressure is negative to match the case of the cosmological
constant. For a normal fluid, one should simply takes absolute value to define f.

Oul + aduf = jyu
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adding to the Lagrangian above
T

_[’f+ T/J ,y,u p”l/)\’y 1/’;) oT nuyéG

This is invariant under modified supergravity transformations obtained by replacing
Viu—V, nm,y under the condition that:

2
PP npgfy’\*y" = WTW - (6.11)

The total Lagrangian is given by:

1 T -
L=ge R+G %v G — \fﬁM G, — Yu "V, (6.12)
LT L
+§¢M’Y ny)\Yy % - oT nul/GG
with the supergravity transformations
et = $Mpeyiy,
Sy = Mp(Vye — 3n,77e) (6.13)
_ VT

5G = WG .

Notice that (6.12) is invariant under (6.13) only if we neglect derivatives in the fluid
variables. A fully invariant Lagrangian can be nonetheless obtained even without
neglecting them (see [126] for details). In the unitary gauge obtained by

66‘; = - \/%Mpéfyawu
W = = Mp(Vy— dnun?) Y2
G = -G,

the phonino is removed from the Lagrangian that becomes

1 - A
L=Ze| R=dy"(V, - n ;7 ), (6.14)

where n,, satisfies (6.11). The gravitino acquires a mass similarly to the usual super-
Higgs mechanism. A distinct feature, however, is that the mass terms are now space-
time dependent and violates Lorentz invariance when n,) is not proportional to g, .
This Lagrangian had never been studied before and the next sections will be dedicated
to thoroughly study its properties.

A key point is that we are now in flat space-time, the effect of the fluid on the
gravitino have been completely translated in the Lorentz-violating mass term. There-
fore, even if we will be using fluid-derived notations in the following, we will be in
fact studying a particular Lagrangian for a massive spin-3/2 particle in flat spacetime.
However, the intuitions one could gain by thinking in term of the original fluid vari-
ables will be instrumental in simplifying our equations, which explain the numerous
reference to the “background” fluid in the next sections.
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In general the parameter n,, are derived from a fluid and could be functions of
space and time. However, for practical calculations, we will be interested in the case
where we can neglect them. More precisely, we will require the gravitino wavelength
to be smaller than the fluid scale of changes in the macroscopic variables, noted L,
this imposes

1
<1, 6.15
7L < (6.15)

This is required in order to be able to consider the gravitino as a localised particle
with well-defined helicity states. Considering gravitinos with energy of the order of
their mass, this last condition becomes

VTL
Mp

>1. (6.16)

In this approximation, we can neglect all derivatives of the fluid variables compared
to the momentum or the mass of the gravitino.

2 Constraints and Equations of Motion for a Perfect Fluid
Background

2.1 The Slow Gravitino Lagrangian

We will consider a perfect fluid with four-velocity u* and an equation of state

p
w o= =. (6.17)
e
For w # —1 both supersymmetry and invariance under Lorentz boosts are sponta-
neously broken while w = —1 corresponds to a cosmological constant. From now on,
we will neglect all derivatives of the fluid variables compared to the momentum or the
mass of the gravitino and, when convenient, will trade the fluid variable w for

ey = 14w, (6.18)

where €;,, measures the size of violation of Lorentz boost invariance. We also define at
every point in space-time two projectors r and ¢ by

rt = p* +utfu”

6.19
= (1 —r) = —ufu” . (6.19)

t projects along u*, i.e. in the time-like direction defined by the fluid, while r projects
on the vector space orthogonal to u”, i.e. on the spatial vector space defined by the
fluid. Since our fluid is decribed by the Lagrangian (6.8), it is irrotational and its
velocity does define a foliation of space-time that we can use to defined plane waves
of the form ¥* o e+ with p being functions of the space-time coordinates whose
derivatives are neglected. This will allow us to define helicitiy eigenstates and construct
the corresponding propagator.
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Using the fluid foliation, we define the “spatial” and “temporal” components of the
gamma matrices v# and of the momentum p*, defined via using the projectors r and
t. They are constructed as

rt =y, Kt =r*p,

th =ty ¢ =t"p, .
r# and t* behave as v* and 7°. They satisfy the relations rtr, = 3, t*t, = 1 and
thrY = —r¥t*. We say that the fluid is “at rest” when these projections correspond to

the usual spatial and temporal components, namely +* and v for v*.
Using these objects, we can solve Eq. (6.11) and find

0 3€y — 2
Ny = /M <7’/w — 215,“,) , (6.20)

we then defined the would-be gravitino mass m as

V3o 4 B

= — |z . 21
gy 13 (6:21)
Our Lagrangian (6.14) takes the simpler form:
1- 3
L= | (P") (= —m) 470 — g o — ST (i i) e, (6.22)
2 4— 3€LV

where we have defined the gravitino mass m. In (6.22) one identifies the first term
with the usual Rarita-Schwinger Lagrangian and the term proportional to €y, as the
correction due to violation of Lorentz invariance.

2.2 Explicit Decomposition of a Spin-3/2 in Helicity-operator Eigenstates

The fact that we breaks Lorentz invariance makes the determination of the spin-3/2
degrees more involved. We start by deriving the explicit decomposition of a spin-3/2
particle in the case of a fluid at rest.

With our conventions S#* and S** defined by

5 v
g =2 (6.23)
2
and
(S™ ) = i(6hn™ — dpm™) (6.24)

form a representation of the Lorentz group on the spinor and vector space respectively.
The rotation generators on the spinor-vector representation are the J; = %eijk(gj kg
Sjk), where ¢€;;;, is the fully antisymmetric tensor such that €23 = 1.
In particular, considering a momentum p* = (pO,E) with p? = k? — (p°)2, the
helicity operator along k is
k' k1.

S = (5 ), (6.25)
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where k = Vk2

S =iv%y%y; (6.26)
Eigenvectors of the helicity operator in the vector space are the €, and €, €1, e_ corre-
sponding to j = 0,h =0and j = 1,h = 0,+1, —1 respectively (with helicity eigenvalues

labeled by h and those of J2 by j(j+ 1) ). They are easily obtained when k= (0,0, k)
as

k p°
EOM =\ 07 07 T 6.27
(Ip\ Ip\) (6.27)
an and (h = (0,-1,,0)  (6.28)
Ip| V2

1
G_M = ﬁ(()? 1,1,0) ; (629)
! x

where we have taken |p| = /—p?. Also note that they are normalised by : € ¢, p =1

and €j +7_M60’+7_u = 1. For a general k obtained by rotating with # around the y axis
and —¢ around the z axis

pH = (po, kcos¢sinf, ksin¢sinf, kcos@) , (6.30)

helicity eigenvectors are given by?:

n
e =1
|
1
= —(0,—cosfcos ¢ —isin @, — cosfsin ¢ + i cos ¢, sin 0)

€+—\/§

1
e * = —(0,cosfcos ¢ —isin ¢, cosf sin ¢ + i cos ¢, — sin )

V2
kopOk
el = | —, Py
pl” Ipl k
Finally, the spinor-vector representation of the Lorentz group (written as represen-

tation of SU(2)r x SU(2)g for a left-handed Weyl spinor) can be decomposed into
spin representations as

11 1 1 1 1 1 3
-z —0)==-0(1lR)==6b-6 - 6.32

(6.31)

In term of states, we can therefore decompose |1)) as

11\ _ 1 1\’ 11 |1 1
1) =a1 272> Tarig,— 2> + a2 2,2>+(12 50 2> (6.33)
+a331>+d33—1>+a433>+d43—3> |
272 27 2 272 27 2/

2Since we have chosen the opposite signature from [127] and [128], helicity 4+1 and -1 eigenvectors
are inverse compared to those of these authors.
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where the prime notes the first spin-1/2 representation. Using the Clebsch-Gordon
decomposition this last expression gives (6.43).
If we boost from the fluid rest frame to any frame, the eigenvector ¢y becomes:
k

= L Logn 6.34
O Ip| p|k (6.34)

where we have ¢" = t"p, and k* = r*’p, with ¢ = \/—¢2. The form of €, and e_ is
complex in general, but we still have the property: u,ey = 0 since u,€}; is a Lorentz
invariant.

2.3 The Constraints Equations

Since the spinor-vector representation of spin-3/2 particle contains too many degrees
of freedom, we have to extract from the equations of motion the two constraints that
reduce v, to the four degrees of freedom describing a massive spin-3/2 state.

The equation of motion for ¢, obtained from the Lagrangian (6.22) is:

KMap, =0, (6.35)

with

3€ry

K" = (ykyY =) (=@ + m)y o' + 410 — ————
4 — 3ery

m(rtt” +tHrY) . (6.36)
In the Rarita-Schwinger case, a first constraint is obtained by noting that the
Lagrangian is linear in 1, which therefore behaves as a Lagrange multiplier (see for
example [112]). The Euler-Lagrange equation for 1/° gives the time component of the
equation of motion. This is used as a constraint as it contains no time-derivative.

In the Lorentz-violating case, we identify the time direction as the one given by
the “background fluid” four-velocity u*. We should therefore contract the equation of
motion by u* to obtain the “zeroth-component”. For calculation purposes we contract
instead by t#* = —yu* and use t*” + t#'t” = 0 to obtain

m

[Pt — ] by, = Py, (6.37)

3
1-— Z€LV

which indeed does not contain any time derivative (in the fluid frame).
Another constraint is obtained by contracting the equations of motion with D, =

Oy — % Using the condition (6.11) this constraint reduces to
T by =0 (6.38)
where replacing T*" by its expression and dividing by the energy density ¢ we obtain
(wr” —t")ih, = 0. (6.39)

For a fluid at rest, (6.38) reads

'YOwO = _(1 - GLV)'Yiwi . (6.40)
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When taking e, = 0, we recover the usual Rarita-Schwinger constraint:
yHp, =0 (6.41)

To summarise, we have exhibited two constraints (6.37) and (6.39) projecting out
two spin-1/2 states. Notice that as expected there are important similarities (up to
derivatives terms) of our constraints with those obtained for the case of a gravitino in
a Friedmann-Robertson-Walker (FRW) space in [105].

2.4 Identification of the Spin-3/2 Degrees of Freedom

We are now ready to identify the four degrees of freedom of our spin-3/2 state and
write them as two transverse (helicity-3/2) and two longitudinal (helicity-1/2) modes.

We first focus on the case where the fluid parameters are constant and work in the
frame defined by the fluid background. In the last part of this section, we will generalise
the result for an arbitrary fluid where both translation and rotational invariance are
lost but with the extra assumption (6.16) implying that we can neglect derivatives in
the “hydrodynamics” parameters.

In the constant fluid rest frame, the three-dimensional space is invariant under
rotational and translation symmetries therefore both spin and helicity quantum num-
bers are well defined. We start with representations of the Lorentz group but, as the
boosts transformations are no more symmetries, we will work with representations of
the rotations symmetry group i.e. spin representations. The left-handed spinor-vector
representation of the Lorentz group (written as an SU(2);, x SU(2)g representation)
can be decomposed into spin representations as

11 1 1 1 1 1 3
SO0 =l =-0-a>. 42
535030 =500105)=;0;0 (6.42)

( 2 2

The L.h.s. expresses ¥* as a tensorial product of a vector times a spinor while the last
expression is a spin decomposition that can be written explicitly as a linear combination
of normalised spin eigenstates. Using the Clebsch-Gordon decomposition this leads to:

Y = 66“ ar& + 66“ alfl+
1 _ 2 -
+ %eo“(agf_ —a28y) + \/; (eh asé_ — € axéy)

+ \/z o’ (a3 +aséy) + \}g(f’fr agé— + € az&y)
+ asé— + Gi aséy . (6.43)

The two first lines correspond the extra spin-1/2 representations that need to be pro-
jected out of the spectrum. The third line is the helicity +1/2 part, while the last line
is the helicity +3/2 part of the spin-3/2 representation of interest. The coefficients
a; and &; parametrise the decomposition as function of the product of polarisation
vectors e’ and spinors & and . The indices of the latter vectors and spinors give
their respective helicity eigenvalues in a self-explanatory way. The physical degrees of
freedom must satisfy both constraints (6.37) and (6.39).
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Let us define the useful notation n by

4

n = 1_3wm,

(6.44)

where w had been defined in (6.17). It is convenient to introduce a spinor that describes
the longitudinal degrees of freedom of our spin-3/2 field. This is achieved by defining
11 from our explicit construction (6.43) as

2

Y1 = ﬁ(asﬂ + asé-) , (6.45)
where |p| = /—p?. The overall coefficient ensures that 11 has the canonically nor-
malised kinetic term for a Majorana spinor. ’

We consider now the case of a time-varying fluid variables under the assump-
tion (6.16). It is possible to find the corresponding form of 11 either from the require-
ment that the constraints are satisfied or through an explicit construction. We shall
use the former.

In order to identify among the various spin-1/2 representation the physical one, we
consider an operator II,, that satisfies the constraints (6.37) and (6.39) written as:

Ci, =0 L Cl' = wrt —t# (6.46)
i :
CHIL, = 0 v OF = (k" — Jrk) + inrh .
Such II,, is given by
K2 2w
m* = (r* — 3=~ —kH — — 6.47
(G L (6.47)

and we will also define a conjugate operator as II* (note the change of sign of the last
term)

_ FEH 2 2w
m* = (r* — 3=-) + —k* — —ft* 4
(rt —3 2 )+ —k o Ft+ (6.48)

mn
Solutions of the constraints can then be obtained through projection by the operator
73% ( note that 73% 73% = 73% ) defined by

2

P = TI(I1°TL,) ' (6.49)

Using the constraint (6.39) we can calculate

II# ink
b= pHvy, = O p

Vit = P = g 10 (6.50)

which define the helicity-1/2 part ¢1# of ¢*, which we exhibits in (6.43). We can write
2
a corresponding spinor with the same degrees of freedom, a canonically normalised ki-
netic term in the Lagrangian, but without vector indices. It is obtained by contracting
1 with u,. Comparing (6.45) with the expression we just obtain leads to
2

Y1 =— g%;ﬁ Y, (6.51)

1
2
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and describes the longitudinal modes of the gravitino.

The helicity +3/2 degrees of freedom can be identified as the remaining modes
of ¢* after removing all three independent spin-1/2 states of the vector-spinor state.
Such spinors can be constructed by applying on * the three orthogonal projectors
Pii:

S (6.52)

where 7}, 4 and 7 are orthogonal operators defined such that 7/'7;, = 0 if i # j
by:

T =t

~0

=T (6.53)
R

7T3 =T 3?

Note that II,, can be expressed as a linear combination of these. The corresponding
projector Ps is given by
2

Péul/ = 7’]“” - 75531/ - 752 Pll 5 (654)
2

and f = Py, corresponds to the transverse degrees of freedom. This can be
2 2

expressed as

}ék‘
kQ

)(r” — 3@”)% . (6.55)

1 1
Py =YH + 57"“7“”%, + thteh, + 6(r
2

Using the fact that r,ﬂ/@, = u@bg = kzuwg = 0, it is easy to check that wg satisfies the
constraints (6.37) and (6 39) and also that P“V1/J s, = = 0. We chose to keep the vector

indices to remind of its spin-3/2 nature.
To summarise, in the space of solutions of the constraints (6.37) and (6.39), we
have the decomposition

o= vty ey, g, (6.56)

where the two terms corresponds to the transverse and longitudinal modes of the
spin-3/2 field.

While for the fluid at rest the helicity was defined as the projection on the globally
defined direction corresponding to the space component of the particle momentum, the
definition is more involved in the case of fluid not at rest as, in general, plane waves
are no longer solutions of the equation of motion. However, helicity can be defined
under the assumption (6.16).

In the rest frame the helicity operator is defined as:

1 ..
S = ieiijWOk, (6.57)
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where the S¥” are the Lorentz generators for the spin-3/2 representation. This gener-
alises to

1 g
S = iu“eu,,pgsypr 0y, (6.58)

as 7770, reduces to the space derivatives in the fluid rest frame. In a space-time
varying fluid but with the assumption (6.16), locally we can treat the eigenstates
wave-functions as plane waves. As a consequence, the above decomposition can be
carried over and locally 1 # and w% H appear as helicity eigenstates with eigenvalues

respectively i% and i% .

2.5 The Equations of Motion

Now that we have obtained the physical degrees of freedom 1 and wg /20 We can derive
2

their equations of motion from the general ones (6.35) using the projector we defined
in the previous sections.

The equation of motion for 1* derived from the Lagrangian are given in (6.35). In
order to extract those for the ¢ 1 and ¢§ /20 it is useful to use the identity

[y YO 4 4Py — (977 + 8] — )by = —iClny Ve, (6.59)

where C} is given by: )
CH =kt —rtf + inrt . (6.60)

Plugging (6.59) in (6.35) leads to

[(—r“r” + 1) (=@ +m) + C’gv”} v, =0, (6.61)

which will be used to derive the equations of motion for both helicities 1/2 and 3/2.

We first focus on the helicity-1/2 degrees of freedom. We can get rid of the term
proportional to C% by contracting (6.61) with IT# defined in (6.48). Two parts of the
equations are obtained through splitting the derivative in the l.h.s. to the time-like
and space-like parts. A bit of algebra allows to rewrite the space-like part, along with
the mass term, as

L (= ) (il ), =~V (i — ), (6.6

On the other side, the time-like part, using the decomposition (6.56) , can be
expressed as

_iﬁu(—r”rV + T”V)ﬁwV =+ Z\/E%]fgwé . (6.63)

Putting back both parts together leads to the equation of motion for the longitudinal
mode:

(tP0, — wrPd, +m)pr =0 . (6.64)

1
2
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In order to derive the equation of motion for the transverse degrees of freedom, we
act on (6.61) with the operator Ps; to obtain
2

(ig + ik +m)st =0, (6.65)

which can be written:
(tP0, + PO, + m)iﬁg“ =0. (6.66)
The equations of motion (6.64) and (6.66) derived above can also be obtained from

the Lagrangian

1

L= 303,00+ mpy + 20, (0, — w0ty (6.7

1
2

DO |

where we verify that the factors in the definition of 1 Were necessary for obtaining a
canonically normalised kinetic term. The two spinors have obviously different disper-
sion relations. An important comment is that if we had not neglected the derivatives
of the fluid parameters, the previous Lagrangian would not be hermitian. Furthermore
an interesting consequence of these two equations of motion is that helicity-1/2 and
3/2 cannot be on-shell simultaneously when €5, # 0.

3 The Covariant Spin—-3/2 Propagator

If the non-relativist spin-3/2 that we have described is coupled to other particles, it will
transmit the Lorentz-violation to the rest of the spectrum through loops diagrams. It
is therefore particularly important to derive a complete expression for its propagator.

As in the previous sections, we assume the approximation (6.16) so that we can
use plane wave solutions of momentum p*.

Our strategy will consist of writing the Lagrangian in a basis of projectors adapted
to the degrees of freedom of our problem. It is convenient to use as basis the 7',
(i = 1,2,3) defined by

™ =p!
n
B— (e — gi
m =k - T5) (6.68)
Fh
7T§L = T'UI — ?

In making calculations, it is helpful to use the commutations or anti-commutations
properties of the operators m; with £, p and ¢ which are (omitting the Lorentz index
for clarity) given by:

71'1%:%71'1 Wlﬁzgﬂ'l (669)

mof = —Fmo mof = —qmo (6.70)
m3f = —fms m3d = —qms . (6.71)
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Pia P2 P13 Po1 Pa2 Pa3 P31 P32 P33
P11 | P11 P12 P13 0 0 0 0 0 0
Par | Par Paz/(min2)  Pas/(n?) 0 0 0 0 0 0
P31 | P31 P32/ (n?) Pss/(m273) 0 0 0 0 0 0
Pia| O 0 0 Pui/(n3x3) Pz Pisz/(x2) 0 0 0
P22 0 0 0 P21 Paz P23 0 0 0
Psa | O 0 0 P31/(x2)  Psa  Paz/(nin?) 0 0 0
P13 0 0 0 0 0 0 P11/(n3n2)  Pia/(n2)  Pis
Paz | O 0 0 0 0 0 Por/(n2)  Paz/(m3w3) Pos
Pss 0 0 0 0 0 0 P31 P32 P33

Table 6.1: Contraction rules for the nine projectors P; ;, the extra-factors of 72 comes
from the normalisation of the nilpotent operators.

We can then define three projectors P;; as

v s
Pl = =5, (6.72)

and supplement them by nilpotent operators P; ; with 7 # j defined by

Py =20 (6.73)

k>t\:

The contraction rules of this set of projectors is straightforward and can be sum-
marised in Table 1. We supplemented this set of projector by Ps defined such that:
2

1+ Py +Poy + P =0t (6.74)

We use the identities
P =t N Zjﬂff + Z;WQ + 7k (6.75)
kH = pzwf + igwg rH = ;éﬁf 52 5+ mh (6.76)
Wzgﬁ—gﬁ = gﬂ+£ﬁ, (6.77)

and a bit algebra to express K*¥ as a function of the 73“ . We can write

= (p+m)(Py, — Py3) = U(Piz = Pai) + V(P — Phy) = W(P1y = Pay)

(6.78)

with
W = —nk? (6.79)
U = 2(fm + ¢n) (6.80)

k2 .9
V= p — (ip” + mg + nk) . (6.81)
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The second calculation trick is to define a conjugation relation by

A = ay + fag + daz = ay — Faz — das (6.82)

this operation satisfies all the usual properties of conjugation AB = A B, A+ B =
A+ B, and we have also

|A|? = AA = a? + k*a3 + ¢*aj , (6.83)

which enables us to obtain the inverse as

A‘l—i— a1 — fas — dag
AA  a} + k243 + ¢2ad

(6.84)

This formula uses the assumption that all parameters a; are scalars. If A is such
that a1 = a} + }éga’l’ the previous formula makes little sense. However, it is always pos-
sible in this case to factorise A = A Ay where A; and A, have only scalar coefficients.?

A crucial observation is that thanks to the relations (6.69), the (anti)commutation
relations between the operators 7; and A are

A= Ay
mh A = Arnh (6.85)
b A= Arl |

which allows to make all the calculations using the A form without decomposing it
in f or ¢ parts. The decomposition of the propagator on the projectors basis can be
written as
nz m-— Z% uv N Uy uv uv ! v
G :m2_|_p2%+AP11+BP22+C7)33+D7)13+D Pay (6.86)
+ E Phi + E' Py + F Py + F' P4y .

The propagator satisfies

K ,G™ =n, . (6.87)

Expanded it in the projectors basis leads to a system of nine equations

w
w

) — (ip+m)C — (mam3) *VE + (mm3) 2UD =1
) — (ip+m)E' — (m) *UF - VB =0
) — (ip+m)D' — (m) *VF' +UA=0
23)  (im) *WD+VC =0
22)  (imm3) PV E 4 (myme) PWEF =1 (6.88)
)
)
)
)

w W
= N

[\
—

(m3)2VD' + WA =0

—(m) *WE -UC =0

— (m3)2UE' = WB =0

— (7T17T3)_2UE/ — (7T17T2)_2WF/ =1.

13
12
11

A~~~ N /N /N

3Sfwehad C = &1 +ci kg +cak+cag, one can easily check that C' = (63+c’1}é—|—(ci53 —cl)q%g)(%? +¢)
is such a decomposition.
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We make the assumption that U,V and W contains no terms in kg (if it was not the
case, one should first factorised it, then inverse both terms using (6.84) and do the
same to inverse X ). We define the quantity X by

—(p+m) + VWU - UWV) . (6.89)

1
a7 (
This expression has no terms in f¢. Indeed, if A and B do not have f¢ terms, then it
is easily seen that AB + BA also does not have kg terms and that AB + BA is a pure
scalar using the product formula

(a1 + ask + asd) (b1 + bok + bsg) = (ar1by — asbok® — asbsq®) + (azby + arby)f
+ (asbi + a1b3)¢ + (azbz — baaz)fgd . (6.90)

Since we can write
VWU - UWV =V(WU) + (WU)V — (WU +UW)V | (6.91)

we conclude that one can apply the formula (6.84) on X and solve the system of
equations as

m W X W

A="1
AWE' X WP
2w - X w
B = 7% 2 2U 2
2 TWEC XY W
X
C — —
B
wWw — X X V%
D=-m—_V-_— D =-—m vV — (6.92)
AAEMbE TxpY e
W — X X w
E - _ 2 E/ — _ 2
el Ixp xEY e
W 1 W - X - W
Fea22( Y L
e T e xR e

w 1 W - X W
A i — U~V
e el e e

Replacing these expression in the propagator, we can in fact factorise most of these

W X = W W
— U Ll [ U——
wpEl™ ]|X|2[ weE™ U pE™

terms and obtain:

zp W
G — o %
7 +m2 Vet

W
+ W(ﬂ"gﬂ'g — Wgﬂly) .
(6.93)
If we replace U,V and W by their expression in our case we observe first that X

simplifies in

X = 3(m — wik +ig) , (6.94)

-7y
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which indeed does not include f¢ terms.
Our final result can be expressed as:

HMBV Hull/
GHY — 2 4 2 o §6 %
pP2+m?2 w2+ q2+m?2 4V mk?

(K — kM) (6.95)

where the two polarisations take the form

Iy’ =(m — ip)P" | (6.96)
and
Yy :2 A (i — exyif +m) AV (6.97)
where
AF = H — z% - g(r“ - ;Zf) - zewt“ , (6.98)

Note that we recover again that the part corresponding to the spin-1/2 components
of the spinor-vector has a pole for m? + w?k? + ¢> = 0 due to a different dispersion
relation. A crucial observation is that the nominator of the helicity-1/2 poles indeed
projects on the physical degrees of freedom. More precisely one can show that

HH%Vd)M = Hl%”w% - (6.99)

Furthermore, we can relate II5" to the Rarita-Schwinger polarisation tensor Il

defined as ’

, 1 pl'p” AHp” —~"pt
By _ 10 Ny 1 5
Mg = (m — )" — gy*y" + 2 i——a ], (6.100)
by
4 14 2 3 pﬂ - v 3 v ‘pl/
%“ = TIl5s — g[Au + Zew(tu — ZE)](WJF m)[AY + 1ew(t — ZE)] : (6.101)

This expression makes explicit the fact that our propagator reduces to the usual Rarita-
Schwinger result when e, = 0.

The modification of the Rarita-Schwinger propagator due to Lorentz symmetry
breaking appears both in the spin-3/2 and 1/2 contributions. When €, = 0, we
recover the usual Rarita-Schwinger formula [129].

We finally consider the limit of high momentum where we have the hierarchy

m < |p| < T, (6.102)
the propagator then simplifies to

ip  2ptp” id — wif
p2 3 n2 q2—|—w2k2 ’

G — P (6.103)
2
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4 Conclusion

In this chapter, based on the super-Higgs mechanim in a fluid, we have constructed a
new Lagrangian describing the propagation of a spin-3/2 with a non-Lorentz invariant
mass term. We have the studied this Lagrangian per se and shown that it exhibits a
feature common with spin-3/2 propagating in a curved space: the longitudinal modes
(£1/2 helicities) propagate at a slower speed, hence the “slow gravitino” name.

While we have studied our Lagrangian purely in flat space-time. The results we
have found match almost perfectly the results from [103,104, 105,106, 107] concerning
the propagation of gravitinos in a curved inflation background. It would be very
interesting to understand in more details the links between the two scenarios.

From the more academic point of view our Lagrangian can be studied per se as
an example of a consistent, non-Lorentz invariant, Lagrangian for a massive spin 3/2
particles. Indeed, since it is build from a super-Higgs mechanism, it should be free
of the Velo-Zwanziger problem, it would be interesting to check this explicitly. Fur-
thermore, it is clear that more investigations are needed on how this “slow” gravitino
will transmit Lorentz-violating effect to our visible world and more generally, how to
couple fluids to supergravity.
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Chapter 7
Swift Graviton

In General Relativity, the presence of matter always tends to slow down signal prop-
agation. A practical check of this broad statement is the Shapiro time delay, one of
the classic solar system experimental verification of General Relativity. An observer
on Earth sends a electromagnetic signal to bounce on another planet and measures
the time needed for the return trip. The effect of the curvature of space-time will be
to lengthen the trip with respect to what would have expected in Newtonian gravity
corresponding to flat space-time.

The intuitive definition for a “fast” (namely superluminal) travel, would be to com-
pare the observed propagation speed in a given setup with the one in flat Minkowski
space-time. To do so, however, one would need a way to compare “locations” between
two different spacetimes, a notoriously difficult exercise due to diffeomorphism invari-
ance. An additional difficulty is that one can construct any spacetime once sufficiently
exotic matter is considered, as the Einstein equations only related the curvature ten-
sors to the stress-energy one. Therefore, we must always consider that a definition of
fast travel should come together with a condition on what “reasonable” matter should
look like. One such energy condition is the weak (resp. null) energy condition which
requires the stress-energy tensor 7}, to satisfy:

T k'E >0, (7.1)

where k* is a time-like (resp. null) vector. Armed with these inequalities, one can then
write various theorems about “fast travel” in General Relativity based on the study of
null geodesics.

In extended gravity, when General Relativity is modified, the boundary of the
causal future of a point p are in general not determined by null geodesics but by the
characteristics hypersurfaces passing by p. Loosely speaking, characteristics are defined
as the hypersurfaces on which the Cauchy problem is not well-defined. In general
these hypersurfaces are different from null hypersurfaces, leading to the possibility of
superluminal propagation, even when the appropriate energy conditions are considered.
This has been known for a long time in the simple case of Lovelock theories [130,131].
In this chapter, we will consider extended gravity theories described by Lagrangians
in D spacetime dimensions of the form (¢ =h = 1):

= W\/jg(3+f§ [Rﬂ + 02 [R?’] 468 [34] ), (72)
Ttp
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where g is the determinant of the metric g,,,, £p is the Planck length, I; are dimensionful
coupling constants and [R"] is a linear combination of contractions of n Riemann
tensors.! We will focus on theories with ¢; > fp, and consider the propagation of
gravitons of energy E ~ ¢, ! in which case all the different terms in (7.2) are important.

1 The Background Metric and Graviton Equations of Motion

Since our goal is to study extended gravity theories as generic as possible, we must
consider a background as simple as possible so that it could remain a solution of the
extended Einstein equations. We will consider the background metric induced by an
axisymmetric source beam. The idea is to model a stream of massless relativistic
particle, being photons or gravitons.

1.1 The Beam Metric
Our ansatz for the line element will have a rotation symmetry around the xp_; axis:

D—2
ds® = —dudv + hy (r)du® + Z ()2 (7.3)
i—1

We use light-cone coordinates defined as w =t — xp_1, v = t + xp_1 where t and
x; denote the time and space coordinates, respectively. We also define the transverse
distance: r = (zf:;?(a;i)?)%.

The only non zero Christoffel symbols are given by:

. 1 . .
Fyu =50y, TV =—0'h,, (7.4)

uu

the non-zero components of the Riemann and Ricci tensors are:

1 1 )
500hg,  Ruu=—500'h,, (7.5)

Riuju = _2

and the Ricci scalar vanishes.

The source is taken to be a “Bonnor beam” [132], namely an infinitely long straight
beam of radius rg, propagating at the speed of light in the direction of the v axis. It
corresponds to the energy momentum tensor:

< 4 <
Ty = P r=ro ) T = P r=To ) (76)
0 > Ty 0 >0

while all the other components vanish and p > 0. The Einstein equations of motion
reduce to:

9;0'hy = —16m0B72T,, . (7.7)

1 The [R3] term includes in addition to all possible contractions of three Riemann tensors also those
of two covariant derivatives and two Riemann tensors.
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The solution to Eq. (7.7) for D > 4 is given by:

167rp€£72 r% [rg] D—4

| D—-4(D-2) |r r=ro .
)= . 78
° 8rplp > rd 1_(1?—4)73 .

(D —4) D—2) 12 r=ro

This solution belongs to a class of solutions called “plane fronted waves with parallel
rays” (or pp-waves) and enjoys a superposition property, meaning that the linear sum
of two parallel pp-waves propagating in the same direction is still a solution. Away
from the beam, at r > rg, h, satisfies

;0'h, =0 . (7.9)
It will be convenient to define Ry, as
_ 167 _ _
By o) = =g PP (7.10)
such that for r > rg:
Rb D—4
hy, = (r) . (7.11)

In the limit ro — 0, the linear density of energy A, is kept fixed by taking pr(])j -2

A, P/2) The background (7.8) then becomes:

P RD-2)/2"
16m0 2 A2 1
() = T e 7)
(D*4)(D*2) T2 T‘D74
(7.12)
_ 4 . (D-4 M2
= D=4z 9 D=4
which corresponds to:
T = Np0P 72 (27 . (7.13)
We choose the energy density and beam radius such that:
hy ~ B 20r8 < 1, (7.14)

so that we are considering a small perturbation to flat spacetime. We stress that our
background is nonetheless in general a full solution of the extended gravity theories we
will be considering, so we will not rely on (7.14) to make a perturbative analysis.

1.2 Equations of Motion for the Probe Graviton

Since we are interested in the propagation of probe gravitons in the background metric
(7.3), we will allow for a small perturbation of the form:

(5gij = hl-j(u,v) . (7.15)
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Let us first derive the equations of motion for this probe graviton in General Relativity.
We work in the light-cone gauge, guy = gvi = gui = 0 (see e.g. [133]). We will restrict
the discussion to gravitons h;j(u,v) having transverse and traceless polarisation €;;.2
The tracelessness restriction simplifies the equations of motion but, in contrast to the
case of flat spacetime, it is not enough to solve all the constraints given by the Einstein
equations.

For ease of use, we have listed in Appendix 1.1 the metric components, the non
vanishing Christoffel symbols, Riemann and Ricci tensor components and Ricci scalar
up to first order in the probe graviton contribution. Let us simply quote here the most
useful results for our calculations:

1 1 1 1
Riuju = _Qhofij - §hij,u1m Rivjv = _ihij,vva Riujv = _ihij,uva
4 1 »
Rij = 2(hijuv + hohijwo), - Riu = & holije, Buu = —5(ho i = h7hy 35), (7.16)
R=0.

We are now ready to study the Einstein equation. For general relativity on this
background, the it takes the form (away from the beam):

2 (hij,uv + hohij,vv) =0 (2]) ) (717)

8jhohij7v =0 (Zu) ) (718)
1 i

- i(ho,ii —h ]ho,z’j) =0 (uu) , (7.19)

and the other components vanish identically.

Eq. (7.17) is the wave equation describing the propagation of the probe graviton and
will be used to extract the causal cone of the theory using the method of characteristics.
This will be discussed extensively in the next sections.

The second equation, Eq. (7.18) should not come as a surprise. Indeed, we have
consider a perturbation independ from the transverse coordinates, even tough the
gravitational interaction of the graviton with the beam shoud deflect it. The solution is
straightforward: introduce a second identical beam so that the graviton is propagating
right in the middle between the two beams without deflection, making Eq. (7.18)
automatically satisfied.

Since any linear combination of pp-waves sharing the same Killing vector is also a
solution of Einstein equations, we do not have to impose any condition on the distance
between the beams to ensure they do not influence each other. The background line
element is then given by:

D-2
ds* = —dudv + (hgl) + h{?)du? + Z (dx)* (7.20)

0
i=1

where h(()l) and h(()Q) are of the form (7.8) with the appropriate distances r and 7. We
concentrate on the behaviour of gravitons propagating between the two beams, such

2In D = 4, such a restriction implies that the polarisations space is two-dimensional. However, the
additional constraint (7.23) will further constrain the polarisation space to be one-dimensional. We
discuss this issue in detail in Section 6.
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that the impact parameter b1 Wlth respect to the first beam and bz with respect to the
second one are opposite, bl + b2 = 0. This restriction leads to numerous simplification
in our calculations. Indeed, at these points of spacetime:

= ai(?jak(hgl) + h(()Q))

(7.21)

b14b2=0 b1+ba=0 a

As a consequence, any instance of a zero order Christoffel symbol which is not differ-
entiated by a partial derivative vanishes. In what follow, we will always put ourselves
in this configuration, and so, h, should be understood as h, = h(()l) + hg2).

Finally, the last equation Eq. (7.19) is a modification of the zeroth order one Eq.
(7.7) that determines our background. There, the additional first order term in h%
indicates that the probe graviton can back-react on the background metric unless:

4 RD 4 y
hh, .. = (4— D)—2— ’5 (b5, — (D — 2)h7b;b;) =0 . (7.22)

0,15
Since h¥ is traceless, this reduces to:
Eijbibj =0. (7.23)

Notice that this is an additional constraint. It implies that we are missing one degree of
freedom, consisting in an excitation backreacting on the beam. This degree of freedom
will be sorely missing when we will consider the four-dimensional case, as we will see
in section 6.

To conclude, our equations describe the motion of a graviton propagating right in
the middle between two beams. For this particular trajectory, one can find D(D—3)/2—
1 traceless transverse polarisations which satisfy all the components of the Einstein
equations, identically except for the ij components which describe the propagation
along the trajectory.

In order to observe swift behaviour, we must require “close fly-by” of our test
graviton, namely b ~ £,. The condition that we look at gravitons propagating outside
of our beam (b > rg) then implies:

ro Sy (7.24)
where [,, are the coupling constants of equation (7.2).

While in this section we have dealt with the Einstein-Hilbert action, we will show
in section 4 that the constraints (7.21) and (7.23) will remain sufficient to solve the uu
and u? components of the equations of motion for the extended gravity theories under
consideration.

2 A first look into time advance in Extended gravity theories

As we have already underlined, in extended gravity theories, there is no reason that
the fastest trajectories follow null geodesics. A consequence is that the usual Shapiro
time delay, experienced by a particle moving in a space-time curved by some matter
distribution, can transform in a time advance. This effect is particularly marked for a
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space-time called “shock-wave” which can be used to describe the effect of a high-energy
graviton on the surrounding spacetime. In this case, the spacetime is Minkowski expect
in a localised region, making the definition of time-shift simpler. Before introducing
our results for a curved background and the numerous complications involved, we will
review in this section the work of Camanho, Edelstein, Maldacena and Zhiboedov
in [134] which show time-advance statements for this metric and link them to the form
of the graviton three-points function.

2.1 Time Advance and Shock-Wave

We use the “shock-wave” metric, whose line element is similar to the one introduced
in (7.3) with h, given by

4 D — 4) —P,5(u)t5=2 (7.25)

ho () = 7T(D—4)/2F< 2 D=4 >

with P, the momentum of a single high-energy graviton.
Consider as a first step a scalar field ¢ propagating in this curved space-time. Its
equation of motion can be derived straightforwardly as

BuOyd + hy DOy — ié% =0. (7.26)

At the vicinity of the shock, for u ~ 0, the variation in v is far bigger than the one in
the transverse variable, so that we can neglect the last term of (7.26) and integrate
the equation. Noting b the impact parameter of the scalar field with respect to the
shock, we obtain

$(0T,v,7) = e 2% ¢(07,v,7) , (7.27)

where we recognise the generator of translations acting on ¢(0~) and

4 D — 4\ |P,|¢82
Av r< >| e . (7.28)

~ (D42 9 pD—4

We see that the scalar field undergoes a shift toward positive v, thereby it feels a time
delay.

Let us see how this picture is modified when considering a graviton propagating
in the shock-wave background for Gauss-Bonnet Gravity. The Gauss-Bonnet action
takes the form

1

= W\/TQ[R + €i€22<R2 _ 4RMVR/JJ/ + RNVPO’R“VPGH , (729)

where ¢4 stands for the sign of the Gauss-Bonnet term, and the corresponding equa-
tions of motion take the form:

Gy +exliH,, =0, (7.30)
where:

1
G,uu = R,Lw - §guuR > (7'31)
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is the usual Einstein tensor and:

Hyuy = 2(RRuy — 2R, Ray — 2R’ Ryaup + R, Ryap,) )
1 7.32
— g (R? —4R*PRop5 + R Rops)

2
is the additional Gauss-Bonnet contribution. We will consider a transverse traceless
graviton mode h;; propagating on the shock-wave background. From (7.30) its equa-
tions of motion are

DuOyhij + ho[03hij + 4e+63 OO, O3h§ =0, (7.33)

we will show later on that this equation is in fact diagonal in h;j;, so that noting ¢;; the
polarisation tensor of h;;, we can contract eq. (7.33) by €. Integrating at the vicinity
of the shock we finally obtain

. D—2
Ay A (D4 [P
7.1.(D74)/2 2 pD—4

2
14 4e4l; B2 12 D2

(7.34)

(D —4)(D —2) <6ikekjbibj 1 )]

Therefore by choosing b? ~ £2 and the polarisation tensor we can choose the sign of Av
at will, irrespectively of the sign of e1. Indeed, we can take without loosing generality
b= (1,0,0,...). Then, labelling the transverse coordinates by z;, i =1,2,3,..., we
see that for € of the form €'® = ¢®! = 1/4/2, the last parenthesis is positive while for
€ = € = 1//2 with a,b # 1 it is negative.

For action with equation of motion with only second-order derivatives, the authors
of [134] have traced down the appearance of the time-advance behaviour to the form
of the graviton three-point vertex.

2.2 Graviton three-point function

Consider a two-by-two graviton scattering process 13 — 24 mediated by the exchange
of another graviton I and notes the amplitude for this process A4. Then [134] focused

on the following kinematics:
2 2 =
q q
=|— —= 7.35
> P2 u (16pyvpv7 2> ( )

q
Pip= (pua @7

N[

2 2 -
q q q q
=—p, - 2 = |- — Dy, = 7.36
D3 u ( Du,s 16pu72> Pap ( 16}%’ pv72> ( )
in the eikonal limit t/s < 1 with
5 4pupy t=—q*. (7.37)

The eikonal amplitude obtained by resumming the horizontal ladder diagrams is then
given by [135] as

iAciy, = 25 / dP 20 [eix — 1] (7.38)
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where we used the phase y given by

1 dD—Qq—’ i
= [ o5 A 7.39

X~ 9 / (27r)D*26 4 (7.39)
It was shown in [136] that the wave packet of the gravitons undergoing the scattering
process experiences a time shift proportional to g—’;. The road ahead is clear: we must
first give an expression for Ay, then calculate the phase y to extract the nature of the
time-shift. All four external legs are on-shell and the exchanged graviton is associated

to a propagator proportional to . More precisely, in the De Donder gauge we have
A “’4/13/] 2¢2 [77“0‘77”’8 + Uyanuﬁ - mn“”naﬁlv‘li%] : (7.40)

where AL‘(,)’,I and .Agflﬁl are the three-point amplitude with one free leg corresponding to
the mediator graviton I. Three forms of three-points function were considered in [134].
Given the kinematics (7.35), the dominant contribution for Ay goes like p2p? and can
be obtained from A4 D AlSI 4 A2M  with three possibilities for AL (we omit the uu

vV )
and vv metric indices in the followmg for simplicity):

AR = \/3275G[ple, Y es i) (7.41)
AR = v 327FG[Pu€1 €3 j1qK 4] (7.42)
A}gz‘;[ = \/327T'G[pu61 €3 qz'Qj(JkQZ] ) (7.43)
and similarly for 241 by replacing p, by p,. Replacing in (7.39) we obtained
X:i dD 2 quAl?)I(—') A24I(—> (744)
2s (27r)D '
131_-* 241 (& D—-2>
_ 2AT (Zi0) AT (—i0) / d q bt (7.45)
s (2m)D—2 7
o (g (—id) (T (%5 (7.46)
- s 4n(D—4)/2 pD—4 :
Replacing the expressions for the three-point functions, we obtain
r (% i _kj iy Kl
X = Gsm {1 — ag€;"€3° 0;0j + ag€y €3 81-0-(3;681} (7.47)
x [1 = asey' e 0,0, + auc 9,0 akal} i (7.48)

where as and a4 parameterise the most general three-point function one can build from
Apr , Ap2 and Apgs of (7.41). A straightforward calculation then leads to the expression
of the phase for the various three-point functions. It was shown in [134] that while the
first one, corresponding to General Relativity, only leads to the Shapiro time delay, the
two others exhibit the same behaviour that what we have seen in the Gauss-Bonnet
case for the shock-wave metric: a possible time-advance for certain polarisations.

In the following, we will generalise this result to a large class of extended gravity
theories.
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3 Characteristics, Swiftness and Causal Structure

Replacing the simple shock-wave background by the complete “Bonnor beam” met-
ric (7.3) leads to numerous complications. First, we must be careful about the notion
of “fast propagation” we want to use. Second, we need an effective way of deriving
the causal structure which does not rely on integrating the equations of motion at the
vicinity of the shock wave.

3.1 Defining time-shifts in General Relativity

As a first step toward dealing with the first point, we will review the classic results
concerning time-shifts in General Relativity.

Let us start with the result from Visser, Basset and Liberati in [137], where sta-
tionary perturbations of Minkowski spacetime in the harmonic gauge were considered.
It was shown that null geodesics of the total metric always lie inside the light-cone
of flat spacetime. The main calculations go as follow. In the harmonic gauge, the
equation for small perturbation of h,, of the flat spacetime metric 7, is

- 1
Ahyy = —16nGTy,, = — 167G[T),, — EUWT[;] , (7.49)

which can be formally solved with a retarded potential integral as

V _4G/d3* et =17 =4) (7.50)
Z— 4
From (7.50) one can see straightforwardly that

P U (7.51)

for all k# such that k#ktn,, = 0, a result which can be seen as showing that the null
cone of the perturbed metric lies within the null cone of flat space-time.

This result is however highly gauge dependent. As it was noted in Gao and
Wald [138], one can take a suitable pure gauge change of the schematic form:

ary, ary,
hyw — h,wfhw,—i—ﬁ (2+ ())+8”(72+g(r)

where 7, is the radially pointing-outward vector, o a small constant and g a function

), (7.52)

given by
r) r forr>1/2 (753)
r)= . .
g r? for r < 1/2
Such a gauge choice can “open” the null cone since

2« k-7

——rg(r)— — 2+ 9)k , 7.54
<2+g<r>>2(9”r2 2 )] o
since the second term is always negative for our choice of function g, one can always
engineer h,, kMkY < 0. Obviously this new gauge does not satisfies the harmonic

R k'K = h kP +
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gauge in agreement with the results [137]. In the passive vision of the diffeomorphism
gauge freedom, the choice of (7.52) amounts to “stretch” locally the coordinates in
the curved space-time so that comparing with the unstreched ones of flat space-time,
signals appears to be propagating faster.

The authors of [138] therefore argued that the previous constraints could not give
a good definition of “fast” travel as one would like such a notion to be gauge-invariant,
or equivalently, not relying on a comparison with flat space-time. One such statement
had been first derived in [139], albeit with a rather intricated characterisation of time-
delay. Instead, Gao and Wald chose to focus on the asymptotic structure of a given
spacetime. Loosely speaking, they showed in [138] that signals prefer travelling on the
boundary of a space-time. More precisely, they show that given a compact K, one can
find a second compact K’ such that: for every two points My, My ¢ K' with My at
the edge of the causal future of My, the null geodesics connecting My and My does not
cross K. The main limitation being that one has no control over the size of K’. The
proof being quite technical, we will only give here the main underlying arguments.

e Consider a geodesically complete space-time satisfying the null energy condi-
tion3. Then every null geodesic contain a pair of conjugate points? (see the proof
in [140]).

e Then [138] shows that the null energy condition implies that the map H which
associates a point p with its first conjugate ¢ is continuous at the vicinity of p.

e Given a point M and a null geodesic v from M generated by the vector Vy,
assume we can find the first pair of conjugate point p then ¢ on « in the causal
future of M. We can then consider the smallest ball ® Bj; containing the three
points as well as the null geodesic linking them. The continuity of the exponential
map coupled with the continuity of H then implies that by taking an arbitrary
small O neighbourhood around (M, V)s), the conjugate pairs from geodesics orig-
inating from this neighbourhood will lie in a ball with radius arbitrarily close to
B. This proves the upper-semicontinuity of the function f associating (M, Vjy)
to the radius of Bjy).

e Given a compact region K, since f is upper-semicontinuous, we can then take the
maximum of f on K. We can then use it to define a new compact K’ containing
all the conjugate pairs associated to each geodesics crossing K. This means that
if a geodesic cross K, it must have a conjugate pair somewhere in K’. The main
points of the previous arguments is in fact to show that K’ is indeed a compact.

Let us now check that given K, the compact K’ satisfies the above theorem. Consider
two points My, My ¢ K’ with My at the edge of the causal future of M, the null
geodesic linking M; and My cannot contain any conjugate pairs (see [140]). Now
can cross K’ but not K since if it did, it should necessarily contain a pair of conjugate
points in K’, contradicting the previous assumption. The null geodesics must then

3plus the so-called null generic condition, supposed to hold in almost all physical spacetime [140]

4Two points p and ¢ are conjugate if there exist a Jacobi field which vanishes at both p and g, this
roughly corresponds to geodesics starting from p crossing again at q.

5The ball is defined in geodesics distance from M
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travel outside of the compact K, asserting our previous assertion that fastest null
geodesics prefer “travelling on the boundary™.

An interesting development regarding “fast” propagation was obtained in [141] by
Palmer and Marolf. They considered a static spherically symmetric spacetimes. The
crucial idea is that by restricting the complete gauge freedom to the subset conserving
the symmetry of the problem, one can define unambiguously a comparison between
all space-time with the same symmetry. In [141] they considered spherical cavities,
therefore all gauge transformation must respecting the spherical symmetry must: (i)
conserve the angle (ii) map a sphere into another sphere, potentially with another
radius. It is then possible to compare the proper time required to cross a cavity
according to an observer sitting on the sphere with a given radius R in two space-time
and compare it. This criterium was successfully used by Papallo and Reall in [142] to
prove that time-advance occurred in Gauss-Bonnet gravity for gravitons scattering on
a Schwarzschild black hole. Such symmetry protection will be important in deriving
our notion of swift propagation, as we will see below.

Notice finally that in the context of extended gravity theories, we could a priori
simply compare the fastest propagation speed in this theory with the fastest null
geodesics in the Standard Model. If the spacetime we are studying is a solution of both
theories, there is no obstruction in comparing them. However, it is more interesting
to find extended gravity setups in which no only is propagation faster than the one
in General Relativity, but also “fast” as defined by the previous theorems, even when
considering matter satisfying energy conditions.

3.2 Method of Characteristics

The previous theorems considered exclusively General Relativity where the fastest
trajectories for massless particles always follow null geodesics, making them (relatively)
simple to study. In order to analyse the causal structure for theories of extended
gravity. We have instead to study their characteristic hypersurfaces. Those can be
deduced from the equations of motion for a probe graviton in the background (7.3),
as we will describe now.

Consider a linear equation of motion for a scalar field ¢ of the form

P(0)p =0, (7.55)

where P is a polynomial in 9 of order n with constant coefficients. We denote by P,
the truncation of this polynomial to its highest derivative terms in P (P, is often called
the principal part of P). Each 1-form £ such that:

P,(&) =0, (7.56)

is normal to a codimension-1 hypersurface called a characteristic hypersurface. On
characteristic hypersurfaces a full set of initial Cauchy data including all inner point-
ing derivatives and the first n — 1 outward pointing derivatives does not fully deter-
mine the value of the n-th order outward pointing derivative. In particular, the n-th
order outward pointing derivative can be discontinuous, allowing for the propagation
of shock waves. For illustrative purposes, we explain the idea behind the method of
characteristic for a scalar field in appendix 1.2.
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Since characteristic hypersurfaces are boundaries of the causal development of an
initial hypersurface Z, they give the edges of the region where the physics is fixed
by the initial data on Z. As a consequence of these properties, the characteristic
hypersurfaces also determine the trajectories of signals with the highest propagation
speed in the theory considered.

To use the method of characteristics with the equations of motion for our probe
graviton, one should take into account the following two subtleties. First, the coef-
ficients of the PDEs could in principle be (non-constant) functions of the spacetime
coordinates. However, since we are considering a setup in which the test graviton has
a constant impact parameter, it remains static in the transverse directions and there-
fore its equations of motion admit constant coefficients. Second, we are considering
a tensor field, hence (7.56) should be modified to a determinant of the set of charac-
teristic equations corresponding to the different polarisations of the probe graviton.
However, we will take the basis of polarisation such that the system of equations of
motion becomes diagonal.® We can therefore consider each polarisation individually
and look for those exhibiting a swift behaviour. The detailed choices of polarisations
that we take are described at the beginning of section 5.

Since we are only considering the equations of motion in the (u,v) plane, we cannot
check that the full equations of motion are hyperbolic.” This property is required to
make sure that the notion of causal structure is well-defined, as we review in the next
section 3.5. If we assume that the causal cone does exist, then our results give locally
its projection to the (u,v) plane. We therefore only investigate swift propagation of
gravitons restricted to this plane.

We find that the projected causal cone can be degenerate in theories with terms of
the form (Riemann)* where the characteristic equation has one root with degeneracy
four. In this situation, we use a theorem stated in section 3.5 to prove that the full
equations of motion cannot be hyperbolic with respect to the time direction when
expanded around our background, and therefore the initial value problem is not well-
posed. The theorem relates the degeneracy of the roots of different truncations of
the characteristic polynomial. We leave the complete proof to the appendix. Three
comments are in order. First, in this degenerate case, the hyperbolicity depends on
the complete equations, and not only on the terms at highest order in derivatives.
Second, in our proof, we rely on the fact that our action always includes the Einstein-
Hilbert term. Third, the non-hyperbolicity is a local statement because we are only
considering probe gravitons propagating in the middle between the two beams.

3.3 Time Shift and Swift Propagation

We chose our background such that h, goes to zero at infinity, which is obtained by
taking the beams to be generated by a small density of energy as explained in the
previous section, with a big but finite length so that our metric is locally a very good
approximation. This metric is furthermore static and invariant by translation in the

5This means that the Einstein equations do not mix different polarisations and we have the form:
Eij X €45

"The precise definition of hyperbolicity is given in 3.5. In [143], it was shown that Lovelock theories,
for instance, are hyperbolic around pp-wave solutions.
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direction of the beam. Therefore, we are considering a problem with translational
symmetry in the u and v direction.

When dealing with generic extended gravity theory, it is very difficult to solve
completely the characteristic equations. We therefore cannot to use the criterion for
superluminality of [138] since it requires the complete knowledge of the causal structure
of the theory to find the fastest path. We do not have this information in the case of
our background.

In order to define “superluminal” or “infraluminal” speeds, we will compare the
characteristic hypersurfaces with those asymptotically far away, in the limit » — oo.
In our gauge, these are those of Minkowski spacetime, therefore we are effectively
applying the naive criterium of comparint propagation speed in the plane u,v in a
given background h, to the propagation speed in a flat Minkowski spacetime which
is obtained in the limit A, — 0. Gravitons propagating faster than the asymptotical
characteristic hypersurfaces are then called “swift gravitons”.

This definition is in fact non-ambiguous for all gauge choice compatible with lin-
earised gravity and with the two translational symmetries in w and v of our problem.
Indeed, writing h, v 18 a small perturbation of flat space-time, the gauge ambiguity
can written as

Mo = Pg + Ouée + 0y - (7.57)
where £, is a small perturbation. Requiring that the gauge transformed metric do not
depend on u and v forces &, and &, to depend only linearly on u and v. Furthermore,
since we are considering perturbative gravity, the we must have 0,§, + 0,§, < 1 at
every point in spacetime. This further fix the possible gauges to

& = au+bv + f(&) (7.58)
& = bv +du + g(Z) , (7.59)

where a and b are small constants which do not depend on the transverse variables.
Consequently, the metric elements h,,,,,, h,,,,, and h,, which are relevant to discuss the
swiftness according to our definition, can only be modified by small constant terms.
Such term is easily eliminated when comparing with the characteristic hypersurfaces
asymptotically far away, so that our definition of swiftness does not depend on the
gauge choice.

It seems plausible that one can use similar arguments to this section and to [141] to
compare non-equivocally propagation speed in certain cases between two spacetimes
sharing the same symmetries. For instance, in our case, we could have used the rota-
tional symmetry around the beam coupled with the two translational symmetries to
compare un-ambiguously cylinders around the beam with the same length and radius
with other cylinders in another spacetime sharing the axisymmetry property. We will
not push this idea further in this thesis.

In D > 4, we can proceed straightforwardly and define swiftness by comparing
the characteristic hypersurfaces with the flat spacetime light-cone corresponding to
the limit » — oo. Suppose that we find that one of the characteristic is of the form
(& = —Ac, & = 1) with |Ac¢| < 1, then swift propagation occurs for Ac < 0.



120 CHAPTER 7. SWIFT GRAVITON

In D = 4, the situation is more delicate and we need to use the fact that the beams
have a finite length L. In the relevant limit where this length is very large compared to
the other length scales in the problem, our background is of the form h, ~ log % where
the beam length plays the role of an IR cut off. Because of the logarithmic growth of
this metric, we remain in the limit h, < 1 for all practical purposes. We find that in
that case, Ac is of the form Ac = a(log % + %) where N is a O(1) number which can
be either positive or negative depending on the polarisation of the probe graviton, a is
a constant depending on the source beam, £ is the coupling constant of the extended
gravity terms and m > 4 an integer which depends on the extended gravity theory.
As was already pointed out in [134], it is always possible to find a setup in which the
logarithm is overtaken by the other terms such that we can focus on the sign of their
contribution to determine if we have swift propagation.

3.4 Characteristic Equations: Structure and Examples

For concreteness, let us describe the characteristic equations we will considered in the
rest of this chapter and apply to them the “swiftness” criterion that we have just
defined.

We are interested in equations of motion of the form:

DuOuh + ad2h + bO2h + c0,03h =0 | (7.60)
with three different cases:

1. When ¢ = b = 0, we have a situation similar to Einstein gravity. Our equations
of motion are second order in derivatives of the probe graviton and we have two
distinct roots for the characteristic equation. Swift propagation occurs if a < 0.

2. When b # 0 and ¢ = 0, we have only one characteristic £, = 0. The causal cone
is degenerate, we are in the situation discussed in the previous subsection.

3. When b # 0 and ¢ # 0, we have a causal cone whose boundaries are the two
characteristics given by &, = —&,b/c and &, = 0. Swift propagation occurs if
b/c < 0.

We start by studying the example of a graviton propagating in Einstein gravity
described by the equations of motion (7.17). The characteristic equations read:

26uEp€7 + 2h,E267 =0 . (7.61)

These equations are diagonal in the polarisations (i.e. they satisfy F;; o< €;;). There-
fore, we can consider each polarisation separately. The equations have two solutions,
independent of the polarisation of the graviton, giving two characteristic hypersurfaces:

h 1
=16 =0 d=—""25,{=——
(5 6 )an (f 1 h02 6 1 h02

). (7.62)
Since h, > 0, gravitons propagating in the negative xp_; direction suffer a time
delay and their propagation is infraluminal. This is the Shapiro time delay. Graviton
propagating in the positive xp_; directions remains unaffected.
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As a second example we consider an abelian gauge field in D > 4 non-minimally
coupled to gravity:

1 1
=V—9(——5—5R+ - F,F" + ZK%R“"F’”FWF,,U) : (7.63)

167 £D 24

We suppose that the background metric is of the form (7.3) and is induced by two
parallel beams. We are interested in a particle propagating in the middle between the
two beams. The equations of motion for A* simplify to:

0,0 At — 919, AP — 203, RMP?9,0,A, =0 . (7.64)

We focus on a field A* with only transverse modes and suppose that it does not depend
on the transverse coordinates. The only relevant components of the equation of motion
are:

OOy A" + (07 hy + (R0 )02A; =0 . (7.65)
The unit vector £* normal to a characteristic hypersurface satisfies:

Eubo AL+ (6 hy + 150'07hy)E2A; =0 . (7.66)
We choose the impact parameter b= (b,0,...) and we consider two choices of polari-

sations:

e (A): Al non zero and all the other components vanish,

e (B): A% non zero and all the other components vanish.

We get:
§o(€u +C&) =0, (7.67)
where C € {C(a), cg} depends on the polarisation of Al
R\ P (D—4)(D-3)
Ca) = (b) [1 + 05 2 ] , (7.68)
and
5= (b) [ -4220 } . (7.69)

l
Taking b small enough such that ?R > 1, C(a) and cg have opposite signs. Therefore

we can have C < 0 regardless of the sign of ¢%.% The two characteristic hypersurfaces
are given by:

1
1+02’5“ 1+c?

Hence, when C < 0, A’ propagates toward decreasing xp_; at a superluminal speed.
Note that the relative size of R, compared to b, affects only the strength of the time
shift effect. Its advance or delay nature is determined by the polarisation of A* and
by the impact parameter. Therefore, swift propagation can happen even in the weak

(gu = 1751) = O) and (fu = ) . (770)

D—4
curvature regime when (hzb) < 1.

8Note, that the notation ¢% is made to match the conventions in the literature. We do not need to
assume it is of positive sign for our argument in this subsection.
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3.5 Causality and Hyperbolicity

Finally we will summarise in this section some useful notions regarding causality and
hyperbolicity. This includes a formal definition of hyperbolicity and its relation to
well-posed initial value problems, the definition of the causal cone and the notion
of causality [144, 145]. We also quote a theorem which will be used to demonstrate
that when the projection of the causal cone to the (u,v) plane is degenerate the full
equations of motion are not hyperbolic. This result will be particularly revelant for
[R*] extended gravity theories.

Let us start by defining hyperbolicity. Let P(0) be a differential operator of order
m: P(0) = >, Pi(9), where all terms of order i are regrouped in P;. The highest
order terms, P, (0) are called the principal part. The operator P(0) is said to be
hyperbolic with respect to a vector £ if all the following conditions are satisfied:

1. £ is not a root of the principal part: P, (&) # 0.

2. P, (V+47&) = 0 has only real roots in 7 where V' is a real vector. We furthermore
define the cone I'(P,§) by V € T'(P,¢) if and only if all the previous roots are
strictly negative.

3. P, is stronger than the remaining terms in P in the sense that there exists C' € R
positive such that Vi € [0,m] and V¢ € RP

(@) r¢y)2

| P,

Za}O,'L’ (za) (5)‘ <C
a0 [P (§)P

where we use the usual parenthesis notation for the derivative of order o with
respect to all possible parameters.

(7.71)

Notice that the last condition is automatically satisfied if P = P,,, so that the principal
part of P is hyperbolic if it satisfies the two first conditions.

We also define the causal cone T'?(P, £) more formally as follows. TO(P, €) is the set
of all vectors inside I'(P, £). That is, every element V in T?(P, &) is such that V-0 > 0
for all @ € T'(P,&). It can usually be obtained by considering the cone bounded by the
characteristics in the direction of ¢ (in the future-time direction if £ is taken to be the
time direction).

Suppose we fix the boundary conditions on a hyperspace Z with normal &, if the
initial conditions are non-zero only on a compact convex subset K of Z, then causality
is the requirement that the solution to our Cauchy problem vanishes outside K +
(P, €). This requirement holds as long as P is hyperbolic [145].

Next, we quote a theorem which applies to hyperbolic systems and which we find
useful in arguing that our system is not hyperbolic in the case of a degenerate causal
cone. The theorem states that for a hyperbolic system P = P,, + P,,—1 + ... with
respect to a vector £, if V' is not proportional to £ and 79 is a root of P, (V + 7&) of
degeneracy p then V' + 79§ is a root of degeneracy pu— j of Pp_j, 7 =0,...,m — 1.

To show that for the cases we study in this paper a system with a degenerate causal
cone cannot be hyperbolic we use the following argument. Suppose we decompose the
characteristics polynomial P(&) as follows:

P(‘S) = Q(£U7§v) + R(&m&n&) ) (7'72)
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where R(&y,&,,0) = 0. In this paper, we have studied the term @, since we have
restricted the motion of our probe graviton to the (u,v) plane. For the case of a
degenerate causal cone, we have shown that () takes the generic form:

Q(&u, &) = Eubo + al2h +bE, (7.73)

where a,b are real non-zero constants. Suppose the full equations of motion are hy-
perbolic with respect to & = (&,&,,0,...), with &, # 0 (this includes for instance the
time direction &ime x (1,1,0,...)). Given V = (V,,,V,,0,...) not proportional to &
we have:

PV 4+ 7€) = Qu(V + 7€) = b(Vy +76,)" . (7.74)

We find that 79 = —V,, /&, is a root of P, (V + 7€) of degeneracy four. The previous
theorem then implies that 79 must be a second order root of Po(V +7&) = Q2(V + 1),
if P is hyperbolic. Since Q2(&u, &) = Euéy + a&2 and V is not proportional to &, 7o is
only a first order root, contradicting the result of the previous theorem. We therefore
conclude that the full equations of motion are not hyperbolic with respect to £&. This
proves that in the case of a degenerate causal cone (at least in the context of the cases
studied in this paper), the full equations of motion are not hyperbolic with respect to
the time direction when evaluated locally in between the two beams.

4 Equations of Motion in Theories of Extended Gravity

We can finally start studying theories of extended gravity in D > 4. For the cases in
which the background (7.3) with h, defined in (7.8) remains a solution, we derive the
equations of motion for a propagating probe graviton of the form (7.15).

Since our background (7.3) is a very simple line element, we will see that it is
automatically a solution of almost all the possible extended gravity we will considered,
except for few cases that we will classified explicitly. However, even if we will not
be able to check for swift propagation for them it is easy to show that gravitons
propagating around flat background in these theories will have equations of motion
with terms which contain four or six derivatives acting on the probe graviton, so that
these theories are very likely to develop Ostrogradsky instabilities.

Since deriving equations of motion for extended gravity theories is a lengthy pro-
cess, most of the results of this section were derived using Mathematica and the rules
listed in appendix 1.3.

4.1 General Considerations

As we have seen in section 1.2, the components ij of the equations are the most
interesting ones, since they are the one used to find the equation of propagation.
However, the other components have been found to lead to additional constraints on
h%. We will show now that the tracelessness condition along with the constraint (7.23):

eIbib; =0, (7.75)

are enough to satisfy automatically all the equations of motion except for the propa-
gation one.
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Indeed, the uu, uv and vv components in extended gravity theories can only contain
factors of the form:

ho|b" b7 0} i (7.76)

where m, k and [ are natural numbers, and 9;;, stands for any number of u and v
derivatives. These factors vanish when (7.75) is imposed.

Furthermore, the ui and vi equations of motion must involve at least one h, acted
on by an odd number of derivatives. This is since h;; indices come in even numbers.
Therefore, the contributions of the two beams always cancel each other when the
graviton propagates in the middle between them (see Eq. (7.21)) and the equations
are identically satisfied.

4.2 Deriving the Equations of Motion

We now study systematically all possible gravity actions containing terms of the form
[R?] [R3], [RV?R] and [R*] theories. We will first derive numerically the transverse
equations of motion for each possible term, then classify their resulting contributions
to the equations of motion of a generic extended gravity theory.

There are three possible curvature squared terms which we can consider: RZ,
R R, and R*P’ R, ;. We list their contributions to the background equations
of motion and those of the probe graviton in Table 7.1. Since we want to keep the
form (7.8) for h,, we require that the zeroth order background equations remain the
same as those of general relativity. The actions satisfying this condition can be read
from Table 7.1 and include f(R) gravity, Einstein-Gauss-Bonnet and any linear com-
bination thereof. The equations of motion of all those theories are found to be either
vanishing or proportional to:

T = h, Fip) (7.77)

kv

at first order in the probe graviton contribution.

Action Background equations | EoM at first order in h%
R? 0 0
Ry R —15%n, —1AZKI
Ropeq R —20%h, “2A%0 8k, KU 8201,

Table 7.1: Contributions of the possible [R?] actions to the zeroth and first order equations
of motion. Orange color indicates fourth order derivatives acting on h". We have defined
Ag = —4(0,0, + hy02).

The equations of motion for Einstein-Gauss-Bonnet gravity have been presented
in (7.30) when dealing with the shock-wave background. One can read directly the
transverse equations of motion for the probe graviton from Table 7.1 and obtain:

Eij = hijuw + hohijaw + dexl? ho (s hiY =0 (7.78)

) v
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We will study the characteristics hypersurfaces for this equation in the next section.

At higher order, the calculations cannot practically be done by hand. Therefore,
for the equations of motion for actions containing contributions of the forms R?, RV2R
and R* we used xAct [146,147,148] and xTras [149], tensor algebra packages for Math-
ematica. We followed the steps bellow:

1. Generate all possible contractions of three Riemann tensors, four Riemann ten-
sors, and two Riemann tensor and two covariant derivatives.

2. Select an independent basis of actions, taking into account integration by parts
and various geometric identities.

3. Compute the full equations of motion for each of the above actions using xTras.
4. Check if the background equations defining h, are modified.

5. Expand around h, given by (7.8) and use the rules detailed in Appendix 1.3 to
simplify and evaluate these equations of motion at first order in perturbation
theory.

Most of the rules derived in Appendix 1.3 are due to the peculiar form of our back-
ground and the possible number of instances and placements of the u and v indices.

We list out results for the equations of motion of RV?R and R? actions in Table
7.2. We obtain that all contributions of dimension six to the equations of motion of
the probe graviton are linear combinations of two possible terms:

T = h, "0 A4020"), (7.79)

and - -
S = hy Oy (7.80)

where we have defined the derivative operator Ay by:
Ay = —4(0y0y + hy0y0y) . (7.81)

’Tlij is simply the A, derivative of the 7;” term that we already encountered in the
context of the Gauss-Bonnet action. We will study both contributions in the next
section and show that they lead to swift propagation for certain polarisations of the
graviton.?

Similarly, we can consider actions built from four Riemann tensors. The back-
ground equations are not modified in this case. All actions including at least one
Ricci tensor or Ricci scalar have equations of motion which are identically satisfied for
the probe graviton. Our results for the equations of motion of the test graviton are
summarised in Table 7.3.

There are three possible contributions to the equations of motion of [R*] terms,
each with four derivatives acting on h% given by:

uo(z'j) — ho711%0#(1',11')“)4 7 (7.82)

9In Table 7.2, we also have a Aihij contribution, however, the action term which generates it,
RV .V°Rs, also modifies the background equations of motion, rendering our analysis irrelevant.
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Action Background equations EoM at first order in h%
R,CR® Ry, 0 0
RR™Rg, 0 0
R3 0 0
R®RAR, g 0 0
RRpeq R 0 —8hy M 02Ny
R™R % Ry, 0 ~2h, TH 2y + Ak, MO A 02H,
R R Ryeqp 0 3hy T OZhyy
R, R Ry s 0 24h, *0 A402n,7)
RV.V°R 0 0
ROV .V Ry, —15%h, —LA3pi

Table 7.2: Various contributions from the possible dimension-six terms constructed from
Riemann tensors and covariant derivatives. Orange color indicates the presence of fourth order
derivatives acting on h* and red the presence of sixth order derivatives.

W = hy Fhy My e (7.83)
and
Vil = ho,klhovklhi{w . (7.84)
Action EoM at first order in h%
R, R™R 9 Ry, ~32h, "n, orn’,
RS R™IR IRapgq | —8hy "h, (O, — an, Mh, b0
R, RYAR IRy, 5 0
R, RYR MR, g —64h, *h, 70y

RabceRadeRdfthefhg —16h0 7 ikhmﬂaﬁhkl o 16h0 , lkho ,k(;iaﬁhj)l
R SRR IReppy | —8hy *hy IOk by — 8hy Kby 0801
RadeRadeRefthefhg 0

Table 7.3: Various contributions from the possible [R*] terms. The contributions to the
background equations of motion vanish.

As an example we consider the third and fourth order Lovelock theories.
L3 =+v/—g (R3 4 16R, Ry RY + 24 R0y R Ruepg + 3RR™R 110q

(7.85)
“12RRa R — 24R R Rycge + 8RS R Ry + 2R T R™ Regey )
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and
£4 _ \/jg <96RaeCfRabcdeheiRdhfi + 96RabefRadeRcheiRdifh
_ GRabefRadeRcdhiRefhi + 48RabCeRadeRdfhiRefhi (7.86)
_48RaechabcdehdiRehﬁ _3 (RabcdRade) 2 ) I f(Rab, R)

Using the results of Tables 7.2 and 7.3 we find that both the contributions to the
background equations of motion and those to the equations of motion for the test
graviton vanish. This is expected since the E;; components of the equations of motion
in Lovelock theories take the form:

1p1---P2p 0102 O2p—102
Z AnéjOj...O'QPRPIPQ et RPQp—lp2p v P (787)
n>2

where 0 is the generalised Kronecker delta. In particular, for n > 2, we must have at
least two Riemann tensors at zeroth order in perturbation theory and therefore must
absorb four upper u / lower v indices. However, the generalised Kronecker delta can
only absorb two upper u / lower v indices since it is fully antisymmetric, and so, the
contributions from Lovelock terms of order n > 2 vanish.

5 Swift Behaviour and degenerate causal cone

We now use the equations of motion derived in the previous section to find the char-
acteristics hypersurfaces for the probe graviton and check for swift propagation. We
only consider cases with D > 4 as the case D = 4 will lead to significantly weaker
results, presented in section 6. We will additionally find that for the [R*] terms, one
can obtain a situation in which the characteristics hypersurfaces are all degenerate, we
will argue that this denotes a non-hyperbolicity of the equation of motion.

We know from our previous study of the shock wave background that we are likely
to find a polarisation-dependent effect. We therefore start by choosing a consistent
basis of polarisations for the probe graviton before fully classifying the possible swift
propagation resulting from the operators found in the previous section.

5.1 Choosing a Basis of Polarisations

We can choose without loss of generality the impact parameter to be b= (b,0,...)
where we label the transverse coordinates by x;, i =1,2,3,.... The index structure
forces all contributions to our equations of motion to be of the form:

Fél + GoFblié) | (7.88)

where F' and G may contain v and u derivatives. Given the restriction (7.23) and the
fact that the polarisation is traceless, for gravitons propagating in the middle between
the two beams, we can use the following basis of polarisations:

e @ polarisations — these are polarisations of the form ¢** = —€” = 1//2 with the
requirement that a,b # 1 (as a consequence of (7.23)) and all other components
vanish.
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e ® polarisations — these are polarisations of the form ¢* = €* = 1/1/2 and all
other components vanish.

It is then easy to see that the second term of (7.88) vanishes for @ polarisations and
that it is non zero only for ® polarisations of the form €' = €' = 1/y/2. Hence we
identify two different classes of ® polarisation: those for which the second term of
(7.88) vanishes and those for which it does not. Picking one representative for each
class, we have:

e Class (A): ® polarisation with €?! = ¢!2 = 1/1/2.
e Class (B): ® polarisation with ¢23 = €32 =1/1/2 .
Notice that the operator F§**§7! + GbFbli69)! is diagonal for this basis of polarisations

(i.e. Ejj ~ e;j since e"07)by = b2 /2 for class (A) and 0 for class (B)). This validates
the choice we made in section 2.1 of contracting the equations of motion by the polar-
isation tensor. Furthermore, we are in the case discussed in section 3 so that we can

consider the characteristic equation for each type of polarisation separately.

5.2 Swift Behaviour of Second and Third Order Actions

Since the equations of motion are linear in the probe graviton it is possible to study
the characteristic equations of each type of contribution to the equations of motion
separately. We use C(5) and cg to denote contribution to the characteristic equations
for gravitons with polarisations (A) and (B), respectively.

First, let us consider the contribution to the characteristic equations from the
Einstein-Hilbert term &;; = —%Adhlj of Eq. (7.17):

D—4
Ciay/) [€ij] = 26 <€u + (ib) §v> €ij - (7.89)

As we have already seen before, the characteristics hypersurfaces are given by Eq.
(7.62) and indicates infraluminal propagation (Shapiro time delay) independent of the
choice polarisation.

We move next to terms which are quadratic in derivatives of the probe graviton.

We have seen in the previous section that these are the 7.V = h07k(ihj ) by a0d SY =

hy * Ry 4 terms of Eqs. (7.77) and (7.80). Their contributions to the characteristic
equations are given by:

awlm] = (3) Pt (7.90)
o [19]) =~ (B)T PN
and
RN\P™*2(D-4)(D-2)(D-1)
cwlst] = o) o

] - o (2) 200D



5. SWIFT BEHAVIOUR AND DEGENERATE CAUSAL CONE 129

Note that the signs of these contributions depend on the polarisation of the probe
graviton.

We illustrate the swift behaviour of the probe graviton by studying two examples in
details. These are Gauss-Bonnet gravity and an action of the form R— %ﬁéRRabcdR“de.

For Gauss-Bonnet gravity, we obtained the following equations of motion (see Eq.
(7.78)):

Pijuw + holij oo + 46:‘:622}"0,]9(1' hj])C o = 0. (7.92)

Using the previous results, we can show that the characteristic equation for the polar-
isation (A) is:

£, <§u + <}Zb>D_4 1+ 2%2(1;2_‘”2]&)) - (7.93)
and for the polarisation (B):
3 (@ + (]zb)m i —4’*%2“”]@) - (7.94)
The solutions correspond to two characteristic hypersurfaces:
=0,  &u=—h ll - 47(A)/(B)Ei£22(b12)_4)1 &v, (7.95)
where
V(4 = % and ) =1 (7.96)

The second solution is inside the flat spacetime light-cone when &, is negative. This
is the case if £2 = 0 (Einstein gravity) since R, is a positive constant. For b ~
V]ex]6 we can always adjust &, to be positive for either the (A) or (B) polarisations
depending on the sign of e1. This shows that Einstein-Gauss-Bonnet gravity allows
for swift propagation regardless of sign of the Gauss-Bonnet coefficient. If we would
have considered instead the term h, fjklhkl,w, which is produced by an action of the

4
form R — &T%RRabcdR“de (where A3 stands for the sign of this correction), we would
have obtained the characteristics:

D—-4)(D -2
& =0, §u=—hy |1 — :Y(A)/(B)( l)fi ))\3434 &us (7.97)

where

Jay=D-1 —and  Fp =-1. (7.98)

These two examples can be matched to the two types of extended gravity amplitudes
considered in [134] (see their Eq. (3.17)).
Finally, returning to Table 7.2, the only term that we have not discussed so far

(and is not associated with a modification of the background) is 7.V = hmk(i Adaghkj )
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of equation (7.79). This is simply the derivative of one of the terms that we have
already studied. However, since it has four derivatives acting on the probe graviton it
dominates the characteristic equations, which are determined from the principal part
of the characteristic polynomial (as already mentioned in subsection 3.2). In this case
the characteristic hypersurfaces do not depend on the polarisation and are given by:

R\ P4
6=0.  G=-th=-&(3) . (7.99)
so that we recover the usual Shapiro time delay. Such a theory with equations of mo-
tion which are fourth order derivatives theory can suffer however from Ostrogradsky
instabilities. We summarise our results in Table 7.4 for an independent basis of ac-
tions of the forms [R?], [R%] and [RV?2R] sorting them according to the four following

categories:

e Category 1 contains terms which do not modify the Hilbert-Einstein equations
for the background and for the probe graviton. In this category, we have for
instance f(R) gravity and the Lovelock terms of order higher than two.

e Category 2 contains terms that do not modify the background equations, but
do modify the equations for the probe graviton in a way that leads to swift
propagation. These are specified up to addition of terms from category 1.

e Category 3 contains terms that do not modify the background equations, but
their equations for the probe graviton are fourth-order in derivatives with char-
acteristic hypersurfaces similar to Einstein-Hilbert gravity. These are specified
up to addition of terms from categories 1 and 2.

e Category 4 contains terms which have modified background equations, implying
that we cannot apply our analysis in this case. These are specified up to addition
of terms from categories 1,2 and 3.

5.3 Swift Behaviour of Fourth Order Actions

Let us now consider the behaviour of [R?] terms. As can be read from Table 7.3,
the equations of motion of [R*] actions are linear combinations of the following three
contributions:

ij — Kl ij

Vo = o, ho,klh oo
ij — 3 klp  (ip7)

UO - hO? h07k h l,/U4’
i — ik il

WO J = h07 h07‘7 hkl,v‘l?

(7.100)

that lead to the following contributions to the characteristic equations. For ng we
have:

. y Ry\2P=4 (D —2)(D — 3)(D — 4)2
o [W] == () TR e o
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R?, R3, RV.V°R
RacRabRbc ’ RRabRab
Category 1 (no contribution) ROV VR,
RRgpeaR™d — AR®R Ry 4, + 2R,/ RA¥IR g
RRabcdRabcd + %RaechadeRbedf

R Rabcd Rabcd

Category 2 (swift propagation)
Rapoa R — 4R R

Category 3 (higher derivative

ef pabed
operators, infraluminal) R,y " R Rege
ab c
Category 4 (background modified) R vzv Rap
R®R.

Table 7.4: Basis of [R?], [R®] and [RV?R] action terms, sorted by categories as detailed in
the text. Our analysis is relevant as long as the background equations are not modified, i.e.,
for the terms in categories 1,2 and 3.

which does not depend on the polarisation. For L{gj we have:

4
& €ij

. (7.102)
co | U] = (Rb)z(D e e,

b bt

where the contributions of the two polarisations behave differently, but have the same
sign, so that in general the sign cannot be adjusted by picking the appropriate polari-
sation. Finally, for W, = hofkh0 flhklﬂf; we get:

b b
2(D—-4
Wi :<Rb)< "(D-9?

b4 é"v 6’Lj .

C(A) [ Wij} _ <Rb>2(D—4) M(D — 3)53 €ijs —_—

For this term we can adjust the sign by choosing an appropriate polarisation.

None of these three terms V,, U,, VW, can appear alone in the equations of motion.
This is because they have fourth order derivatives of the form 9; acting on the probe
graviton. The characteristic equations are dominated by these &} contributions, and if
no other four derivative terms are present, the causal cone is locally degenerate.

We have discuss this situation in detail in section 3.5 and show that in this case
the full equations of motion cannot be hyperbolic with respect to the time direction
when expanded around our background. The initial value problem is therefore not
well-posed for gravitons propagating in the middle between the two beams.
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Consider for instance the action:

g R 4(3)&? Rabcd efphg R beflzcehgladfhg
\V R R R a 104

ssd

present in the effective action originating from superstring theory as presented by
[150].1% Using the results of section 4, the equations of motion read:

2%y + 20 h 2 — Efcf)ho’klho’klh” i =0, (7.105)
and have a degenerate causal cone as discussed above. However, this can be fixed
by adding extra, lower order terms to the action which have equations of motion
with four derivatives acting on the probe graviton. Table 7.2 reveals two such terms,
RabRGCdeRbcde and Rabef RadeRcdef, which do not modify the background equations.
We therefore modify our action to:

— -9 4 pab cde
T e [R+ iR Rycac Ry (7.106)
3 1, .
+e46€(8 ) pabed <R;Cf R, Rangg — R’ Rcethdfhg)}

which reduces to the previous one in the limit ¢, — 0. We can use our previous results
to find that the characteristic equations have the following solutions:

_ _ 3L
§0=0,  &u=—hy |1 =B g gD —2)(D-3)| &, (7.107)
166204
where
D —4
YA = —1 and YB) = T . (7108)

Since the sign of v can be chosen to be either positive or negative, we have swift
propagation if:

030*  ((3)
5 <78

(D —2)(D —3)|y| (7.109)

therefore when varying 65722 from infinity (no fourth order term) to zero (only fourth
order term), the theory st;rts infraluminal, then admits swift propagation and finally
the causal cone collapses and becomes degenerate.

Below a critical value:

09

be. ~ h, 7

(7.110)

107t differs from the expression of [151] by factors of £y, the fourth order Lovelock Lagrangian. Such
factors are irrelevant in our analysis since they do not influence the equations of motion for the probe
graviton on our background.
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the local causal cone envelops a region including slices of constant time.

We close this section by supplementing the unitarity and analyticity constraints of
[152] with some constraints implied by requiring the absence of a degenerate causal cone
in actions composed of the Einstein-Hilbert action supplemented by quartic corrections
only. We then obtain two algebraic relations between the coefficients ¢; of [152] that
are complementary to their positivity requirements. These are:

2(67 + 2¢o + 404) = —2(D — 3)(266 + 67),

2(c + 2¢2 + 8c3) = —(D — 3)(D — 4)(2¢6 + ¢7). (7.111)

6 Four Dimensional Case

We close this chapter by considering in more details the case D = 4 we had left aside
in the previous sections. Since we have only 2 transverse dimensions there are a priori
only two possible polarisations state for a massless transverse graviton. However, the
additional constraint (7.23) remove one of these two degrees of freedom, so that we
only have one polarisation. This implies that we cannot choose the nature of the time
shift by going from type (A) to type (B) polarisations (the only possible polarisation is
straightforwardly seen to be €!2 = ¢2!). The presence or absence of a swift propagation
therefore depends on the particular sign of the coupling constants of the extended
gravity theory.
Solving the Einstein equation (7.7) in four dimensions gives:

A
87rp£%37“8 log — r>T)
r

hy () = (7.112)

A plErd

2
1+2logA—7121 r<rg
To 0
Where A is a positive constant which is not fixed by the Einstein equations. Following
the discussion of Section 3.3, we view this as an IR cutoff to our theory related to the
length of the beams, indicating that we should take r < A.
Defining the constant a by

a = 8mplhry >0 (7.113)
we obtain
- A
hy(b) =alog -
8:0:h, (B) = — 2 (b26;; — 2b;b;)
e _2 ptt Y T (7.114)
8i8j8k8lh0(ﬁ) = bfg —4b2(5ijbkbl + ... ) + b4(5kl(5ij + ... )
+24b;b;biby)
where the ... stand for all index permutations of a given tensor structure.

The results of Tables 7.1, 7.2 and 7.3 are left unchanged (since we have not used
the particular form of h, there).
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Next, we compute the characteristic equations for the various contributions to the
equations of motion (suppressing the €):

1 y A
Cia) —Adh”] = 26,6, +2&alog —,
2 T
Ciay [ 007, ] =0,
Clay |ho * 80207 ] =0,
iy 12a
ijkl 92 2
Cay [ho, 7 BRha] = e (7.115)
i a
Cia) {ho’lkho k( h])W;} = 4
2
Z' a/
Ca) [ho kho,j iy fu4} = .
i 242
Ciay [ho, Mo i u| = el

Using the results of Table 7.1 one can easily check that the Gauss-Bonnet combination
gives a vanishing contribution in D = 4. This is expected since the Euler density is
topological in D = 4. Furthermore, we see that the only non-vanishing contribution
from [R3] terms is hofjkl 02hyy, which is present in the equations of motion derived
from RRgpeq R, RabRaCdeRbcde and Raecf R“deRbedf. The most general Lagrangian
build from [R?] and [R?] terms for which our background (7.112) is a solution is then
of the form:

L= 1V6;€g2 B+ 3 (dh RRapea R R™ + ds R, Ry + ds R I R Rycar) + ()]
P

where the (...) includes all the [R?] and [R?] terms with vanishing contributions to the

characteristic equations (see Eq. (7.115) and Table 7.2). We obtain the characteristic

equation:

A 4

The presence of the logarithm and how to deal with it has been discussed at the end
of Section 3.3. The presence of swift propagation for b ~ £3 then depends on the sign
of the last term in Eq. (7.116). We observe swift propagation if:

8d1 +2dy + 3d3z < 0 . (7.117)

Since we are in four dimension, we have redundancy between the different operators
listed in Table 7.2. For instance, the fact that the third order Lovelock theory (7.85)
is topological implies that we can trade one of the d; for the two others.

We have thus seen the in D = 4 we have somehow weaker conclusions than in the
general case D > 4. There is a noteworthy exception: turning to the [R*] terms, we see
that we get once more a degenerate causal cone. In D = 4 it is however not possible to
fix this behaviour by adding [R?] terms as we did in Section 5.3, we readily conclude
that this issue can only be solved by adding higher order terms in the actions.
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7 Conclusions

In this chapter we have been interested in a simple, albeit not exhaustive, way of
studying the local causal structure of a large variety of extended gravity theories.
By considering perturbations propagating in parallel to two beams described by the
stress-energy tensor (7.6), we found that many extended gravity theories allow for swift
propagation, namely the fact that gravitons propagate close to a beam of massless
relativistic particles faster than they would at the boundary of our spacetime. With
our gauge choice, this is in fact equivalent to comparing directly their speed to the
speed of light in a flat Minkowsky spacetime.

The background beams were chosen to mimic the successive scattering events of
gravitons that [134] used to find a sizeable time-shift. In this sense, we recover and
extend the results of [134] in an alternative fashion. We have further studied all possible
theories based on [R2], [R3], [RV2R] and [R*] terms around our background (7.8). We
have shown that swiftness appears to be a quite general feature. Noteworthy exceptions
are f(R) theories and Lovelock theories with order higher than three, which have the
same local causal structure as general relativity around our background. The case of
Gauss-Bonnet gravity appears to be an exception. This comes as a surprise as it was
in this theories that the characteristics were first found to be different from the null
geodesics. It may well be that for Lovelock theories at order larger than two, one needs
a more complex background to exhibit swift propagation.

Most of the [R*] terms that we have studied have equations of motion with four
derivatives acting on the probe graviton. We stress that from the point of view of
causality, this should not be considered a game-ending property since these theories
can be shown to be nonetheless hyperbolic in certain cases. However, we have found
that for terms that we have classified, the projection of the characteristic hypersurfaces
on the u, v plane can be degenerate. This situation have been proven to lead the non
hyperbolicity of the equations of motion.

Many of the theories we consider have equations of motion with more than two
derivatives acting on the probe graviton and hence may be subject to Ostrogradsky
instabilities. Common solutions include looking for theories with degenerate higher
derivative terms like f(R) theories (see [153]), restricting to actions with equations of
motion with no more than two derivatives, like Lovelock theories, or adding constraints
to remove the instabilities [154]. The swift propagation issue we have discuss here is a
priori unrelated and can further constrain the well-behaved extended gravity actions
as they do for the case of Gauss-Bonnet gravity.
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1 Swift Graviton

1.1 List of Metric Components, Christoffel Symbols and Riemann Compo-
nents

We denote x# = (u,v,Z). The zeroth order metric components are given by:

0 —2
;g O = =2 ()], (.118)
8ij §id

ho(Z

g;(tou) = -

~—"

_1
2
0

NI

where ho(Z) is given by Eq. (7.8). As a rule of thumb at zeroth order in the probe
graviton contribution:

VY = -2V, VY = =2V, — 4hyV,,
1 1 119
Va=hoV' = V' V=V, L)

and so, a vector that only has a lower u component will only have an upper v component
and the other way around.

a Zeroth Order in the Probe Graviton Contribution

The non-vanishing Christoffel symbols are given by:'!

@ — —%@-ho, (0

LU utu

1
= ~0;ho,
2 (.120)

u N

i — —%&-ho, 120 = _5;hy.

Those vanish when summing right in the middle between two beams. The non-
vanishing Riemann components are:

1
Rz(z(Bcu = _iakaihm
Ruku = =5060'h0,  R'igu = ~0O0iho, (-121)

R(O)ivkv _ _2akaih0.
The non vanishing Ricci tensor components are:
1, .. .
RY) = —59i0"ho, RO = 20,0 hy, (.122)

those vanish outside the beam. And the Ricci scalar vanishes identically:

R = . (.123)

" The others are implied by symmetry or vanish.
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b First Order in the Probe Graviton Contribution
We allow for a probe graviton of the form:
09 = hij(u,v), 59T = —hyi(u,v). (.124)

Which leads to the following non-vanishing Christoffel symbols:

w_ 1. o _ 1
Lyij = =5 0uhij. Ljuj = 50uhij,

(.125)
1 1 1 1
i) = —50uhi i) = 5 0ohis,
or alternatively:
, 1 ..
T = Zpiiginy, T = fa hij,
2 ’ (.126)
v(l) iy 1 u(1) '
=0 hzj + 2ho 0y hZJ? ij = iavh,-j, Fij = &,hij.
The non vanishing components of the Riemann tensor are given by:
1
R = =0uduhyj, R = —0hij, R0, =~ 0kho ohi,
va(czg aihoa”hkj - 8jh08vhkia Rv(ulu)j = ho0;ho0y hz],
RY0). = 02hi; + 2ho0u 0yl RU\). = 8,0uhij + 2ho02hij,
1 1
R = —§8kh03vhik, RU&)] iaz‘h[)avhija
i 1 1 (.127)
R, = =5 0uhijOho + 5 0uhadjho,
. 1
R = 782 hig — fhj8k6 ho, R = 5 Oudohir,
. 1
R = a hipdjho — avhjkaiho, R = 5 Oudohir,
. 1
R = 5agf% R, = = 0,099, ho,
or alternatively:
1
Ryl = (8jh03vhki = 0ihoduhig), Bl = 1 0iho0uhij, (128
1 1 )
Rz(}k)m = —533%1‘7 Rq(jk)m = —§8vauhki, R%v = 235 hij.
The non vanishing Ricci tensor components are given by:
RS = 20,8,k + 2ho02hij, R = 8,hijdjho — 8Z-h08vhk, 10

1., 1 1
R{) = §hkjak8jh0 - §3§hk, Ry = _§8uavhk7 Ry = —iﬁﬁhﬁ.
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If we assume that the perturbation is traceless we are left with:
1 .
R%) = 20,0vhij + 2h08§hij, Rili) = Oyh;j0;ho, R(ulu) - §h’”8kajh0. (.130)

Note that there are no lower v indices and hence no upper u indices. The Ricci scalar
reads:

RW = 48,0,hF + 4hod2hE, (.131)

and vanishes for a traceless perturbation:

RW = . (.132)

1.2 Characteristic Method - a Detailed Example

In this appendix, we explicitly show the property quoted in section 3 that charac-
teristics surfaces can be obtained from the vanishing of the characteristic form in a
particular example of interest. We consider the equation

DuOuh + ad2h 4+ bOh =0 | (.133)

where h is a scalar function of the two variables v and v and a and b are two constants.
Suppose that & = (&,,&,) is the unit normal vector to the curve C on which we are
given the Cauchy data. Inner derivatives on C can be obtained by —¢,0, + £,0, and
normal derivative to C by &,9, + £,0,. In order to find all partial derivatives of h up
to third order, we have to solve successively the following systems :

—&0uh + £uOuh = Och
§uOuh +&0,h  =01h

—&,02h + £,0,0uh = 0cOyh
—&0u0uh + £,0,0uh = OcOuh
(éuau + gvav)Qh = 8J2_h
—&,03h + £,020,h = 0cd2h
—&£,020,h + £,0,02h = 0c0,Ouh
—&0u02h + &03h = 0¢0ih
(‘fuau + &}61))3]1 = aih
where all partial derivatives are evaluated on C and 0¢ (9 ) denotes the inner (outer)
derivative to C. Since these systems have determinants respectively —(£2 + £2) = —1,
(—€2 — €22 = 1 and , (=€ — £?)3 = —1, they are solvable and gives all partial

derivatives up to third order.
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Fourth order partial derivatives must be obtained from

—&,04h + £,030,h = 0cd3h
—&,030h + £,0202h = 0¢020,h
—&,020%h + £,0,03h = 000,0%h
—£,0002h + £,0%h = 0cd2h
bOLh = —0,0,h + ad?h

whose determinant is precisely the characteristic form b&:. Since all higher order
partial derivatives can be derived from the previous system by partial derivations,
the vanishing of the characteristic form indicated that Cauchy data on C do not fix
uniquely the solution of eq.133.

1.3 Replacement Rules

In this appendix we detail some of the replacement rules which we used in Mathematica
in order to obtain our results.

a Zeroth Order Equations of Motion

D—4
We consider a background of the form h, = (%) , as in equation (7.8) for r > ro,

with D > 4 and where R, was defined in (7.10) and is a positive constant. We denote
by b the impact parameter, that is, the location in which we evaluate our equations of
motion. The value and first derivatives of h, at this point are given by:

mid = ()"

_ <Rb>D_4 (D_4)b.
- b b2 (3

=

Oih, (

0;0;h, (g) = — (?>D4 W(lﬂ&m — (D — 2)bibj),

- R\P~4 (D —4)(D -2 (-134)
9;0;0h, (b) = (bb> ( [))é ) [b2(5ijbk + 0jibi + dixby)
—Db;b;by] ,
- RN\P™* (D —4)(D -2
0:0;010;h, (B) = (b*’) ( ;é ) |~02D(0sbibr + ...
+0 (Gdig + ) + D(D + 2)bibsbb]
where the ... stands for all index permutations of a given tensor structure. At the

midpoint between two identical beams we obtain:

O;h (_») - ai(ho + ﬁo)(g) = 8i(h0 (5) + ho(_g)) =0,
8;0;hy (b) — 8;0;(hy + hy ) (b) = 20;0;h, (b), (135)

8;0;0hy () — 9;0;04(h, + hy)(B) = 0, '
o(b

8;0;0,01hyy (b) — 8;0;0,0;(hy + by ) (B) = 20;0;0,0;h, (b).
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Before we start, we reiterate a number of useful facts. First, (.135) implies that
the zeroth order Christoffel symbols (.120) and any even number of derivatives acting
on them vanish when evaluated at the midpoint between the two beams. With a little
abuse of notation we write:

rO ®)=0, 9,000 b)) =0,  etc. (.136)

wvp pvp

Similarly any odd number of derivatives acting on a zeroth order Riemann tensor
vanishes at the midpoint:

BMR&(E75(5) =0, etc. (.137)

Finally, notice that there are no zero order quantities with lower v or upper v indices.

In order to make sure that h, given in (7.8) is indeed a valid background we have
to make sure that it solves the equations of motion of the full extended gravity theory.
A sufficient condition is that the zeroth order equations of motion take the form (7.7).
This is the case for many of the theories studied in this paper. Since all zeroth order
quantities have two lower u indices and no lower v indices and since hgy does not
depend on u and v we have at most one hg (and therefore, one Riemann or Ricci
tensor) contribution to the Ej, equation of motion and no contributions to the other
components of the equations of motion. This is because we are left with lower u indices
which cannot be contracted. However it is always possible to have contributions to the
equations of motion of the form 9*hy, 9%hg from additional space derivatives acting
on the Riemann tensor. We can use the following replacement rules:

1~
Vo VR = —584h0, (.138)
1=
VOV VPVsRMY = fgaﬁho. (.139)

For polynomials of third and fourth order in the Riemann or Ricci tensors we get
that the zeroth order equations of motion are automatically satisfied by our back-
ground since they contain at least two instances of the Riemann or Ricci tensors. The
contributions to the zeroth order equations of motion for all independent gravity ac-
tions containing one or two Riemann tensors and at most two covariant derivatives are
listed in Table .5.12

b First Order Equations of Motion

In this subsection we detail the rules used to simplify the equations of motion at
first order in the probe graviton contribution. We address separately rules which are
relevant for the equations of motion of actions with two and three Riemann tensors
and those which are relevant for actions with four Riemann tensors.

As explained in subsection 4.1, on our background and with the assumptions we
take regarding the polarisations, the only components of the higher curvature gravity
equations which are not automatically satisfied are F;;. We will use a set of rules to
simplify possible structures of ;.

12We did not consider as independent, gravity actions which are related by integration by parts, use
of the second Bianchi identity or the addition of R® terms which do not contribute to the equations
of motion at zeroth order in the probe graviton.
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Action Background equations
R —18%hg
R? 0
Ry R —1d'n,
Rapea R™ ~20"h,
RV .V°R 0
RV, V°Ry, — 100,

Table .5: Contributions to the zero order equations of motion.

Actions with Two or Three Riemann Tensors Using the statements of the pre-
vious subsection and the list of metric components, Christoffel symbols and Riemann
components found in appendix 1.1 one can derive the following set of rules for the
possible structures of E;;. We implemented these rules in Mathematica to obtain the
results of section 4.

The vanishing of R©, R and Rig,) implies that up to first order in h;;, any
contraction of an expression with the following tensor structure should vanish:

R =0, R.sRys =0, R.3V,VsR, = 0. (.140)

The fact that there are no zero order quantities with lower v or upper « indices implies
that all expressions of the form:

RABYS prorp priAe 0, (.141)

with all indices except for two of them contracted, vanish when they appear in the F;;
component of the equations of motion. This is only to be used in the R? and RV?R
actions. The reason is the following: after extracting all the metric factors, two of
the Riemann tensor are at zero order. Each one of them carries two lower u indices.
Since the only metric term with upper u indices is ¢g“, this leaves us with four lower
v indices. Since no zero order terms have such indices and the first order Riemann
tensor can only absorb two of them, such contributions do not arise. The polarisation
condition eijbibj = 0 implies:

RV Ry 505 = 0. (.142)
Using (.136) and (.137) it is also easy to show that:

VaRpy5, VIR =0,
VaRz, VIRMA =0, (.143)
VORIV RMY = 0.
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Finally for the non-zero terms we denote:
T, = ho M g,
T, = AJT,V, (.144)
SV = ho,ijkl Pkt oo,
where Ay = —4(0,0, + h,02), and obtain the following rules for terms of dimension
four:
RPRM,Y 5 =0,
RHPVRY g = 2T M + 2T, 7,
RuaﬁvRVﬁM = T W 4 T VH, (.145)

1
VoVORM = —iA?th,

and of dimension six
RY 05, VIVPRI™ = 0,
R, 3V, VTR =0,
RPV NTRM,Y 5 =0,
RYPV V3R =0,
R 05, VIVFRY? =0,
RPN GVFRY 5 = —2 S,
ROV Vg R:,Y = S,
RVPIN NPRM o5y = 2T, M, (.146)
R”Wﬁvvng“a = T,H,
RV*BO"YVWVgR“a = T,M,
RYPVOVHVY Rypys = 4SH,
RPNV Roygs = 28,
RPN sVPRY 5y = SMY,
RV PIVsVO R 3oy = T,

1
VOV, VPVsRY = —§A§h“”,

with p and v restricted to the transverse directions. We derive the rules for the terms
of dimension six as follows. Splitting the covariant derivatives to partial derivatives
and Christoffel symbols, we obtain four different kinds of contributions: R9?R, R20T,
RTOR and R?’T'%2. Due to the relations (.136) and (.137) the contributions of the
form RT'OR and RI?R vanish at first order in the probe graviton contribution. The
contributions of the form R20T" are also always vanishing. This however, requires
working out explicitly the relevant index structures. The first contribution, of the
form RO?R, does not vanish and gives the results listed above. We would also like to
point out that terms of the form ¢% ¢, where ¢ is a scalar are automatically vanishing
using the same reasoning as in subsection 4.1.
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¢ Actions with Four Riemann Tensors

For actions with four Riemann tensors, the equations of motion can contain either four
Riemann (or Ricci) tensors, or alternatively three Riemann tensors and two covariant
derivatives. Terms in the equations of motion that contain four Riemann tensors have
vanishing contribution when evaluated on our background (7.8). This follows from the
fact that such contributions would have three h, factors, accompanied by six lower u
indices. To contract them properly one must be able to absorb six lower v indices.
However we can absorb at most two lower v indices in the only Riemann tensor which
is first order in the probe graviton and two in the free indices of the equation of motion.

For the second possible type of contributions with three Riemann tensors and two
covariant derivatives we are only left with structures of the form R20%R. This is
derived using (.143) which is still valid due to the two beams setup. Focusing on
contributions to the transverse equations of motion Fj;, we have two of the Riemann
tensors that have to be of zero order in the probe graviton contributions and are
therefore associated with four lower u indices. We are left with four lower v indices
that need to be absorbed. Two of them can be absorbed in a first order term and the
two others in the derivatives. As such, the derivatives cannot have free indices and
have to be of the form 9,.

Requiring two v indices to be absorbed by a first order term forces it to be a
Riemann tensor (since the Ricci tensor cannot absorb such v indices). We therefore
have:

RO RPIFIGCVARYE = 0,

ROPRPORIGCTARYE = ),

RYPRPIVEVARYE =0, (.147)
RYBRPOVEVARYOVE — ),

ROPRPoRIGCYARYEYS — ),

The requirement the derivatives must absorb two lower v indices automatically forbids
terms of the form RRV,V*R, RRVV*R and RRV*V"YR where p and v are the free
transverse indices of the equation of motion.

We also notice that the two Riemann tensors outside of the derivatives must be at
zeroth order. This is because the derivative of a zeroth order quantity with respect to
v is vanishing, which forces the Riemann inside the derivatives to be first order. Hence
we cannot contract indices which are not transverse between the two Riemann tensors
outside the derivatives. Remembering that the free indices are transverse we obtain:

R,P7RVPINV, V. Rt 55, =0,
Ry PRIV, V3R 5,6 = 0,
R,PTRYPIVsV . RM 5,0 = 0, (.148)
R.PPRVPIV,VsR" 5, = 0,
RY“PTR, PV oV R 455 = 0.
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Direct calculation then leads to

R R"*PIV VR s = 0,
R%P° RVPIV .V o R* 15 = 0,
RHPTRYP7Y, Y 5 Raspo = 0,
RY“PTR, PV V3R 50 = 0,
RFOVBRYPO 5V Ry po = 0,
RUVIRYPT 5V g Raypo = 0,
RIOVBRYPO 5N\ Ry5p0 = 0,
RHVO RPN V5 Ry = 0,
R R PV o Vs R, = 0,
RV R,POEVeV yRpy50 = 0,

Finally, defining:
. Ik o
U, = ho, ho,k]hZ Lot
- ol
W, = ho,l ho,J hkl,v4 )
ij kl J
Vo” - ho, ho,klh w0

the non-vanishing contributions are given by:

RagrsROPOONGNTRIOY , = 2 V1M,
Ro’, ROV, RI Y5 = =2 VM,
RoP" RPN, VsRI Y, = —2 VI,
RoP" RPNV VsR: Y 5 = —2 VMY,
Rop s RPN,V R0 = —4 Y
R R"PIN oV R 50p = 2 Uy,
R%P7 RVOPIN V5 R oy = 2 UMY,
R RPN Vo Ry = 2 UM,
R3°PTRVPINV Vs R* ) = 2 UM,
Ry R"INV, Vo R 500 = —4 UM,
R3OPTRVPINV 5V R o po = —4 UMY,
Rg%P7 RVOPIV GV G RI o = —4 UMY,
RUPTRYOPT, Vo Rspe = —4 Wy,
RHAPI RPN oV R pas = 2 Wy,
RPOPIRYIPIT 6V Ry po = —8 W HY,

where some of the rules are related using the second Bianchi identity.

(.149)
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(.151)

(.152)

(.153)
(.154)

(.155)

(.156)

(.157)
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(.159)
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Sujet : Unconventional particle behaviours in supersymmetric theories
and gravity

Résumé : Nous étudions dans un premier temps deux théories supersymétriques basées sur la
présence de Gauginos de Dirac a travers deux scénarios & la phénoménologie bien distincte. La
premiere, dite de "Fake Split SUSY”, se caractérise par un spectre de particules scindé entre
une partie a I’échelle électrofaible et 'autre plus lourde. Ces modeles prédisent avec une grande
précision la masse du boson de Higgs et sont compatibles avec de nombreux résultats de cos-
mologie, au prix d’un spectre tres peu naturel. La seconde présente un scénario supersymétrique
dont I'un des boson scalaire pourrait étre identifié avec la résonance a 750 GeV observée au LHC.

Dans un second temps, nous analysons d’abord la propagation d’un champ massif de spin 3/2
dans un fluide sous-jacent (par exemple le gravitino lorsque la supergravité est couplée au fluide).
Nous montrons que les degrés de liberté correspondant aux différentes hélicités se propagent
avec des vitesses distinctes. Nous étudions ensuite la question de la vitesse des gravitons dans
les théories de gravité étendue dans lesquelles, en sus du Lagrangien d’Einstein-Hilbert, nous
ajoutons des opérateurs construits a partir de tenseurs de Riemann.

Subject : Unconventional particle behaviours in supersymmetric
theories and gravity

Abstract : We will first focus on supersymmetric theories with Dirac Gaugino masses. We
investigate two advantages of such models. First, the possibility to reconcile the measured Higgs
mass with an arbitrary large scale of supersymmetry breaking. Second, we show how the scalar
singlet present in such models is a sound candidate for a resonance explaining the 750 GeV
diphoton excess observed by the LHC experiments.

In a second part, we start by discussing the propagation of a massive spin 3/2 state in a fluid
(for instance the gravitino when supergravity is coupled to a background fluid). We show that
the degrees of freedom corresponding to different helicities travel with different velocities. We
then discuss the separate issue of graviton speed in extended gravity theories where the usual
Einstein-Hilbert Lagrangian is supplemented by various higher order terms constructed from
Riemann tensors.
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