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Abstract

Elementary particles are distinguished by their spin and their mass. In particular, the
spin< 1 fields, corresponding to the Standard Model content, are theoretically well-known
and have been observed in nature. Going to higher spins, however, serious issues often arise
as one attempts to construct a Lagrangian. This is the case for charged massive higher spins,
which are plagued by acausality and loss of hyperbolicity. Even the simplest examples of
the spin-3/2 and spin-2 turn out to be highly challenging, despite the intense investigation
over the past decades. In this thesis, we present consistent Lagrangians, the subsequent
equations of motion, and constraints for the charged massive spin-3/2 and spin-2 states.
These Lagrangians are derived from the superspace action for the first massive level of
charged superstring in four dimensions.

The motivations for higher spin studies are not limited to a pure field-theoretic interest.
It is postulated by many authors that higher spins may be produced in early universe,
and could be a Dark Matter candidate. The gravitinos, which are spin-3/2 particles in
supergravity, have received a particular attention. Some authors have recently pointed out
that, when the gravitino sound speed vanishes, its production will diverge. We will show
that for linear N' = 1, d = 4 supergravity, coupled to two fermions, the gravitino sound
speed never vanishes, hence avoiding pathological production.

After discussing higher spins, we move on to the second part of this thesis, which focuses
on physics beyond the Standard Model. While the Standard Model has achieved great success
in numerous experiments, several significant anomalies, along with theoretical issues, suggest
the need for new physics. In this thesis, we investigate supersymmetric candidates. First,
we consider scenarios where supersymmetry lies at high energy scales that are currently
inaccessible to colliders. Through an example, we show how the Higgs mass can unravel the
parameter space of such supersymmetric models. Second, we study Dirac gaugino models.
These models have interesting properties in Higgs alignment and can also accommodate
the recently reported 7o deviation in the W boson mass. Through numerical analysis, we
highlight the importance of quantum corrections.

Keywords:
higher spin, supersymmetry, supergravity, gravitino, Higgs mass, Dirac gauginos



Résumeé

Les particules élémentaires se distinguent par leur spin et leur masse. En particulier,
les champs de spin< 1, correspondant au contenu du Modele standard, sont bien connus
théoriquement et ont été observés dans la nature. Cependant, s’agissant des spins supérieurs,
des pathologies sérieuses apparaissent lors de la construction d’un lagrangien. C’est typique-
ment le cas pour les spins supérieurs massifs chargés, ou persistent I’acausalité ainsi que la
perte de 'hyperbolicité. Méme les exemples les plus simples, tels que le spin-3/2 et le spin-2,
se révelent extrémement difficiles a étudier, malgré de nombreuses tentatives durant les dé-
cennies passées. Dans cette thése, nous présentons des lagrangiens cohérents, les équations du
mouvement et les contraintes pour spin-3/2 et spin-2 massifs chargés. Ces lagrangiens sont
déduits de I'action dans le superespace décrivant le premier niveau massif de la supercorde
chargée en quatre dimensions.

Outre son intérét pour la théorie des champs, ’étude des spins supérieurs a des appli-
cations phénoménologiques. Il a été postulé par plusieurs auteurs que des spins supérieurs
pourraient avoir été produits dans I'univers primordial et pourraient constituer un candidat
pour la matiére noire. Les gravitinos, qui sont des particules de spin-3/2 dans la supergravité,
ont recu une attention particuliere. Certains auteurs ont récemment remarqué que lorsque
la vitesse du son du gravitino s’annule, sa production diverge. Nous montrons que pour la
supergravité N' = 1, d = 4, qui contient deux fermions, la vitesse du son du gravitino ne
s’annule jamais. Par conséquent, une telle production divergente est évitée.

Apres avoir discuté des spins supérieurs, nous entrons dans la deuxiéme partie de cette
these, autour de la physique au-dela du Modele standard. Si de nombreuses expériences ont
prouvé la robustesse du Modele standard, certaines anomalies importantes, ainsi que des
problemes théoriques, suggerent le besoin d’une nouvelle physique. Dans cette these, nous
investiguons des candidats supersymétriques. Premierement, nous considérons des scénarios
ou la supersymétrie réside dans des échelles de hautes énergies qui sont inaccessibles aux
collisionneurs actuels. A travers un exemple, nous étudions comment la masse du boson de
Higgs peut dévoiler ’espace de parametres de tels modeles supersymétriques. Deuxiémement,
nous étudions des modeles de jauginos de Dirac. Ces modeles présentent des propriétés
intéressantes rendant possible ’alignement de Higgs, et pourraient expliquer la déviation
de 7o récemment rapportée dans la masse du boson W. Par une analyse numérique, nous
mettons en évidence 'importance des corrections quantiques.

Mots clés :
Spin supérieur, supersymétrie, supergravité, gravitino, la masse du Higgs, jauginos de Dirac
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Introduction

The mathematical formulation of elementary particles, on which is built modern Quan-
tum Field Theory (QFT), dates back to less than a century ago. Since the work by Wigner
[1] and his contemporaries, it is understood that all consistent and relativistic quantum fields
can be classified by their spin s and mass m. Several decades after the discovery of the elec-
tron by the end of the 19*" century, Dirac [2] proposed the celebrated spin-1/2 equation of
motion, which is linear in momentum and mass. The corresponding theory for bosons of
spin-0 and spin-1 are also known to be described by the Klein-Gordon equation, which is
of second order in spacetime derivative. These theories are readily generalized in Quantum
Electrodynamics (QED) to charged particles, with the introduction of the minimal coupling:
Oy — ®, — ieA,, and more general non-abelian gauge symmetries find their framework in
Yang-Mills theory. The massless limit is well-established as well, where one usually recovers
an additional gauge invariance.

Obviously this is not the end of the story. Though to date, no elementary particle of spin
s > 1 has been detected, constructing a “higher spin theory” is still of great significance.
Going beyond the pure mathematical curiosity, higher spin states play a crucial role in
gravity. In General Relativity (GR), the mediator of gravitational interactions, the graviton,
has spin-2. And in supergravity, the superpartner of the graviton — the gravitino, is of spin-
3/2. It is important that a field theory of these states be ready for applications. Beside
the hypothetical elementary particles, higher spin fields do exist in nature, and they are
observed in composite states. According to the SU(3) classification, the “baryon decuplet”
is formed by three-quark (u,d, s) states with a total spin s = 3/2. An example of them is
the 2~ baryon carrying a unit charge: discovered in bubble chamber in 1964 [3], its spin is
confirmed to be 3/2 by BaBar in 2006 [4]. In a typical experimental setup, these baryons
travel a distance which is much larger than their own size, and therefore the point particle
approximation is well justified, calling for the use of a local action.

It was not long after the development of the spin-1/2 equation that the higher spin studies
were initiated by Dirac [5] in 1936. Later, the spin-3/2 and spin-2 massive free Lagrangians
have been constructed by Rarita, Schwinger [6] and Fierz, Pauli [7] respectively. Several
decades after these two works, Singh and Hagen [8, 9] proposed a systematic Lagrangian
formulation for any spin, necessitating lower spin auxiliary fields to enhance the constraint
equations. The well-studied massive free theories open new avenues for generalizations and
applications.

However, the seemingly immediate generalization to the charged higher spins turns out to
be a highly challenging task. One may naively replace all the partial derivatives by covariant
derivatives as in the spin s < 1 case, but this operation inevitably results in a pathological
action — manifesting acausality and loss of hyperbolicity — due to the non-commutativity of
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the covariant derivatives. Already in the simplest setup with U(1) charge and constant small
electromagnetic background, finding a consistent higher spin effective Lagrangian proves to
be very difficult. The attempts mainly consist in extending the Lagrangian with non-minimal
terms, such as the Ferderbush Lagrangian [10] for spin-2 or the non-minimal spin-3/2 La-
grangians that Deser, Pascalutsa and Waldron [11] proposed, but the former still suffers
from high energy unitarity problem and the latter does not escape from acausality. In recent
contributions, an interesting approach is to start from String Theory, which features higher
spin states in its spectrum. The past few decades have witnessed the development of charged
bosonic string [12], then charged superstring theory [13] in a constant electromagnetic back-
ground. Based on the charged string theory, the investigation of the first massive states of
open bosonic string in 26d has led Argyres and Nappi [14, 15] to write up to now the only
charged massive spin-2 Lagrangian, having the correct gyromagnetic ratio, without ghost or
coupling to lower spin fields, though this Lagrangian is not valid away from 26d. One may
naturally expect such construction to be performed on superstring as well, so as to derive a
charged massive spin-3/2 theory along with a spin-2 in the same multiplet. This topic will
be addressed in Chapter 2.

On the other hand, the phenomenological aspects of higher spins are not limited to the
composite states, and when formulated in a curved spacetime, they have interesting cosmo-
logical implications. For instance, it is possible, using curved spacetime QFT, to analyze
the gravitational particle production and investigate higher spin dark matter candidates.
Indispensable in supergravity theories, the gravitino and its production are studied by var-
ious authors around 2000 [16-19] in the context of N' = 1 supergravity, in particular in
the Freedman-Lemaitre-Robertson-Walker (FLRW) metric. Recently, a pathological phe-
nomenon in gravitino production is pointed out by Kolb, Long and Mcdonough [20]. Tt is
shown that in the FLRW background, the gravitino sound speed may vanish which results in
a divergent gravitino production, and several non-linear supersymmetric models indeed ex-
hibit such behaviour. In N/ = 1 supergravity with one chiral multiplet, the gravitino sound
speed is equal to the speed of light [16-18] and therefore safe from divergent production.
What happens if there is more than one chiral multiplet? Would divergent gravitino pro-
duction occur? In this case, the question becomes more subtle due the mixing of different
fermions, and the definition of a physical sound speed shall be clarified. Chapter 3 of this
thesis deals with this question.

After venturing into theories of higher spins, let us go back to the “more usual” territory
of s < 1, which is far from being fully understood, either. The Standard Model (SM) of
particle physics postulates three families of leptons and quarks, of spin-1/2, along with the
spin-0 Higgs boson and spin-1 gauge bosons. The last particle discovered in this catalogue
is the Higgs boson in 2012 by ATLAS and CMS [21, 22], and so far the SM predictions have
successfully gone through a majority of the experiments.

Yet several theoretical issues and experimental anomalies constantly raise the necessesity
for going beyond the SM (BSM). In addition to the long-standing neutrino mass and oscil-
lation problems, the SM is also challenged by other measurements, such as the muon g — 2
anomaly and W boson mass, where significant deviations are reported. On the theoretical
side, the SM does not account for gravitational interactions, and is not a suitable theory
at the reduced Planck mass scale Mp ~ 10'8GeV, characterizing the realm of Quantum
Gravity. The mere observation that the electroweak (EW) scale is much lower than the



Planck scale poses the “hierarchy problem”, which becomes even more compelling in view
of, e.g., the sensitivity of the Higgs boson mass to the ultraviolet (UV) cutoff due to quan-
tum corrections. Shortly after the observation of the Higgs boson and the measurement of
its mass, an analysis is performed in [23], evolving SM parameters using Renormalization
Group Equations (RGEs), which surprisingly reveals an instability of the Higgs potential at
an energy scale lower than Mp. Numerous evidences call for BSM physics.

A well-motivated BSM candidate is supersymmetry (SUSY), which features an extended
particle content, and consequently an enlarged parameter space. A number of theoretical
or phenomenological issues related to the SM find a satisfying explanation with SUSY. The
aforementioned UV-divergence of the quantum corrections to the scalar mass, can be exactly
cancelled by the superpartner diagrams, leaving an additional quadratic term in the SUSY
breaking mass scale. SUSY models are also interesting candidates to accommodate the
experimental discrepancies, in particular, it can provide a sufficient enhancement to muon
g—2 so as to attain the measured value. But in absence of strong evidence of superparticles in
direct collider searches, it is plausible that the SUSY scale is beyond the current experimental
capacity. In this case, how do we constrain the parameter space of a given model? A specific
property in SUSY is that, the Higgs quartic coupling which is extracted from the Higgs
mass, is not a free parameter contrary to the SM. In the example of the MSSM, at tree
level, the quartic coupling is determined by the “D-term” and radiative corrections receive
contribution from all superparticles. Therefore, the SM-like Higgs mass contains information
about masses and couplings of these new particles. The goal of Chapter 4 is to illustrate,
through an explicit example, how Higgs mass can constrain the parameter space of a high-
scale SUSY model.

As the SUSY particle content involves more than one scalar, the question that must be
addressed is how the SM-like Higgs boson is incorporated. The common requirement is that
the observed Higgs be aligned with the scalar mixing matrix eigenstate acquiring a non-zero
vacuum expectation value (vev) — this is the so-called Higgs alignment. The previous high-
scale SUSY scenario easily realizes the alignment, because the new scalars are much heavier
than the SM-like one, thus they decouple, and the remaining light scalar is naturally aligned
with the SM Higgs boson. If one allows lighter SUSY masses, Higgs alignment without
decoupling may also be achieved, thanks to some underlying symmetries of the model.

We will explore in Chapter 5 Dirac gaugino models, where gauginos have Dirac masses.
Such models were first introduced in [24] to provide mass to gluinos while preserving R-
symmetry. Interestingly, Dirac gaugino models can achieve alignment without decoupling,
in addition, the singlet scalar in its particle content generically enhances the W-boson mass,
which may accommodate the recently reported 7 standard deviations from the CDF experi-
ment [25].

This manuscript is structured as follows: In Chapter 1, we briefly introduce supersymme-
try as well as related topics, providing necessary tools for the following content. In Chapter
2, we review the main results in free massive higher spin theories, and introduce the patholo-
gies persisting in charged higher spins. We then present the calculation to obtain explicitly
the consistent Lagrangian, equations of motion and constraints of charged massive spin-3/2
and spin-2 states. In Chapter 3, we introduce the divergent gravitino production related
to the gravitino sound speed, and then investigate the gravitino propagation in the case of
N =1, D = 4 supergravity with more than one chiral multiplet. In Chapter 4, we study
the Higgs mass constraints on a specific supersymmetric model, that solves the muon g — 2
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anomaly. In Chapter 5, we start by reviewing the Dirac gaugino models, and then discuss
their alignment properties and how they accommodate the W boson mass deviations. We
conclude in the last Chapter. Conventions and useful results are presented in appendices.
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Chapter 1

Super-preliminaries

This chapter provides basic elements and tools on supersymmetry as well as related sub-
jects, which is not intended to be an extensive review. There exists a plethora of introductions
to supersymmetry and/or supergravity, such as [26-31], and the lessons on superspace [32].
This chapter is based on these references.

1.1 Supersymmetry

1.1.1 Superalgebra

The supersymmetry algebra generalizes the Poincaré algebra of spacetime symmetry, by
introducing a spinorial generator' @Q that obeys schematically the following commutation
and anticommutation relations:

QP =[Q.P] =0
{Q.0} ={@.qr=0 (1.1)
{@.qp=p

where P* generates spacetime translations. Such algebra involving both commutation and
anticommutation relations is also called a graded Lie algebra, or superalgebra. The possible
symmetries of the S-matrix are subject to the Coleman-Mandula no-go theorem [33], which
forbids any non-trivial combination of internal symmetry and spacetime symmetry, but su-
persymmetry evades this restriction by generalizing Lie algebra to graded Lie algebra. It
has been proven by Haag, Lopuszanski and Sohnius [34], as an extension to the Coleman-
Mandula theorem, that the maximal symmetry of the S-matrix is the direct product of an
internal symmetry with the supersymmetry algebra, in other words, supersymmetry algebra
is the only non-trivial graded Lie algebra that is consistent with S-matrix symmetries, with
a possible extension to include central charges.

The irreducible representations of supersymmetry are called supermultiplets or simply
multiplets, which contain both fermionic and bosonic states that are related by supersym-
metric transformations. The fermions and bosons in the same supermultiplet are said to

"We consider the case with only one generator, which is often referred to as N' = 1 supersymmetry.

13



be superpartners of each other. The above graded Lie algebra obeys the following crucial
properties:

1. Since the squared-mass operator —P? commutes with Q, Q as well as spacetime ro-
tation and translation generators, all particles in the same supermultiplet then must
have the same eigenvalue under —P?, namely the superpartners have the same mass.

2. The energy P, in supersymmetric theories is always positive or zero. This is demon-
strated by using the anticommutator {Q, Q} in (1.1), with indices restored. In fact, a
supersymmetry-preserving state always has zero vacuum energy.

3. A supermultiplet contains an equal number of bosonic and fermionic degrees of freedom.

The first point implies that supersymmetry must be broken, because superparticles having
degenerate masses with their observed SM partners have never been detected. The second
point adds that supersymmetry is spontaneously broken if and only if the vacuum has non-
ZEro energy.

The simplest supersymmetric model is the free massless Wess-Zumino model, describing
a complex scalar ¢ with its superpartner, a two-component Weyl fermion 1. The Lagrangian
has kinetic terms only:

L= —0"pd,p — iha 0, (1.2)

We followed the conventions in Appendix A. Denoting the infinitesimal, constant, supersym-
metry transformation parameter by a two-component Weyl fermion €., the above Lagrangian
is invariant under

detha = V2i (0€), Oud, 0 = \/§5¢ (1.3)

To see if the supersymmetry algebra closes, on should check if the commutator of two trans-
formations, (0¢,d¢; — 0¢,0¢, ), is another symmetry of the theory. For the scalar, this com-
mutator results in a spacetime derivative d,,¢ which is indeed a symmetry corresponding to
the generator P*. But for the fermion, this is true only if we use the equation of motion
"0,y = 0, in other words, the supersymmetry algebra in closed on-shell in this case, which
may be problematic for the symmetry to hold at quantum level. The remedy is to introduce
an auziliary field, a complex scalar F', with a Lagrangian

Lp=FF (1.4)

It is trivial that the equation of motion of F', is just F' = 0. By construction, auxiliary fields
do not possess dynamics, and therefore they can be integrated out using their equations of
motion. Adding a term (1.4) amounts to a physically equivalent theory. Let F' transform as

6 F = /2iect 0,1 (1.5)
and modify the transformation of
Setho = V2 (7€), 0 + V2€0 F (1.6)

It follows that the total Lagrangian £ + L is still invariant under supersymmetry transfor-
mations, but now the commutator (de,0¢, — ¢, 0¢,) acting on any field in this theory, yields
the spacetime derivative of the same field, without the need for equations of motion. As

14



a result, thanks to the auxiliary field, the supersymmetry algebra is closed off-shell. As is
stated before, in a supermultiplet we must have the same bosonic and fermionic degrees of
freedom, which holds both on shell and off shell. In this example, we have two bosonic (¢)
and two fermionic (¢)) degrees of freedom on shell, whereas off-shell we have four bosonic
(¢, F) and four fermionic (¢) degrees of freedom.

1.1.2 Superspace, superfields, supersymmetric Lagrangians

Superfields, first introduced by Salam and Strathdee [35], are very powerful and elegant
tools to treat supersymmetric theories. And thanks the notion of superspace, one acquires
a geometrical picture of supersymmetry transformations, where the usual spacetime coordi-
nates are supplemented by anticommuting (Grassmann) coordinates 6, with & = 1,2. The
hermitian conjugate of 6, has a dotted index, 64, with & = 1,2. Points in superspace are
labelled by (z*,604,0s). We can then define the group elements

G(z,0,0) = i PutbQ+6Q) (1.7)

The group action induces a translation on the enlarged coordinate space. Superfields are
functions of superspace, which can be seen as a Taylor expansion in the Grassmann coordi-
nates (6,6). Remarkably, due to the anticommuting property of 6, this expansion is finite,
and we have

F (2,0,0) =f(x) + 06(x) + Ox(=)
+ 00m(z) + 00n(z) + 0ot 0v,, () (1.8)
+ 000 (x) + 0003 (x) + 0000d(x)
Among the components, there are 16 bosonic degrees of freedom in total, and 16 fermionic
degrees of freedom. The superfield transforms as

6 F(x,0,0) = (eQ + EQ) F

: = el 9 ; nce = 9 =y }eTe
with  €Q +€Q =€ ((%?a — ot .0 OH) + € <39a + ot eaa”)

(1.9)

In addition, it is easy to see that linear combination of superfields, and product of superfields,
are still superfields. The superfields are highly reducible, under constraints that are preserved
by the transformation (1.9). The reduced superfields have less components, but no new
dynamical content. To find such constraints, it is convenient to introduce the covariant
derivatives
= gk 0%
Do = aga T Waal Ou
B (1.10)

0%
satisfying the following anticommutation relations
{Dy, Dy} = —2ich .0, {Da, Dg} = {Da, Dy} =0 (1.11)

They also anticommute with Q and Q, so indeed these derivatives transform covariantly
under supersymmetry:

Do (§F) = 6 (DaF), Da(3F) =6 (DaF) (1.12)
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The first supersymmetry-preserving constraint one can apply is simply the covariant deriva-
tive

Dy® =0 (1.13)

Superfields obeying this condition are called scalar superfields, or chiral superfields. The
most general solution to this equation is determined by three components, with

d =A(z) + V20 (x) + 00F ()

V2

The components (A, ), F') form a scalar or chiral multiplet. The fields in the Wess-Zumino
model mentioned in Section 1.1.1, consist precisely of a chiral multiplet, and actually their
supersymmetry transformations are exactly the components of (1.9). Products and linear
combinations of chiral superfields are again chiral superfields.

The second allowed constraint is a reality constraint

(1.14)

+ i00"00,,A(x) 000, (x)o"0 + ieeéé@%(x)

V=V (1.15)

The corresponding superfields are called wvector superfields (because of the presence of a
vector component) or real superfields. We write their expansion as

V(x,0,0) =C(z) + ifx(z) — i0x(z)

+ SO0 (@) N (2)] — LOOIM (x) — iN ()

_ 90’“9_1)“(%) + 060 [/_\(x) + ;5M8NX(37):| (1.16)

_ 660 [)\(x) + ;U“E?M)Z(x)] + 50000 [D(m) + ;820(95)] |

where the scalars are all real. Notice that the vector superfield is invariant under the su-
pergauge transformation V. — V 4+ ® + & where ® is a chiral superfield. There is a gauge
choice of ® called the Wess-Zumino gauge, which eliminates C', x, M, N, resulting in

_ _ 1
Vavz = —00"0v, + 1000\ — 000X + 59909D (1.17)

This gauge breaks linear supersymmetry, but preserves the gauge invariance of the vector
component v, — v, + d,A. One can view this as a partial supergauge fixing. One may also
attach an extra spacetime index to the real superfield V' — V,,,, so in components, instead of
a vector (spinor) we will have a rank-2 tensor (vector-spinor). This superfield will be crucial
to construct spin-2 and spin-3/2 theories in Chapter 2.

We have already seen in ® and V necessary ingredients for any theory containing scalars,
spinors, or vectors. In fact, the superfields allow to construct supersymmetric Lagrangians in
a rather simple way. The approach is essentially looking for components of some superfield
combinations, that transform under supersymmetry as a total derivative. This component is
then a piece of the Lagrangian, because the supersymmetry transformation of the Lagrangian
gives zero up to a total derivative, that we drop. To begin with, the 8000 component of a
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superfield always transforms as a total derivative, as can be inferred from the component
expansion of (1.9_); For chiral superfields, the kinetic terms and the auxiliary mass term
arise from the 0000 component of &Td

_ &
= — id)j&‘ua,ﬂﬁj + Aja2Aj + Fij

For j =1, we recover the Wess-Zumino model in Section 1.1.1.

Moreover, note that the 06 component of ® transforms as a total derivative, given by
(1.5). This property also holds for ®”, n > 1. Then one proposes the following renormalizable
Lagrangian describing masses and interactions along with linear terms:

+h.c. (1.19)

1 1
Lr= (2mij(I)i(I)j + ggijkq)iq)jq)k + /\i(I)z')

00

The complex scalars F}; are always auxiliary fields. Integrating them out, we obtain finally
the general renormalizable supersymmetric Lagrangian of chiral multiplets:

z . 1 1, - -
L= = i)o" Dby + A0 Aj = Smipy — St
— GijrVivi A — g;kjk;d_}ﬂ/_)jfik - V(4;, flj)

(1.20)

The last line contains Yukawa couplings and the scalar potential. For the expression of
the scalar potential, it is convenient to introduce the superpotential, which is a holomorphic
function corresponding to the piece in parentheses in (1.19):

1 1
W () = 5mijaits + 5 9iniviTe + Aiti (1.21)
and the scalar potential takes the form

OW (A)|?

V(A Aj) = ZEFZ = Z’ oA

(1.22)

Now let us turn to the Lagrangian of vector superfields, which is expected to describe
gauge theories. Contrary to the previous case, the kinetic terms of the vector field v, and
the spinor A cannot be extracted from the 8606 component, and in fact they will not arise
from any V", n > 1. A natural way to introduce spacetime derivative is to act the covariant
derivatives D, and Dy on vector superfields. More concretely, one defines

1 - _ 1
Wa =~ DDD,V, We =~ DDDsV (1.23)

They are chiral superfields (dressed with a spinor index), due the properties D3 = D3 =0,
and are also supergauge invariant under V. — V 4+ & + ®. As before, a supersymmetric
Lagrangian can be obtained from the 060 component of products of W, Wy:

L= i (W Walgs + Wa¥?| ) (1.24)
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To see what terms this Lagrangian gives rise to, it is more clear to fix the Wess-Zumino
gauge, using the expression (1.17). We find

1 1 -
L= 5D2 — va%mn — iAat I (1.25)
where vy = vy — OnUm. Indeed, we recover the kinetic terms of v, and A. Besides, an
additional V| goss complements (1.24) with a mass term of vy, and kinetic terms for y, C.

In total, the supersymmetric Lagrangian of a vector superfield

L= i (W Walgg + Wat| )+ V7|

00 0000 (1.26)

describes a vector multiplet: one vector field (vy,), two spin-1/2 fields (x, A), and one scalar
field (C). Finally, note that the 0000 component of V itself is both supersymmetry and
supergauge invariant, thus one may add to (1.26) the Fayet-Iliopoulos term:

where we dropped the total derivative. This term plays an important role in spontaneous
supersymmetry breaking.

Before ending this subsection, we briefly discuss supersymmetric gauge theories, and elab-
orate the theory of interacting chiral superfields ®; that transform under the representation
R of a gauge group G. Starting from the global symmetry, the chiral superfields transform
according to

o' — [MTI] 07 or 60T =iA® (T7) ;00 (1.28)

where T are the generators of the representation. The parameters A® are real constants,
hence chiral superfields obeying (1.13). The kinetic term of the Lagrangian (I);(I)j‘oeéé
is obviously invariant under the supergauge transformation, as for the interacting terms,
W (®)|gg + h.c., the supergauge invariance imposes constraints on the superpotential.
Going to local supergauge symmetries, scalar superfields will not suffice, and it is nec-
essary to introduce a vector superfield. The reason is that the gauge parameters A(x) are
no longer constant chiral superfields, and the kinetic term loses supergauge invariance. The
invariance can be restored by vector superfields V, belonging to the adjoint representation

of G

vV =vere (1.29)

transforming as
eV — e eVemih (1.30)
To the first order, 6V = —i(A — AT) and we recognize the previously encountered transfor-

mation V — V 4+ ® + & with ® = —iA. Higher orders can be evaluated by Hausdorff’s
formula. The kinetic term is modified so that it stays invariant

Lx =0l ® (1.31)

0060
The form of the superpotential W (®) is always subject to the requirement of supergauge
invariance. Turning our attention to the vector superfield, we know that its Lagrangian is
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determined by the chiral superfields W,,, Wy, defined in (1.23). Now, these superfields are
not supergauge invariant anymore, neither are the subsequent kinetic terms, and one shall
use a new definition

1- - _ 1 _
We = —ZDDe_VDaeV, Wy = —ZDDe_VDdeV (1.32)
with transformations
w, — eiAWae_iA, Wy — eMWe (1.33)

Analogous to the ordinary Yang-Mills theory, the kinetic term will be a trace of W*W,,.
Finally, the full supersymmetric Lagrangian is

c iTr(WO‘Wa\%—i— WaV¥| ) + BV D] 4 [W(@)]y, + hc] (1.34)
where k is a normalization factor to be determined later. The superpotential shall satisfy
supergauge invariance.

In the presence of abelian U(1) factors in the gauge group, the transformation law of
the corresponding vector superfields is §V4 = —i(A — AT), thus the #60 component of V§is
supergauge invariant. We also know that it is supersymmetry invariant as it transforms as
a total derivative. In this case, we can add to (1.34) the Fayet-Iliopoulos terms:

Lyt =Y 26" Vi|gogo = > —£"D% (1.35)

a

One may use again the Wess-Zumino gauge to expand (1.34) for a simple and explicit form
of the component Lagrangian. One expects to recover a Lagrangian describing chiral mul-
tiplets (A;, ¥, F;) charged under the gauge group, along with vector multiplets (v% , A%, D%)
where v? are the gauge bosons and \* their superpartners, the gauginos. The integration of
the auxiliary F; and D? yields for the scalar potential, F'-terms and D-terms respectively.
To summarize, ignoring for the moment Lgr, the scalar potential is:

v(aa) - 3|7
ZXZ:‘FZ

1 L

+o g (AT
a\2

Hre

(1.36)

where g is the gauge coupling. Clearly, the scalar potential is positive or zero. According to
(1.20), the Yukawa Lagrangian can be expressed in terms of the superpotential as

1 d>W (AF)

§W(WW ) + h.c. (1.37)

£Yuk = -

We also have gauge invariant interactions between the chiral fermion 1;, the scalars A; and
the gauginos \*:

Lint = V/2ig (W\a) T A7 4+ h.c. (1.38)
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1.1.3 Supersymmetry breaking

For applications in real world, supersymmetry must be broken. As is evidenced by (1.36),
the scalar potential has a global minimum V = 0 when

FY=(DY)=0 & dW = (D) =0 (1.39)
dA;

has a solution. Any other vacuum with (F?) # 0 or (D%) # 0 breaks supersymmetry. The
vacuum expectation values (A;) satisfy the minimum conditions

v o PW

=z al A (mayg .\ —
T = 9D (AJ(T)Z) 0 (1.40)

In addition, the superpotential must be gauge invariant, namely,

_ idW(Ai) ;

A (T Fi = i— Y5 A =0 1.41
i (T%) L (1.41)

(1.40) together with (1.41) can be put in a matrix form:

o) ey, W) =00

Interestingly, the 2 x 2 matrix above coincides with the mass matrix of the fermions (¢, \),
from the Lagrangians (1.37)-(1.38):

?w 1 a\j .
Y s aianm - 94 (1) Wi
£Yuk + Elnt == 9 (1/1 ﬁl)\ ) (_g/_l] (Tb>2] 0 \/ii)\a (143)

Hence if a vacuum breaks supersymmetry, with (F*) 0 or (D?%) # 0, then the 2 x 2 matrix
has a zero eigenvalue. In other words, there exists a massless fermion:
% ¢ a\ ya
v=(F)v 739 (D) A (1.44)
This is the supersymmetric version of the Goldstone theorem: spontaneous supersym-
metry breaking gives rise to a massless Goldstone fermion v, also called a Goldstino. When
every vacuumn state possesses a positive energy, it indicates that the supersymmetric gauge
theory has undergone spontaneous symmetry breaking. Such scenario can be achieved by an
appropriate choice of the superpotential W or the D-term D% more concretely, there exist
two realizations, constructed respectively by O’Raifeartaigh [36] and Fayet, Iliopoulos [37,
38]. We review below the two mechanisms of spontaneous supersymmetry breaking.

The O’Raifeartaigh mechanism or the F-term breaking consists in specific choices of a
superpotential W and three chiral multiplets ®; , i = 0, 1,2, such that there is no solution
to % = 0. One of the possibilities is to pick the superpotential

W = A®y + m®, Py + gPd? (1.45)
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The linear term implies that ®g must be a gauge singlet. In fact, this linear term is necessary
for F-term breaking at tree-level in a cubic polynomial superpotential. The scalar potential
is
2 1
V(Ag, A1, As) = ‘)\ n gAﬂ + [mAs + 2gAg A1 + |mAy | + =53 (D) (1.46)
a

Assume that D® = 0 has a solution. We also suppose m? > 2\g and all parameters are
real, the minimum of (1.46) then corresponds to A; = As = 0, independent of Ay, and the
vacuum energy at this point is V' = A? > 0. Thus supersymmetry is spontaneously broken.

The Fayet-Iliopoulos mechanism or the D-term breaking may occur when the gauge
group includes at least one abelian U(1) factor. As is mentioned in the previous subsection,
in this case the #060 component of a vector superfield is both supersymmetry and supergauge
invariant. The additional Fayet-Iliopoulos terms (1.35) would force the D-term to acquire a
non-zero vacuum expectation value. To see this, let us consider a simple model with U(1)-
charged scalar fields. The superpotential is W = %mﬁD? and the charge of A; is given by ¢;.
This configuration results in the following scalar potential

2
1
V:Z‘mi|2‘Ai|2+§ <"6—QZQZ‘!A¢\2> (1.47)

This potential never vanishes for k # 0, therefore supersymmetry is spontaneously broken.

In realistic models that incorporate the SM, one oftentimes introduces soft terms that
explicitly break supersymmetry while preserving some of its desirable properties. These
terms do not add quadratic divergences to the Higgs mass, and allow to obtain superparticles
that are heavier than their SM partners. The values of the soft-breaking parameters are a
priori not predicted by any fundamental theories, and are subject to theoretical as well as
experimental constraints. They can be viewed as a low energy effect due to an unknown
spontaneous breaking at a higher scale.

1.1.4 R-symmetries

We briefly mention in this last subsection the R-symmetries, that are relevant for the
introduction of Dirac gaugino models in Chapter 5. In /' = 1 supersymmetry that we are
focusing on, the R-symmetry is associated with a global U(1)g transformation rotating the
Grassmann coordinates:

6 — e, 06— e (1.48)
where 0, @ are said to carry R-charges +1, —1. For a theory invariant under R-symmetry,
the superfield carrying rg R-charge will transform as

S (a? 0, 9‘) s ¢irsag (ar eiog, emé) (1.49)

R-symmetry does not commute with the supersymmetry generator and therefore different
components in the superfield can have different R-charges. For a chiral superfield in the form
(1.14) with R-charge r¢, the R-charges of the components A (complex scalar), v (chiral
fermion), F' (auxiliary scalar) are then ¢, 7 — 1, r¢ —2. The vector superfield, on the other
hand, carries no R-charge due to its reality. In the Wess-Zumino gauge (1.17), we infer the
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R-charges of v, (vector boson), A (gaugino), D (auxiliary scalar), that are 0, +1, 0. If a
theory is to be R-symmetric, then necessarily the R-charge of the superpotential is +2, as
can be observed from (1.19). This requirement is not automatically satisfied: for a general
renormalizable superpotential

1 1
W(®) = §mij¢’z'q)j + ggijkq)iq)jq)k + AP, (1.50)

only one of three terms can stay, if the total R-charge of W is equal to +2. R-symmetry is not
necessary for a Lagrangian to be consistent, and can be violated in many situations. However,
it is particularly significant for supersymmetry breaking. In fact, the Nelson-Seiberg theorem
[39] states that in the case of spontaneous supersymmetry breaking by a non-zero F-term,
with a generic superpotential, then the theory must have an exact R-symmetry that remains
unbroken. In the simple example of the O’Raifeartaigh mechanism, Eq. (1.45), we find the
charge assignments:

T, = +2, re, =0, re,=-+2 (1.51)

for the superpotential to possess an R-charge +2. Besides, R-symmetry cannot be sponta-
neously broken at electroweak scale because otherwise it would lead to a massless “R-axion”
that is experimentally problematic. Consequently, R-symmetry is either conserved or explic-
itly broken.

1.2 Supergravity

1.2.1 Local supersymmetry

The previous section covers global supersymmetry where the transformation parameter
€ is constant. While global supersymmetry is a mathematically consistent theory, it is
incompatible with gravity because the latter requires diffeomorphism invariance, which will
be broken by a constant spinorial parameter €. From another perspective, if supersymmetry
is to be promoted to a local symmetry, then it must couple to gravity. This fact can be
observed through the example of the massless free Wess-Zumino model:

L= —0"pdup — iha 0,1 (1.52)

We have seen in the previous section that this Lagrangian is invariant under global super-
symmetry transformations (1.3), but when the parameter e becomes spacetime-dependent,
€ — €(x), the transformations leave residual terms

0L = (0,€) 3% + (Ou€) jhy 4 = V20,057 0",  jh = V20,¢0"5 1) (1.53)

The super-Noether current j* = jI + ji is a conserved current, namely 9#j,, = 0 if one
uses the equations of motion. In order to cancel the residual terms in §.L, we shall introduce
a gauge field that, same as j#, behaves as a vector-spinor. Denoting this gauge field as x,,
we have

deXp = MpO,e (1.54)

where the factor Mp is added to ensure the correct mass dimension. The Neother’s method
then indicates the addition of a new piece to the Lagrangian

. .
L= My (Xud7 + XuiR) (1.55)
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The variation of £’ cancels 6L, but gives rise to the variation of the currents j7, j% that is
in general non-vanishing. By calculating the terms bilinear in ¢ and ¥ one recovers precisely
their energy momentum tensors contracted with ,,, namely, these terms take the form

S (L+ L) = —]\;P (Xuded7, + Xudei)
1 (1.56)
~ MipgmeVT/W 4.
which suggests adding a new symmetric rank-2 field g,, that transforms as
O ~ J\/}P&_T(MXV) (1.57)
and modifying the Lagrangian with an extra piece so as to cancel (1.56)
L" ~ —g,, T (1.58)

The only candidate that can couple to the energy momentum tensor is the dynami-
cal spacetime metric. Therefore, we have an overview of the necessity of gravity, i.e. the
introduction of the spin-2 graviton and its spin-3/2 superpartner gravitino?, sitting in a su-
pergravity multiplet, when promoting supersymmetry to a local symmetry. This is actually
not limited to the Wess-Zumino model discussed here, and holds in general cases.

1.2.2 Minimal supergravity

We now come to the minimal A/ = 1 supersymmetric extenstion of General Relativity in
four dimensions, which involves one supergravity multiplet in absence of matter multiplet.
This form allows for various extensions, such as in different dimensions or with extended
supersymmetry or coupling to matter multiplets. The minimal content is the curvature
tensor, and a gravitino 1, which is a necessary ingredient to render supersymmetry local,
so the basic approach is to start from the Einstein-Hilbert action along with a curved-space
Rarita-Schwinger action describing a massless gravitino:

M?2 1-
S = / d*z (L + LRs) / d*zv/—=g (;R - wa“””Duwp> (1.59)

From now on, we adopt the four-component notation for the fermions. The Lorentz covariant
derivative of a fermion field is given by D ¢ = 9,9 + iwuab'_yabw and the curved-space ~
matrices are related to the flat-space ones (7’s) through v, = e®,7, where e, denotes the
frame field (vierbein) describing the graviton. The spin connection is introduced through
the action of the full covariant derivative on the vierbein: V, e, = wubaeb, with e, = ef0,,.
Imposing furthermore that the spin connection preserve the metric tensor and be torsion-
free, w/‘jb can be expressed in terms of e?,. We will encounter again these definitions in
Section 3.2. Strictly speaking, as we are coupling the fermion to gravity, the full covariant
derivative V should also contain the Christoffel symbol I', but in the above action it appears
only in an antisymmetrized form nyp] = 0, and therefore does not contribute:

1 a g
Vit = Oty + Zw[ub%bwp] = I'f,1%e = Dby (1.60)

2We will give more technical details about the gravitino in Chapters 2 and 3.
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The next step is to supersymmetrize (1.59), keeping the assumption that the gravitino is
the gauge field of supersymmetry, as is suggested by the example of the Wess-Zumino model.
A reasonable guess for the gauge transformation is to covariantize (1.54):

1 _
Sty = MpDye = Mp (au + 4w,‘j”%b> ¢ (1.61)
In accordance with the four-component notation, ¢ and 1), are now Majorana spinors. As
for the gauge transformation of the vierbein, one may either draw inspiration from (1.57),
or derive it from the transformation law of the gravitino, by cancelling the terms in §.S
generated by d.1,. We give directly the result

1
o.e

= ev® 1.62
= o T (1.62)

At this point, the action is not yet invariant, because the variation of the spin connection
56wzb also contributes. Demanding that the residual terms in 6.5 vanish results in multiple
possibilities, and (5€wa depends on the formalism one chooses. Two different solutions have
been derived by Deser, Zumino [40]:

1 1
dwy = Byt = SeuBe + e B, (1.63)
with ]
? = g
Bl = RIS &Y,75 Do, (1.64)

and by Ferrara, Freedman, van Nieuwenhuizen [41]:

. 1 _
600 = S e’ (D7) (2elrel g — elellguy) (1.65)

where w/‘jb = d)ﬁb(e, 1) is the solution to De? = 1 A ¥4 /(4M2).

We have had a glimpse on the minimal N' = 1, D = 4 supergravity with only one super-
gravity multiplet (ef,, ), constructed around a Minkowski background n® ~ (=1,1,1,1).
In GR, one can add to the Einstein-Hilbert action a cosmological constant term

S = /d4x\/jg (A?R — M,%A) (1.66)

and according to the sign of A, one defines the de Sitter (dS) vacua (A > 0), as well as
the anti-de Sitter (AdS) vacua (A < 0). An important question is then whether the above
action can be supersymmetrized as before, which is equivalent to finding a supergroup that
incorporates the symmetry group of dS or AdS spacetime. In the pure supergravity theory
that we are discussing, it is established that only the AdS group can be consistently extended
to a supergroup, and a positive cosmological constant always breaks supersymmetry. The
vierbein still transforms as Eq. (1.62), whereas the transformation rule of the gravitino is
shifted by a term proportional to ~:

0, = MpD,e — ng%vue (1.67)
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The supersymmetry invariant action of a supergravity multiplet in AdS is written as

M?2 1- 1-
Sads = / d*zy/—g (;’R —MpA — 5%RW“””DV@%L - §¢ML’YWPDV¢;>R
(1.68)

— * -
—MPgqu’Vlwdjsz — Mp g2¢uL7W%L>

where A = —3M#%|g|? < 0 and recall that g is the determinant of the metric g,,. The
factor /—g in the action can also be replaced by the determinant of the vierbein e = /—g.
Remarkably, in the supergravity multiplet, we now have a massless graviton and a “massive”
gravitino while preserving supersymmetry. In fact, the statement in the previous section that
all particles in the same multiplet should have degenerate mass, does not always hold in a
curved spacetime, where extra mass-like terms may appear. In reality, the concrete definition
of “mass” in AdS is subtle and needs much more careful treatments, which is not of our focus
here.

1.2.3 Matter couplings and scalar potential

In order to describe matter and Yang-Mills interactions, we must couple the supergravity
multiplet to chiral multiplets or vector multiplets. While a primitive sketch of chiral multiplet
coupling was drawn in Section 1.2.1, with the simplest Wess-Zumino model, the discussion
shall be extended.

To this end, let us momentarily return to global supersymmetry, and add some material
that has not been covered in Section 1.1. Consider a Wess-Zumino model with ng chiral
multiplets (¢™, x™), where x™ are Majorana fermions and m = 1,...,n¢c. In fact, just as
in non-linear o-models, the kinetic terms of the complex scalars can be non-minimal. In

general cases, they are derived from a real function, called the Kdahler potential K(p, ¢):
LD ~gun [0u8" 06" + XPPXE + XEPXE |, With  gmn = 0m0aK(0,0)  (1.69)

where the barred indices represent the complex conjugate of ¢, or the right-handed part of
the fermion, namely:
Pt =o", 0 i O- = i

T g’ T T ggn (1.70)

XEH = PrX™, X[ =PuxX"

Note that the {mn}, {mn} components of the Kdhler metric g,,» are vanishing. The co-
variant derivative D acting on the scalars trivially reduces to a partial derivative, while its
action on the fermion is given by

D/AX?% = auX?% + (@Mbm) F;[le DuxT = Ouxr + ((%qu) F?anlL (1.71)

with I' the Christoffel symbol related to g,.;. It is useful to note that the Kéhler potential
is invariant upon adding the real part of a holomorphic function:

K (0" 6") = K (67, 6") +h(e") +h" (¢") (1.72)

The scalar potential, the Yukawa Lagrangian, and the supersymmetry transformations
that we presented in Section 1.1.2 are deformed by g.,n correspondingly.
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Next, we couple ny vector multiplets (AL,AI ), I =1,...,ny, to the chiral multiplets
above. The non-minimal kinetic terms of the vector multiplets are encoded in a set of
holomorphic functions fr;(¢"™), called the gauge kinetic function:

L5 Re (frs(¢™)) [—1}1{”}7””" . ;Wv] (1.73)

where F/ Jl, are the field strengths of the gauge bosons, and ) represents some suitable gauge
covariant derivative. To guarantee the correct sign of the kinetic terms, g, and Re (f17)
must be positive definite.

Both in global and local supersymmetry, the most general action of ng chiral multiplets
coupled to ny vector multiplets is determined by the following input data:

1. The Kahler potential X and the gauge kinetic function f7s, related to the kinetic terms
of the chiral and vector multiplets.

2. The holomorphic superpotential W. It contributes the scalar potential, the Yukawa
Lagrangian and the fermion mass terms.

3. The gauge group and the representation under which the chiral multiplet transforms.
4. The Fayet-Iliopoulos terms in the presence of Abelian gauge groups.

The full supergravity Lagrangian for arbitrary number of chiral and vector multiplets is
rather tedious and can be found, e.g., in [30], Section 18. We will instead focus on the scalar
potential:

K K 2
S _ LA
V = e g™ D, WD W — 3¢p |Ml + §RerDIDJ (1.74)
P

where the Kéhler-covariant derivative acting on the superpotential is defined as
Om K
D, W = lam + (’”2)] w (1.75)
Mp

For (W) # 0, (1.74) can be put in a simpler form by introducing a function G that is left
invariant under the transformation (1.72):

G =K+ Mlog (|W[/Mp),

(1.76)
with G, = 0nG = M3 DmWW, Gmin = Om0aG = Ima

so that the scalar potential becomes

- 1
V =" (MEG™"GpnGr — 3M) + sRef1sD'D’ (1.77)
The first and third terms correspond to the F- and D- terms that are also present in global
supersymmetry. The D-term takes the same form in global and local supersymmetry, but

one of the differences is that, in global supersymmetry, the D-term is independent of the
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superpotential W. In the local case, these two are related, and the D-term can be expressed
in terms of the Kéahler invariant function G (for (W) # 0):

D' =iRef) ™M &(¢™)7Gm (1.78)

where {(¢")" is a holomorphic Killing vector relevant to the Kéhler manifold.

The second term in (1.77)% is new in local supersymmetry, which endows supergravity
with a crucial property — the scalar potential can also be negative. The earlier statement in
global supersymmetry that supersymmetry-preserving vacua always have zero energy, needs
to be rectified. The order parameter of the supersymmetry breaking is vev of fermionic
transformations, in other words, supersymmetry is preserved if and only if (0v,) = (dx™) =
<5)\I> =0, withm=1,...,nc and I = 1,...,ny. In supergravity, this condition translates
into:

1. (DpW) =0
2. <D1> -0

They are equivalent to (1.39) in global supersymmetry. In supergravity, however, these two
conditions are not independent: when (W) # 0, according to (1.78), the first condition
implies the second one. The supersymmetry vacua satisfy

(V)y=-3 <e”)’c?>’;\/g> <0 (1.79)

We see another remarkable difference with regard to global supersymmetry. In supergravity,
the supersymmetric vacua are always negative semi-definite, and conversely, vanishing or
negative vacua does not necessarily mean that supersymmetry is unbroken. A supersym-
metric vacuum has zero energy if and only if (W) = <DI > = 0. Besides, note that a direct
consequence of (1.78) is that, pure D-term breaking occurs only when (W) = 0.

Finally, the negative contribution to the scalar potential is also significant in cosmolog-
ical applications, because a positive vev of the scalar potential corresponds to a positive
cosmological constant, and most models encounter the problem of a cosmological constant
that is way too large. In supergravity, this negative term comes to compensate the positive
part, and eventually may result in a sufficiently small but positive cosmological constant,
compatible with realistic scenarios.

1.2.4 Super-Higgs mechanism

In Section 1.1.3 we reviewed the basic aspects of supersymmetry breaking, which features
the appearance of a massless Goldstone fermion — the Goldstino. If global supersymmetry
were to hold in nature at some UV scale, it is puzzling that the Goldstino signaling the
spontaneous breaking has not been observed yet. Supergravity provides an elegant answer
to this question, because supersymmetry is now a gauge symmetry. In gauge theories that we
are familiar with, the gauge bosons aqcuire masses (viz. the helicity 0 mode) by absorbing the

3Conventionally, the “F-term” in supergravity is the sum of the first and the second terms.
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Goldstone boson, through the Higgs mechanism. Analogously in supergravity, the gauge field
gravitino will also become massive (viz. obtain helicities +1/2) by eating up the Goldstino.
This is the super-Higgs mechanism [42—44], that will be discussed next.

In global supersymmetry, we have derived the Goldstino expression (1.44) in terms of the
chiral fermions and gauginos in the theory. In supergravity, one can find a generalization of
this expression
D W . e KICME NG

— AP 1.80

WXL T W o LTI (1.80)

where P; = Re(fr7) D’7. The Goldstino-gravitino mixing originates from the gravitino
couplings to all other fermions in the supergravity Lagrangian:

UL:MP

1 .
e Lmix = ——Pur" (%PI + Xy <2M?D>DmW) +h.c. (1.81)

Mp 2
The Goldstino transformation demonstrates a shift symmetry dvyp o €, + -+, much like

the Goldstone boson in conventional gauge theories. As a result, a field redefinition can be
worked out to achieve the unitary gauge v = 0, which eliminates the Goldstino. This field
redefinition will result in new terms in the Lagrangian, including the gravitino mass term,
which takes on the standard Rarita-Schwinger form. In Minkowski spacetime, this term
corresponds to the physical mass of the gravitino, and this is how the gravitino acquires
mass in the super-Higgs mechanism. The detailed calculation for the general case can be
found in [45]. Here, we will show a simplified scenario with chiral multiplets only, and
constant scalars (namely, their derivative vanishes). A further simplification is to consider
Minkowski vacua, where the definition of the “mass” is unambiguous. Starting from the
scalar potential:

L _
V=ep (z\@%gmgmgﬁ - 3M;_%) (1.82)
A Minkowski vacuum V' = 0 clearly breaks supersymmetry. It implies:
9""GmGr — 3Mp =0 (1.83)
and the minimum condition is then:
g
OnV]y_o = € P ME[G" DG +Gm) =0 = G" (DuGn) = —Gm  (1.84)

In this case, the fermionic Lagrangian takes the form

- 1~ “mag A, n
e Lr = = Uy — G | XL PN+ XhIXE

o 29§ - g _ ) (1.85)
+ _anXL X1, + Mig’ébuR’Y'uXL Gm + Mip'(ﬁ,uR’y'u Yyr + h.c.
with
Mo = &1CVME) (D DLW § = KMy (1.86)
2Mp

Now we are going to look for a fermionic state corresponding to the Goldstino. In
global supersymmetry in absence of D-terms, the Goldstino is a linear combination of chiral
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fermions, lying in the direction of F-term breaking. The situation is similar here, as can be
seen in the supersymmetry transformations of the fermions:

S
Y1, = MpOyer + Svuer, XL = _ﬁgmﬁL (1.87)
P
One easily deduces the Goldstino expression:

gmle o ngT

vy = = 1.88
" VG.0 T VBMp 159
where we used (1.83) in the second equality. Its variation gives
gm(sXT Q
dvy, = = —V/3S¢ 1.89
NI L (1.89)
By a redefinition
gm
I =X+ ———vr (1.90)
g L V3Mp

analogously for vg, the new chiral fermions are then invariant under supersymmetry: 6y =
0. Consequently, the fermionic Lagrangian becomes

) 1 ) ) o
€ 1EF = - *wu')’u paz/@/)p - ['UL(?UR + URaUL] — 9mn [X/Lmaxg + X%@X’Lm}

48 21/38 S
Tt 7%1%7“% + 7%R’Y“ Yur +h.c.

o [aniL/m /n+hc]

(1.91)

In absence of gravitino, as is the case of global supersymmetry, the redefinition (1.89)
simply decouples the Goldstino from the chiral fermions, leaving the Goldstino as a physical
massless fermion. Here, the introduction of the gravitino allows for an additional redefinition:

Pt = Yt — —— vy, — L’y Fug (1.92)
L L \[S \/3
analogously for ¢;. This redefinition sets the gravitino transformation to zero: §y* = 0.
After this step, we have fixed the unitary gauge v = 0, and the Goldstino is completely
eliminated from the Lagrangian:

_ 1~ - T
¢ Lp = = SO POy — g [N + XK

s / o (1.93)
Mipq/)uRVW%,R + h.C} - [anXL X1 +h.c. }

We immediately recognize the Rarita-Schwinger Lagrangian for the gravitino, and read off
its mass
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Chapter 2

Charged massive spin-3/2 and spin-2

An important example of non-trivial background in field theories is the electromagnetic
field, where acausality is known to persist for charged higher spins. For spins lower than
3/2, the minimal coupling 0 — © = 9 — iA gives the correct theory, but this replacement
results in pathologies once the spin goes higher. This is the Velo-Zwanziger problem. Many
attempts have been made in the past, in the search for a consistent charged massive higher
spin Lagrangian, but even in the simplest cases of spin-3/2 and spin-2, finding a Lagrangian
turns out to be a highly challenging task. In this Chapter based on [46-48], we will address
this issue for spin-3/2 and spin-2, exploring a recent result of superstring theory [13] where
a consistent superspace action for charged massive spin-3/2 and spin-2, coupled to lower
spins, was obtained. We will expand and simplify this action, so as to derive a Lagrangian
involving these higher spin states along with lower spins. In addition, we will find the
decoupled equations of motion and constraints for charged massive spin-3/2 and spin-2 that
are free of pathologies.

In this Chapter, the terminology higher spin signifies spin higher than 1, i.e. higher than
the spins of all observed elementary particles. Besides, we will be focusing exclusively on
the massive case. We will be working in the Minkowski space, with the metric convention
n~ (—,+,+,--). Different from the previous Chapter, Latin letters are used as spacetime
indices.

2.1 Free massive higher spins: a well-established theory

2.1.1 Dirac, Rarita-Schwinger, and Fierz-Pauli

It is a well-known fact in QFT that irreducible unitary representations of the Poincaré
group can be classified by their spin (integer or half-integer) and their mass [1, 49]. In par-
ticular, the observed elementary particles consist of those in the Standard Model, including
spin-1/2 quarks and leptons, spin-1 gauge bosons, as well as spin-0 Higgs boson'. The La-
grangians of free spin s < 1 fields, massive or massless, can be found in a large amount of
literature. The massive spin-1/2 is described by the Dirac Lagrangian:

Lyjy =Py — My (2.1)

We are not raising the question of whether they are truly elementary. Relevant investigations exist, which
are not the focus of this manuscript.
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And we have the Proca Lagrangian for the massive spin-1:

1 1
Ly == F"" B — §M2Vme, with  Frup = 9m Vi — 00 Vim (2.2)
Taking the variation with regard to V,,, one obtains
oL
5V:n = 0?Viy — 00y V" — MV, =0 (2.3)

Applying furthermore a partial derivative 0" on the above equation, a constraint equation
arises

8"V = 0 (2.4)

which in turn implies the Klein-Gordon equation (82 - M 2) Vi = 0, and results in 3 on-shell
DoFs for the massive spin-1, as is expected from its 3 helicity states. Contrary to the massless
case, the Proca Lagrangian is not gauge invariant, but gauge invariance can be created
through the introduction of a Stickelberg field, with the redefinition V,,, — Vi, + Om¢/M.
Subsequently, the Proca Lagrangian becomes

1 1 1
L= = F"" Fn = 50" $0m — §M2vam — MV™0,,¢ (2.5)
which is now invariant under the gauge transformations 6V,, = OnA, d¢ = —MA. Con-

versely, the Stiickelberg field ¢ can be eliminated in the unitary gauge, thereby bringing
back the Lagrangian (2.2).

Higher spin studies have first been undertaken by Dirac, in an attempt to generalize the
spin-1/2 equation. The immediate fermionic neighbor of spin-1/2 — the spin-3/2 field — is
given by ¥,, transforming in the spinor-vector representation of the Lorentz group. Its free
Lagrangian, derived by Rarita and Schwinger [6], is conventionally written as”

L3jg = —Vpy"" 0, V), — iM U, T,, (2.6)
(2.6) yields a Dirac equation as well as two constraints
i@+ M)V, =0, "V, =0, 9™V, =0 (2.7)

which result in four propagating DoFs.
Around the same period, Fierz and Pauli [7] have obtained a Lagrangian describing a
massive spin-2 particle, represented by a real rank-2 symmetric tensor h,;,:

1 1 1 1
Lo=— =R O hpmn + =0 hdmh — = M2K™ hypn + = M?h>
2 2 2 2
+ B0, Oph + O™ iy O W™

(2.8)

where h stands for the trace of h,,,: h = h™,,. The Fierz-Pauli Lagrangian is precisely the
sum of the linear expansion of the Einstein-Hilbert action, and two mass terms. The signs in
front of these mass terms are crucial in order to avoid ghosts. Similar to spin-3/2, (2.8) gives
rise to two constraint equations (also called the transverse-traceless constraints), in addition

2The coefficients in this Lagrangian differs from the one presented in Chapter 3, due to the different choices
of the y-matrices.
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to the Klein-Gordon equation. To reach this system, we begin with the Euler-Lagrange
equation of hy,y, in (2.8):

(6% = M2) b — (92 = M) nuns + OpnOnh + 1O = 0 Bt = 0y by = 0 (2.9)

which yields the following three equations:

1. Trace
—20%h 4+ 3M*h + 200 hypy, = 0 (2.10)
2. Divergence
Omh — 0" hympn =0 (2.11)
3. Double Divergence
*h — 00" Ry, = 0 (2.12)

Using (2.12) to replace 90" hy,y, in (2.10), we obtain the trace constraint h = 0, which
according to (2.11) implies the divergence constraint 0"h,,, = 0. Inserting these two con-
ditions back to the Euler-Lagrange equation, we obtain the Klein Gordon equation for the
spin-2: (0% — M?) hypy, = 0. In summary,

(82 - M2) B =0, =0, Ay =0 (2.13)

The above constraints remove five DoFs on-shell, so the massive spin-2 has five propagating
DoFs.

Note that the analogous Stiickelberg fields can be introduced as well, so that the new
Lagrangians become gauge invariant. For spin-3/2, one may redefine (2.6) with ¥, —
V,, + Omv. The result is invariant under the transformations dV,, = 9,, T, dv = =T, where
v and T are Dirac spinors. For spin-2, one can shift h,,, with A, — Amn +8(mAn) + 0 On @,
and the gauge invariance is manifest with e.g. dhy,, = 8(mAn)+28m8n/~X, 0A,;, = —Am—ﬁm]\,
8¢ = —A. In the unitary gauge, we recover again (2.6) and (2.8).

2.1.2 A Lagrangian for any spin

A Lagrangian formulation for massive free fields of arbitrary spin has first been obtained
by Singh and Hagen [8, 9], starting from the very basic requirement of Lorentz invariance.
In this subsection, we review briefly the main arguments and results in their work.

For elementary bosons and fermions, one can choose Lorentz group representations where
the corresponding fields are given by symmetric traceless tensors, respectively, @, .. and
Wy, With t = 5 — % and s represents the spin. The (v-)traceless condition is:

nnln? (I)nlng...ns =0, ’Ynl \Ijnl...nt =0 (214)
Lorentz invariance imposes the Fierz-Pauli system:

(82 - M2) S —) (i + M) Uy, ., = 0,

(2.15)
o™ <I>n1...ns = 07 8nl\I]nl...nt = 0.
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The key point in the construction a la Singh-Hagen is the use of auziliary fields, that
enhance the constraint equations and vanish on-shell. Indeed, it is very complicated, if not
impossible, to guess a Lagrangian starting directly from the on-shell equation (2.15). The
authors of [7] have already pointed out the necessity of additional fields in the construction
of a higher spin Lagrangian, and later, in search of s = 2, 3,4 Lagrangians, Fronsdal [50] and
Chang [51] have also suggested introducing auxiliary fields. In the following, we will see how
they are introduced in a systematic way.

The primary goal is to find the variation of the Lagrangian with regard to the higher spin
field, namely 6L/ d®() | so that one can easily reconstruct the Lagrangian from this expres-
sion. In addition, 6£/6®(®) has the same symmetries as ®() itself, i.e. traceless and totally
symmetric, and this equation must yield the EoM and constraints (2.15). For instantce,
in the spin-1 case, we had (2.3) which gave rise to the divergence constraint as well as the
Klein-Gordon equation. Going to spin-2, one might be tempted to generalize (2.3) and try

oL
5(I)mn

= 0*®pn — 2{0n, (09),,}s o — M*Pp, =0 (2.16)

where S.T. means the symmetric traceless part of the tensor: {T),n}tsT. = T(mn) — %nmnTkk.
The coefficient of the second term is chosen such that, applying 0" on (2.16), one would
obtain 0"®,,,, = 0. However, this result requires in addition 9™9"®,,,, = 0, which cannot
be obtained from (2.16). In fact, an equation of the form (2.16) alone does not realize the
Fierz-Pauli system (2.15), and more equations are needed, hence the necessity of new fields.
For spin-2, it is precisely the auxiliary field that imposes 0™0"®,,,, = 0.

The simplest candidate to impose the scalar equation 90® = 0, is obviously a scalar
field . Its only possible coupling to ®,,,, in the Lagrangian is 0™ 0" ®,,,,,, which yields the
system

P Crn — 2{0m (09),,}g 1. — M*Prn + ¢ {0mOnip}gr =0
T o 2.17
oMo, — (82 - aM2) o (217)

where a and ¢ encode the unknown ¢ mass term and the coupling constant of @d™0"®y,,.
It turns out that there is a unique choice ¢ = 2/3, a = 2, that results in

e =0=0"0"Pp, (2.18)

We then get the desired equations 0"®,, = 0, (0> — M?) ®,,, = 0, and the Lagrangian
can be immediately inferred from (2.17). The higher spins s > 2 follow the same procedure,
necessitating a series of lower spin auxiliary fields s — 2,...,1,0, that vanish on-shell. The
fermionic case is analogous, thus will not be detailed here. The most general form of the
Lagrangian, for any given spin, is provided in [8, 9].

2.2 Charged massive higher spins: why are they so difficult?

2.2.1 The Velo-Zwanziger problem

We have seen in the previous section that the Lagrangian formulation for massive free
states of arbitrary spin has been very well constructed. Taking one step forward, we may
consider an interacting massive higher spin theory, typically with an electromagnetic field,
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and search for a corresponding Lagrangian for it. Far from a pure academic exercise, such
a setup is of phenomenological interest, because charged higher spin composite particles do
exist in Nature, and one example is the {2~ baryon whose spin is determined to be s = 3/2.
In a typical experimental context, it is reasonable to take the point particle limit and describe
the behavior of these composite states by a local action. In the following, we will be focusing
on massive higher spin fields charged under U(1), interacting with an electromagnetic field.

A consistent Lagrangian formulation for charged higher spins is a problem with a long
history. Already back in 1939, Fierz and Pauli [7] have pointed out that the simplest re-
placement 0, — ©,,, = O, + i€ Ay, in the on-shell equations — attempted by Dirac [5] — will
result in algebraically inconsistent equations for higher spins. In the spin-2 case, the minimal
coupling 9, — ®,,, gives rise to:

(@2 - MZ) [—
BT =0, D"y =0

(2.19)

The above two lines are obviously incompatible, because taking the divergence of the EoM,
one obtains D"D2h,,, = 0, implying [D"D?, D2D" Ay, = 0, which contradicts with the
property of the U(1) covariant derivative. Fierz and Pauli have then proposed that in
order to avoid this algebraic inconsistency, the equation of motion and constraints must be
derivable from a Lagrangian by variational principle. They first evoked the use of auxiliary
fields in the higher spin Lagrangian, that later was generalized by Singh and Hagen (see
Section 2.1.2). This construction has been successful in the uncharged case. Switching on
the electromagnetic field, they suggested in [7] introducing minimal coupling in the uncharged
Lagrangian and the consequent equation of motion.

However, pathologies persist. Three decades later, Velo and Zwanziger [52-54] (see also
[55]) have investigated in great detail this inconsistency of charged higher spin propagation,
and analyzed the EoM as well as the constraints for spin s > 1 by using the method of
characteristics. Their results led to what is known today as the Velo-Zwanziger problem,
that we shall clarify shortly.

Indeed, for massive states of spin s < 1, the minimal coupling is exempt from any
pathology. Replacing the partial derivatives by U(1)-covariant derivatives, one obtains:

Spin-0: (82 - M2) =0 — (@2 ~ M2) b =0
spin-1/2: (i + M)+ =0 — (D +M)y =0 (2.20)
spin-li (0% = M?) Vi =0, 9"Vpp =0 = (D> = M?) V,, =0, D"V, =0

which are manifestly consistent from our knowledge on QED. The spin-1 corresponds to
the marginal case, from which constraint equations arise and the non-commutativity of the
covariant derivative starts to have an impact on the consistency of the on-shell system, as
we have seen in the example of (2.19).

For higher spins, it is convenient to study their propagation properties through the char-
acteristic determinant A(n) [56]. The latter is obtained wia the substitution id,, — n,
in the EoM, and then recover the determinant of the coefficient matrix, keeping only the
leading terms in n,,. For instance, given an EoM [i (Fk>m”8k + Bm"} v, = 0, we have

An) = ‘(Fk) nk‘. The normals Ny, to the characteristic surface are the solutions of
mn
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A(n) = 0, and the maximal propagation speed of the signal is then N°/|N|. This method
enables us to check the following two consistency conditions:

« Hyperbolicity: if N° is real for any N

e Causality: if all solutions NV, are space-like, namely, the characteristic surface is
always time-like

Additionally, the absence of propagating ghosts requires the on-shell DoF to be (2s+1). A
careful analysis with this method [52-55], along with the DoF counting, shows that massive
charged states with spin s > 1 minimally coupled to electromagnetism, suffer from various
pathologies: faster-than-light propagation for spin-3/2, and incorrect DoF for spin-2.

Such a phenomenon is usually called the Velo-Zwanziger problem. This problem persists
even in an effective theory with a small constant electromagnetic background, and actually
a large class of non-minimal couplings still fail to restore the consistency, as we will see next.

2.2.2 Attempts and main results

Given that the pathological propagation of charged massive higher spins arises as a con-
sequence of the minimal coupling, an obvious attempt to cure the problem, would be to
introduce non-minimal couplings. Following the work by Federbush [10], one first complex-
ifies the Fierz-Pauli Lagrangian (2.8) and replaces the partial derivatives by U(1)-covariant
derivatives. The subsequent Lagrangian clearly exhibits the Velo-Zwanziger problem. The
next step is to add a non-minimal coupling term, containing the gyromagnetic ratio g, and
the electromagnetic field strength €,,,, so we obtain:

£ == [Duhuil* +21Dmh™ [ + Dl + (D™D h + hic.) = M? (hynh™ — Bh)

+ 2ieg Tr (h € - ﬁ)
(2.21)
The field strength is taken to be constant here, and (2.21) is called the Federbush La-
grangian for a charged massive spin-2 field. The calculation of the oM can be carried out
analogously. In particular, the trace equation in the free case, h = 0, now takes the form:

hoc M~4ie (29 — 1) €D, D by + - - - (2.22)

The ellipsis represent additional terms, without derivatives, that disappear in the free case.
We immediately see the crucial requirement here: if the first term containing derivatives
does not vanish, then (2.22) will not be a constraint, and consequently some ghost DoFs will
be propagating. To avoid ghosts, the gyromagnetic ratio must be g = 1/2.

Then comes the first issue. In order to guarantee high energy unitarity of the scattering
amplitudes, it is necessary that the gyromagnetic ratio is ¢ = 2 at tree level for charged
elementary particles of arbitrary spin [57]°. This means that the Federbush Lagrangian will
not have a good high energy behavior. The second and more problematic issue of (2.21) is
that it allows for superluminal propagation even for very small background magnetic field
[58]. Indeed, using the method of characteristics as in [52-55], there always exists a Lorentz
frame with a space-like characteristic surface, which implies acausality. Nevertheless, the

3We can see that the minimal coupling in (2.19) also leads to an EoM whose gyromagnetic ratio is not 2.
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Federbush Lagrangian remains up to date, the only 4d Lagrangian for charged massive spin-
2, without ghosts (if g = 1/2), and without coupling to lower spin fields.

On the other hand, significant effort has also been made for the charged massive spin-3/2
case, but no explicit consistent Lagrangian has been obtained yet. In 2000, Deser, Pasca-
lutsa and Waldron [11] have investigated a broad class of non-minimal couplings modifying
the minimal spin-3/2 Lagrangian, analysing in detail their low energy behavior, causality,
unitarity as well as existence of ghosts. But in the end, none of them escaped from incon-
sistency. Later, Porrati and Rahman [59] have extended the class of non-minimal couplings
considered in [11], and in particular, their studies were based on the requirement that the
~v-trace constraint v"W,, = 0 be enforced to all orders. This condition actually ensures
simultaneously hyperbolicity, causality, and correct DoFs, as long as the Lagrangian is her-
mitian, and has a canonical kinetic term. The coefficients of the final spin-3/2 Lagrangian
are given, implicitly, by a recursive relation.

As a side comment, one does know a consistent example of charged massive spin-3/2
Lagrangian, which is the gravitino charged under U(1)-graviphoton in A/ = 2 supergravity.
But in the zero cosmological constant limit, the causality bound implies planckian gravitino
mass [60], also the charge and the mass shall obey the Kaluza-Klein relation e = m/Mp;.
Beyond these conditions, the same pathologies as before still persist.

2.3 Implementation of String Theory

Our excursion into various attempts has revealed the significant difficulty in the construc-
tion of charged massive higher spin Lagrangians. On one hand, the Federbush Lagrangian
for spin-2 has the undesired gyromagnetic ratio g = 1/2, as well as the more problematic
superluminal propagation. On the other hand, even though a causal spin-3/2 Lagrangian a
priori exists [59], its explicit form is still unknown. Indeed, starting from the basic require-
ments — causality, hyperbolicity, correct DoFs, and g = 2 — to guess a Lagrangian turns out
to be a very complex task.

An alternative way to tackle the problem is to use String Theory. Originally proposed as
a model of hadronic resonances, String Theory naturally contains an infinite tower of higher
spin states, providing an intriguing opportunity to study higher spins. Moreover, these states
can carry electric charge, and in this case it is shown that the gyromagnetic ratio is g = 2 for
all states in the spectrum [57]. The formalism of charged open bosonic string in a constant
electromagnetic background has been constructed in [12], which led Argyres and Nappi [14,
15] to derive the Lagrangian of the first mass level of charged open bosonic string. This level
features one massive spin-2 field along with a massive vector boson, but fortunately enough,
the gauge transformations of these two fields imply that the vector boson is a Stiickelberg
field, therefore can be eliminated in the unitary gauge. The Argyres-Nappi Lagrangian
describes the only physical field at the first mass level — the massive charged spin-2. It takes
the form

_ 1 _ _ 1
LAN =Hmn (@2 —2— 2%8) ™ 4+ 2iH (e h — h- €)™ —H (@2 -2 2Tr62)7'[

= Honn {@m@k[(l —ie)hly" — %9’”@”% +(m n)} + HO" D Mo
(2.23)
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where we defined the rescaled tensor Hp,, = (1 —ie), . (1 —ie), , h* and H = H™,,. The
inverse string tension is fixed to o/ = 1/2. The field strength is given by i€, = [Dm, Dnl,
with the electric charge set to e = 1. In 26d, the Argyres-Nappi Lagrangian yields the
following KoM and constraints:

<©2—2—;Tr€2>7'lmn+2i(€'%_%'€)mn:0

oM. —0 (2.24)

H=0

The first line is a deformation of the Klein-Gordon equation, with an electromagnetic field-
dependent contribution to the mass. The second and third lines correspond to the con-
straints: one can immediately notice that they are the charged version of the transverse-
traceless constraints 0"hpm, = 0, h = 0. (2.24) is in effect a deformed Fierz-Pauli system,
which is manifestly consistent, with correct gyromagnetic ratio g = 2, correct DoF, hyper-
bolic and causal EoM. Besides, this Fierz-Pauli system (2.24) is also generalized to arbitrary
integer spin using Virasoro algebra in [58]. In addition, one recovers exactly the Fierz-Pauli
Lagrangian from (2.23) in the free case ® — 0, € = 0.

The Velo-Zwanziger problem seems solved for spin-2. However, this is true only in 26d:
away from this critical dimension, the trace becomes dynamical and (2.24) no longer holds
[61]. A lower-dimensional Lagrangian has been obtained by Porrati and Rahman [61] by
compactifying (2.23). This process introduces an extra scalar ¢ which is singlet of the inter-
nal coordinates, and assumes that the electromagnetic field is zero in the compactification
directions. As a result, the dimensionally reduced Argyres-Nappi Lagrangian, in d < 26
dimensions, reads

L4 =By (@2 —9- ;Tré) B 4 2ib (e - h— h- €)™ — (@2 oo ;TM) b
- {@%p[(l —ie) By — SO + (m ¢ n)} +BDTD" (2.25)

+ [Emnz)mz)% - {6 + % (DD_i'l;l> ¢3} (@2 —2- %Tr 62) ¢+ h.c.]

The same rescaling as before is used by, = (1 —ie€),,;. (1 —ie),, h*'. Some algebraic manip-
ulations lead to the (deformed-)Klein-Gordon EoMs

<©2—2—;Tr62>¢:0
) (2.26)
(@2—2—2%62) B + 21 (e-h—b-e) =0,

whereas both the divergence and trace constraints of §,,, are coupled to the scalar, but they
can be decoupled on-shell by a redefinition b, — b, so that b, satisfies the Fierz-Pauli
system (2.24), making the consistency manifest. It is unclear though, whether ¢ and b,
can be decoupled directly at the level of the Lagrangian.

The construction of charged massive spin-2 Lagrangian using bosonic open string theory
has been successful. In 26d, the Argyres-Nappi Lagrangian contains a spin-2 only, giving rise
to the Fierz-Pauli system. By dimensional reduction, the new Lagrangian can describe 4d as
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well, at the cost of coupling an additional scalar ¢ to the spin-2 field. The same approach as
in [14, 15] can also be realized at the second mass level of open bosonic string, as is done by
Klishevich [62], and this yields a Lagrangian for charged massive spin-3 coupled to spin-1.

Now it is natural to wonder whether String Theory helps to derive a Lagrangian for
charged massive spin-3/2. Indeed, such fermionic states do exist in superstring theory. In
[63], it is shown that the free open superstring compactified to 4d (in a way that preserves
spacetime supersymmetry) features one spin-2 multiplet — with spin-2, spin-3/2 and spin-1 —
as well as two scalar multiplets on its first mass level. And one year later, the same authors
have derived the superspace action of these multiplets [64], from which it is possible to get
a Lagrangian. Then, it is reasonable to expect that the superspace action can be obtained
for charged superstring first mass level as well. The generalization of [63, 64] to the charged
case is achieved in [13], resulting in a superspace action describing, among others, a charged
massive spin-2 and spin-3/2 that propagate consistently.

The above results are very encouraging. The next question will be: now we have a
superspace action, what does the Lagrangian look like? The answer to this question requires
many non-trivial algebraic manipulations. It is straightforward, though tedious, to expand
the superspace action in components, but after expansion the Lagrangian involves numerous
auxiliary DoFs. As is pointed out in [65], the presence of auxiliary fields is one of the main
drawbacks of the superspace action in [64], thus the authors of [65] found it simpler to begin
with a free Lagrangian then supersymmetrize it, than to identify the physical DoFs directly
from the superspace action. Here, our goal is to remedy this problem and show how these
auxiliary fields can be totally eliminated. The final Lagrangian should contain physical DoFs
only, with charged massive spin-2, spin-3/2, spin-1, spin-1/2 and complex scalars [13]. There
are more states at the first mass level than in the bosonic string case, due to the spacetime
supersymmetry, and therefore we expect to have a more complicated spin-2 Lagrangian than
(2.23).

The following sections are devoted to the development of the superspace action in [13]. To
illustrate the basic ideas, we will start from the neutral superspace action, already presented
in [64], and proceed to expand, simplify and eventually decouple the Lagrangian. It is
sensible to tackle first the free case, because the result is already known, viz., we shall find
in the end the Fierz-Pauli Lagrangian for spin-2, Rarita-Schwinger Lagrangian for spin-3/2,
and free Lagrangians for spin-1, spin-1/2 and spin-0. In a second time, we move to the
charged case, and carry out a similar computation for the charged superspace action in
[13]. The Lagrangians will be presented in different forms: one compact form which allows
for a simpler derivation of on-shell equations, and another one as deformed Fierz-Pauli or
Rarita-Schwinger Lagrangian. The latter reduces to the well-known free Lagrangian when
the external field vanishes, but is more complicated and contains higher derivatives. In
addition, we derive the EoM and constraints for charged massive spin-2 and spin-3/2, that
despite a mixing with lower spins, can be decoupled on shell. The former is precisely a four-
dimensional version of the Fierz-Pauli system (2.24), and the latter, perhaps our principal
result, has not been obtained before in the literature.
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2.4 Summary of the main results

We summarize in this section the main results obtained after the expansion of the super-
space action in [13], including the Lagrangian of physical states and the equations of motion
for spin-2 and spin-3/2. Detailed calculations, as well as alternative forms of the Lagrangian,
are presented in Section 2.5.

Note that we consider constant electromagnetic background, with covariant derivative
D, satisfying:

(D, D] = iQemn (2.27)

All the fields have unit charge @ = +£1.

2.4.1 Bosons
The Lagrangian of the bosonic sector reads:
Lp =M, (—2 + @2> M+ M (-2 + 92) M
4+ C"D%Cpy + D"C®"Cr — 2C™ (N — 1€mmm) C™

+ 26 — i€mna@™a” + D" G D an + \}i [F(@) (Frun(€) = Hiny ) + hic]

2 2
—2cmc,y, — 5©mém©”cn + [é’" <—5©mH + D"Hnm> + h.c}

(2.28)

_ 1 _ _ B 1
5 Hmn DN 4 SO o Dph™ = HO I H )+ 36 Hon ™ + L HH

1
2
Different from the Argyres-Nappi Lagrangian (2.23), the rescaled field H,,, has only one

(n — ie) factor:
Hon = (ke — i€mp) By H=h (2.29)

The field strength and its dual are defined as

Fon(a) = Dpman — Dnam, Fun(a)

N

EmnpgFP(a) (2.30)
same for ¢,,. This Lagrangian yields on shell the following equations:
¢« Equations of motion
(92 —2)Mi=0, (D*-2)Ni=0
(@2 - 2) B, = 21 (ekmhkn T eknhkm) , (@2 - 2) Co + 2i€mnC" =0 (2.31)
(@2 - 2) m 4 2iemma™ = 0, (@2 - 2) e+ 2i€mmc™® = 0

e Constraints

D"Cp, =0, Himn) = —=
V2 (2.32)

h+49™c, =0, ¢y +



The constraints (2.32) remove 12 degrees of freedom, resulting in 12 degrees of freedom
on shell for the field content {am,cm,Cm, M1, N1, hmn}, which is in agreement with [13].
However, the fields {a,, ¢m,hmn} are coupled on shell. They can be decoupled by the
following redefinitions

i i
A, — §emna" — 2\/§€”k©khmn +

V2i i

1
Cm — Tgmnan + Eﬁnkgnhmk

i

2v2

ErnD"h + V/2i€,, "

/
a’m

(2.33)

/
Cm

and

2 1 i 1
bmn Eghmn - gnmnh - §6mkhkn + ggmcn
i 1
—3 <€mk@kcn — ek Dnc” + 277mn€kl©k01)
1 1
- = <6mk€lkhnl + empenthF — 2nmn€kl€plhkp)

4
1 1 1 k i k dee ]
o LQQmCDnh 166mk6 nh + 86mk@ Dnh 9% Nmnh

11 i 1,5 .
N [ 2€mk© D,9;a" + 16 (€€) Nmn®"ay,
1
—7 (€8) D DnDrak + gmkelng’f@l@pap} + (m < n)

(2.34)
+

In consequence, the new equations are completely decoupled:

(92 - 2) Bimn = 21 (ekmhkn + Eknbkm)
D"hn =0, h=0 (2.35)
DnD,a™ =2a’ DDpd™ =2¢,,

m?

The first two lines for the spin-2 are the same as (2.24) but the latter is derived from
the Argyres-Nappi Lagrangian in 26d. The third line does not resemble the conventional
equations of motion for massive vectors. In reality, vector fields obeying the equation
OO, V™ = 2V, are dual to scalars as is shown in [66], so they each count one degree of
freedom. The generalization of this result to the charged case is immediate, so a,, ¢, are
dual to complex scalars (see Sec. 4.4 in the next section). In fact, only the longitudinal
component of these vectors is physical. It is possible to replace a,,, ¢, by their dual scalars
in (2.28), so the new Lagrangian contains physical degrees of freedom only, but the latter
has a more complicated form provided in the next section. In both cases, we are able to
decouple on shell all the fields yielding a Fierz-Pauli system for the spin-2.

The gyromagnetic ratio is rather transparent from the equation of motion. For the sake
of clarity, let us restore the mass and the charge:

(@2 - M2) B = 2iQ (6kmhkn + e,mr)km) (2.36)

For any particle of integer spin s, mass m, and charge (), the gyromagnetic ratio g appears
in the equation of motion as [11, 60]:

(92 = M2) g = iQgsen™ i, ™) (2.37)

40



A direct comparison with (2.36) indicates g = 2.

2.4.2 Fermions

Following the two component notation, the Lagrangian of the physical fermionic states
in the superspace action is

Lr = 5 [2 (W0 Duin) + (Ximd"o o Duxan )|~ VEIAT X1m) + ]
+ [ (9107 Dnn) + 2 (10" Dm0

3 1
+ L@ (XT'omn®" 1) — 23 (XT"Dmi1)

i " —m = m
-3 (,\Tomlln) —2i(xT'"omm) — \/i()\l Dmv) + h.C.}
1 1 1
+ L@ (i) + h.c} F(1e2) - [235;1 (- 8) mm + HXE' (¢ 0) oma + hc.
(2.38)
where we introduced the rescalings
5\mE mn_.mn S\n’ )\mE mn_‘mn )\n
1 = (o = ) My Ao = (un = i) 1 239

X1im = (77mn — iﬁmn) X?, XQm = (nmn - i€mn) Xg

and notice that the Weyl fermions x1,,, X2m appear only under the rescaled form, whereas
the rescaled and non-rescaled Ai,,, A9, are mixed through the kinetic terms. In the above
Lagrangian, the spin-3/2 states {Xm, Ajm} are coupled to spin-1/2 {yj,@Ej}, j=1,2. On
shell, it gives the constraints

< 3. V2 i
D" A = 1 — ——0" (€:0) X1m, D"Xim=—5(€-0)m
< 3 . 1 _ '
Um)\lm:\ﬁm_ﬁ(e'a)vh " X1m =0
Same as for the bosons, we can also find a redefinition that decouples spin-3/2 from spin-1/2
on shell:
_ — i g 1 . s 0
)‘/lm =Aim + —= [1 —1 (6 : U)] Om71 — 5 [nmn —1 (Emn + 1€mn)] ®n¢l
2v2 2 (2.41)

1 _
X/lm = X1m + m (€-0)omin

so that we obtain a Fierz-Pauli system, deformed by the electromagnetic background, that
describes the correct degrees of freedom for spin-3/2:

10" D, A1 = —V2 (n — i€mn) X
15"©nxllm = —\/55\17%7
i 5 (2.42)
0"l =0 DRy = 257 (o) X
"X = 0, o™}, =0
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as well as the Dirac equations for the spin-1/2 fields:
6" D = —V21, 0" Db = —V27 (2.43)

Equations for the fermions with index 2 are obtained by 1 <> 2, € +» —e. Remarkably,
the ~y-traceless constraint is satisfied even in the presence of the background, whereas the
divergence constraint receives a contribution proportional to the ~-matrix. Taking into
account the constraints, we again have 12 complex degrees of freedom for the fermions,
equal to that of the bosons.

We may also convert the two-component notation into four-component notation (see

Appendix A), introducing;:
—_ [ NMa — Xllma
o= (o) wy, = (X 2.44

The equations of motion and constraints become

¢ Equations of motion
(i@ +v2) 21 =0, (i +V2) i = V2 Oy (2.45)

« Constraints

5
l@m - *4[ (€™ 4 jemn) »yn] i =0, 4T, =0 (2.46)

A quick analysis of the characteristic determinant shows that the spin-3/2 equation of motion
is causal. In the meantime, showing the gyromagnetic ratio ¢ = 2 needs more manipulations.
To start with, we put (2.45) in a second order form, for clarity we also restore the charge @
and the mass M:

. 1,
|:<©2 - MQ) MNmn + 2Q1€mn — QIQ’}/pqepq/r]mn ‘Iﬂf = 0 (247)

Since we are considering constant electromagnetic field, the potential is parameterized as
A, = —% (eX),, and the covariant derivative is given by ©,, = 0p, +i1QA,.

Without loss of generality, we choose vanishing electric field eg; = 0, while the magnetic
field is given by €;; = —e;x B, where € is a 3d Levi-Civita symbol (4,5, k = 1,2,3). Going
to momentum space, the above equation reads:

(1= QA W1y, = | (5= QA)" 4 21| W1+ Qers (M),,, W7
(2.48)
)

m

= |:(ﬁ— Qg>2 + M2:| Wi, — Qe’;‘ijkBk (MZ])

where H = iy, and (M™), = (J"),.., + S"*Nmn are the generators of the Lorentz group,
with (J7%), = —2in,, [, ST = 57"%. The generator of rotations for the spin-3/2 repre-
sentation is (Sk),,, = s€ijk (M¥)  so

(H — QAy)? Wy, = [(ﬁ— fo)2 + Mﬂ Uy, — 2QF - 5,y BT (2.49)
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By definition, the gyromagnetic ratio is extracted from the last term on the right hand side,
which is g = 2, as is expected.

2.5 Publication
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ABSTRACT: We develop in components the superspace action obtained in [1] describing
the first massive level of the open charged superstring in a flat four-dimensional spacetime.
In the absence of an electromagnetic background, we show how the Rarita-Schwinger and
Fierz-Pauli Lagrangians are retrieved for spin-3/2 and 2, respectively. We then write dif-
ferent forms of the action in the presence of the electromagnetic background. The resulting
equations of motion describe the propagation of fields of charged spin-3/2 and spin-1/2 on
the one hand, and spin-2, 1 and 0 on the other.
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1 Introduction

The field theory of high spin particles is an old and difficult problem. For the case of massive
particles, a challenge arises as soon as one tries to propagate states of spin greater than
1 in an electromagnetic background. In a 1936 paper [2|, Dirac called for the problem of
writing the equations of motion for such states to be addressed. He wrote: “It is desirable
to have the equation ready for a possible future discovery of an elementary particle with
a spin greater than a half, or for approximate application to composite particles. Further,
the underlying theory is of considerable mathematical interest.” This problem was quickly
taken up by Fierz and Pauli [3] who showed the difficulty of it, and in passing wrote in
this paper their famous Lagrangian for a massive uncharged spin-2. But the most striking
aspect of the difficulty of the problem will only be known a few decades later thanks, in
particular, to the works of Johnson and Sudarshan [4], Velo and Zwanziger [5-7|. The
problem has remained to this day, but the massive fundamental particles known to current
physics do not have such spins. Yet several works have allowed first to understand well the
difficulties, then to make some notable progress.

Johnson and Sudarshan tried to canonically quantize minimally coupled spin-3/2 fields
and found that the equal-time switches are not compatible with the relativistic covariance of
the theory [4]. Later, Velo and Zwanziger found that the minimally coupled Lagrangians for
spin-3/2 and spin-2 already exhibit pathological behaviour at the classical level: the former
allows faster-than-light propagation while the latter suffers from the loss of a constraint
leading to the propagation of six degrees of freedom instead of the five physical ones [5, 6].
Both problems appear for a certain particular value of the electromagnetic field strength.
The observation that this value is the same for both cases was an indication that they
have a common origin. In fact, it was later shown, for spin-2 in [8] and for spin-3/2 in
[9, 10], that the source of the problems is that the set of secondary constraints becomes
degenerate. This signals the appearance of a loss of invertibility, ¢.e. the constraints no
longer determine all the components of the fields. When the secondary constraints are
degenerate, a tertiary constraint can be obtained for spin-2 [11] as well as for spin-3/2 with,
in this case, a loss of degrees of freedom [10]. This new constraint then leads to acausality
and loss of hyperbolicity.

These original analyses use systems of Fierz-Pauli equations, which imply that, to
describe a field of spin s, one must introduce additional fields of lower spin s — 1,5 —
2,---. In the free case, these clearly appear as non-propagating fields that are projected by
constraints. However, the introduction of interaction seems to mix the different components
of the fields, originally easily decoupled between physical and auxiliary, in a non-trivial way
to give combinations that propagate as new physical degrees of freedom. In the historical
attempts mentioned above, one ends up with the wrong number of degrees of freedom for
the considered field of spin-3/2 or 2. The culprit of non-causal propagation can be traced
back to the form of the interaction and it is concluded that it is necessary to go beyond the
minimal coupling. The authors of [12] considered adding a set of non-minimal terms to the
Lagrangian and proved that it is not easy to restore in this way causal propagation in these
theories. In fact, the present work involves another nonlinear modification of the theory,



in particular of the kinetic terms, and relies heavily on the presence of lower spin fields.
Moreover, when we try to decouple these different fields, we will not be able to present a
fully satisfactory Lagrangian with only the fields of higher spins but only fully decoupled
equations of motion.

The Federbush Lagrangian [13] is the only four-dimensional Lagrangian with the correct
number of on-shell d.o.f. describing an isolated charged massive spin-2 state, thanks to the
presence of a non-minimal coupling term. Unfortunately, the equations of motion derived
from this Lagrangian also allow for superluminal propagation and thus suffer from the
causality loss problem. Note that, here, the non-minimal coupling induces a gyromagnetic
ratio g = 1/2, instead of the expected value of g = 2, which raises the question of a necessary
modification, a completeness, in the ultra-violet (UV), due to the violation of unitarity at
high energies [14]. This means that the Lagrangian does not provide a satisfactory answer
to the problem at hand.

String theory, which was originally proposed to model hadronic resonances, contains
arbitrarily high spin states in its spectrum of massive oscillators. These form the Regge
turns. In particular, the first excited level of the open string contains massive spin-2, as
well as spin-3/2 in the supersymmetric case. It is therefore no surprise that soon after the
solution describing the propagation of the string in an electromagnetic field was given [15—
17], it was used to study the propagation problem of charged spin> 1 states. Using string
field theory, Argyres and Nappi studied the first massive level of the open bosonic string
[18, 19]. They derived a Lagrangian for the massive charged spin-2 field. The obtained
form is free of any pathologies mentioned above only in dimension d = 26. Its reduction to
four dimensions has been studied by Porrati and Rahman [20], who showed that it results
in a spin-2 field coupled to a scalar. The study of the second mass level of bosonic strings
has led to the action describing a charged massive spin-3 coupled to lower spin states.

A number of points need to be highlighted here. First, in the critical dimensional
bosonic open string (d = 26), the content of the first massive level is simply a massive spin-
2 state, with the other states playing the role of Stiickelberg fields. This is fortunate since
it implies that the Lagrangian derived for this mass level will give the desired Lagrangian
for a spin-2 particle. Secondly, the Euler-Lagrange equations can be triturated to give a
Fierz-Pauli system which has a simple form. It was shown in [21] that this system could be
obtained directly by the Virasoro algebra and has been generalised for fields with integer
spin greater than 2. Finally, this Fierz-Pauli system is consistent in different dimensions,
including 4 dimensions. In particular, a redefinition of the fields allows to see it from the
equations obtained from the dimensional reduction of the Argyres-Nappi Lagrangian.

An ansatz has been proposed by Porrati and Rahman in [22] for a Lagrangian de-
scribing a charged massive state with spin-3/2 propagating in a constant electromagnetic
background. In front of the different terms of this Lagrangian, coefficients, functions of
the electromagnetic field strength, are introduced which satisfy recursive equations that
can then be solved order by order in the electromagnetic field strength (divided by pow-
ers of the particle mass to make dimensionless quantities). This proves the existence of a
Lagrangian and the equations of motion sought, but it remains to be seen whether a com-
pact and explicit expression exists for them. On the other hand, a consistent example of a



charged massive spin-3/2 Lagrangian is known in supergravity A' = 2 where the gravitino is
charged under U(1)-graviphoton. But in the zero cosmological constant limit, the causality
of the equations of motion in this model implies a Planckian particle mass [23].

An obvious question is then whether an effective Lagrangian calculation can be per-
formed for massive superstring modes, similar to the one for bosonic strings described above,
and what results can be derived. Such work has been done in [1] using open superstring field
theory in a constant electromagnetic background, for a four-dimensional compactification
preserving the A/ = 1 supersymmetry. A four-dimensional superspace action for the first
massive level states was obtained and the equations of motion were derived in the Lorenz
gauge.

Compared to the bosonic case, the supersymmetric case is more complex. The first
level of massive states does not only contain a state with spin-2 but also states with lower
spin. All the corresponding fields appeared coupled both in the equations of motion and
in the constraints. It is the same for fermionic states with the appearance of couplings
between the spin-3/2 and spin-1/2 fields. One of the aims of the present work is to study
whether these equations can be decoupled. It will be shown that this is indeed the case.

The main purpose of this work is to write the effective Lagrangian bilinear in the fields
representing the massive first level states of the superstring. The action is already written
in [1] for the superfields, but here we want to have the expression with only physical fields
without the auxiliary fields. It is straightforward, though tedious, to develop this action
into components. Then it is necessary to make appropriate, not always obvious, choices of
redefining the fields to lead to useful forms of the final Lagrangian. It is therefore useful to
present these steps in some detail.

Obviously, it is a priori convenient to be guided by the simplest case without elec-
tromagnetic field for which the final Lagrangian is known: Fierz-Pauli for the spin-2 field,
Rarita-Schwinger for the spin-3/2 fields and the free Lagrangians of the spin-1/2 and 0 fields.
The action in the superspace of the first massive state and the corresponding equations of
motion have already been obtained in [24]. However, the transition from this Lagrangian
to the Fierz-Pauli and Rarita-Schwinger Lagrangians has never been performed. In fact,
[25] found it simpler to start from the Fierz-Pauli bosonic Lagrangian and supersymmetrise
it than to start from the Lagrangian of [24] and show how it describes the spin-2. This
is because of the large number of Stiickelberg and auxiliary fields involved. We will first
remedy this situation. We will show how the Fierz-Pauli and Rarita-Schwinger Lagrangians
can be obtained from superstring field theory, and incidentally, we will be able to identify
through the necessary redefinition of the physical fields the purpose of various other fields,
such as the Stiickelberg or auxiliaries.

The original problem posed in the 1930s was to find the equations of motion and
constraints, i.e. a Fierz—Pauli system, governing the propagation of charged particles with
spin greater than 1 [3]. In this work, we will recover for spin-2 the Argyres-Nappi result,
but we will also be able to write explicit equations describing the case with spin-3/2,
perhaps our main result. The other problem is to write a Lagrangian describing these
systems, the variational principle being originally introduced only as a means to find a
consistent system of equations, has become the main subject of research. On this point, our



results are not totally satisfactory. Indeed, one would have hoped that the electromagnetic
field strength would only introduce deformations of the Fierz-Pauli and Rarita-Schwinger
Lagrangians. However, our results show that it also introduces a coupling between fields
of different spins. To be more precise, our results consist of several forms of Lagrangians,
corresponding to various redefinitions of the physical fields and choices of integration order of
the Stiickelberg and auxiliary fields. One of these forms is a deformation of Fierz—Pauli and
Rarita-Schwinger but long and containing higher order derivatives. Other forms we present
are more compact and manageable, but do not automatically identify with the known free
Lagrangians in the absence of electromagnetic fields. Despite our many attempts, we have
not found a form where the fields with different spins are decoupled, without being able to
definitively exclude this possibility.

This work is organised as follows. In section 2, we consider the superspace action in
the vanishing limit of the electromagnetic field, corresponding to that derived in [24] for the
neutral case, and develop it into components. We show how all non-propagating degrees
of freedom are eliminated. An appropriate field redefinition is performed to recover Fierz-
Pauli and Rarita-Schwinger Lagrangians. In section 3, the electromagnetic background
is turned on, giving rise to the superspace action for charged states in [1|. We exhibit
an on-shell redefinition of the superfields that decouples the original equations of motion
and constraints obtained in [1]. Next, in sections 4 and 5, we proceed to expand this
action separately for the bosonic and fermionic fields. After simplification, the bosonic and
fermionic Lagrangians are presented in two forms, firstly a compact form and secondly a
deformation of the Fierz-Pauli or Rarita-Schwinger Lagrangian. From these Lagrangians,
we derive explicitly the equations of motion as well as the constraints for the spin-3/2 and
spin-2 states. In section 6, we draw our conclusions. Finally, conventions and useful results
are detailed in the appendices.

Part of the tensor calculation is carried out with the help of the xAct package [26]
for Mathematica. In this work, we use natural units. Moreover, we take the usual string
theory convention o/ = 1/2. An arbitrary mass parameter has been explicitly restored in
the letters [27, 28| that contain some of our main results.

2 Superspace action in absence of electromagnetic background
We start by studying the much simpler case of the Lagrangian for neutral fields.

2.1 The superfields

We are interested in the fields corresponding to the states of the first massive level of the
open superstring, compactified on a Calabi-Yau space, thus with a four-dimensional N’ = 1
supersymmetry. The use of the hybrid formalism for open superstring field theory [29]
allows to obtain the corresponding superspace action. This was done in the neutral case in
[24, 30] and recently for charged fields in [1].! The superspace action in the neutral case
reads

1We follow the same conventions as in [1], the only difference being a global minus sign in front of the
action.



Stree = —% / d*zpgpg {V™ [~ {d5, d3} Vin + 1611110 V;, — 32V},

+1665* (daoVa — daoVa) + 641108 + 4855 [dao, dao) C]
+ V* [8daodaoV® — 4d3Vi + 2daody(—2iB + 18C) — 96illaa0d5C]
+ Vg [~4d3V* + 2d5d3(2iB + 18C) — 9611} duoC]
+B [{d3, 3} B— 648 + 6i [df, 3] C] + 3C [11{d], dj} C — 1281I311,,0C + 64C] }
2.1
where pg, Py are the derivatives with regard to the Grassmann coordinates 6 and 6, res(pec?
tively. The superderivatives dn0, dgo act as

dao = -0 +1(0™B)adn

_ 390:9 (2.2)
dao = ~55% i(0c™)aO0m
whereas II[]' reduces here to the usual partial derivative: IIj* = —0™. The real superfields
Vi, B, C and the spinor superfield V,, can be expanded in components as
Vi = Crm +1(0xm) — i(0xm) +i(00) My, — i(00) My, + (00"0) hp,
+i(00)(ON,) —i(00)(0\m) + (06)(60)D,,
B=¢+i(0y) —i(67) +i(0)N —i(00)N + (05™0)cy,
+1(09)(0p) — 1(60)(0p) + (00)(00)G
C = ¢ +i(0¢) —i(6€) —_}— i(600)M — 1(::)]\7[ + (6™0)am, (2.3)
+1(00)(6) — i(00)(0v) + (69)(00) D

Vi = Vo + 045 — (™"0) 08mn + (6"0) qwm + (00)00 + (00)Ca + (06™0)7 e
+(00)(0™0)atm + (00)0at — (00)(0™"0)atimn + (00)(60) ua
VS = 0%+ 0% — (07" 0) S — (70 + (GO ()G +
= (0)(5™0) G+ (60)5°F — (09)(5™0) Eoun + (66) (900

+ (™)

Many of the component fields are auxiliary and must be eliminated via redefinition to
obtain a Lagrangian containing only the physical fields, i.e. those representing propagating
degrees of freedom. Note that here s,,, and t,,, are self-dual anti-symmetric tensors,
namely, they satisfy:

Ml = =2u4™" Mg, = 2i"" (2.4)

gMblg, = —2is"", ~ M"Pig, = 2is™" .
where €,npq is the Levi-Civita tensor. For future convenience, we introduce the following
real combinations:

n=t+t, m=i(t—1)

Wim = Wiy + Wy,  Wom = (W, — W) (2.5)

Timn = tmn + tmns Tomn = 1(tmn — tmn)



where 71y, and 7o, are not independent, as Eq. (2.4) implies
MUy = =213, "™Plry,, = 27", (2.6)

Here Ay, is a generic rank 2 real tensor which can be decomposed into

1

where v, is symmetric and traceless. After redefinition, it contains the degrees of freedom
of a massive spin-2 field. f,, is anti-symmetric, and h is the trace of h,,.

In bosonic string field theory, the action of the string field is obtained from the world-
sheet correlator (V@QprsTV'), where V' is the vertex operator associated to a string state
and Qprst the BRST charge. The nilpotency of Qprst implies that this action is invari-
ant under a gauge transformation of the form 0V = QpgrsrA, with A the gauge parameter.
Since we are using the hybrid formalism for the superstring [31], we have the BRST-like
charges {GT, G} and the superstring field theory action, (VGTGTV), is then invariant
under a gauge transformation of the form 6V = GTA + G*A. For the string states we
consider here, V is a linear combination of the superfields appearing in the action (2.1).
The gauge transformations that leave this action invariant can then be written as [1] :

SV™ = —dic™ dYE™ — 4ic™. dS EY,

2 ne] 1 2 72 :
5Va = _2d0HadDE + idOdOEa + 161Eou
1 _ .
5 (daodiE® + df d3 E.) ,
( daodd E® — d§d3Ey) .

where E, and its conjugate E® are the superfields of gauge parameters. They will be
expanded as:

Eq = Mg+ 0aMs — (6™0) o Ao + (6™0) 0 A3 + (00) Ay + (00)Ase + (00™0) Agma
+ (00)(0™0) oA, + (00)00Ag — (00)(0™0) o Aginn + (00)(00) Mgy
=AY+ 0%Ay — (3™"0) Aoy, — (3™0) Az, + (00)AT + (00)AT + (eame)
— (00)(5™0)* Az, + (00)8%As — (60)(5™"0) Asynn + (06)(80) A5
(2.9)
and, for convenience, we define the real gauge parameters
Asm = Mgy + Az, Agm = i(Agm — Azm)
Ag = Ag+Ag, Ag=i(Ag— Ag) (2.10)
Agmn = Asmn + Agmn,  Agmn = i(Agmn — Agmn)
where Agy, and Agpmy follow relations analogous to those of Eq. (2.6), since Agp,, is self-
dual.

In the next subsections, we will first develop the action and the components gauge
transformations, for bosons and fermions, respectively. Then, we will perform suitable field



redefinitions in the Lagrangian to eliminate the gauge parameters. In [1, 30|, the Lorenz
gauge is fixed on shell, requiring for example d2C = 0. Here, we will instead adopt the
unitary gauge, which is more appropriate for our purpose of keeping the physical fields only;
it is then systematic to work out the corresponding field redefinitions at the Lagrangian
level. In the end, both gauge choices, up to some additional field redefinitions, lead to the
same (decoupled) on-shell equations for the fields with spin-3/2 and with spin-2, as we will
show in section 3.

2.2 Bosons

We start with the bosonic part of the action, and we present in detail the manipulations
which allow to recover the Fierz-Pauli action for a massive field with spin-2.

2.2.1 Gauge transformations

The gauge transformations (2.8) lead for the case of the bosonic components of the super-
fields to:

Fields in B: . . .
Scm = =20 0™ A3y + 4€mnpg 0" AR? + 20° Ay,
SN =6N =0
1 s . 2.11
6G = 5a"'am/\gm + 0%Ag (2.11)
5g0 == —28m/~\3m - 4A8
Fields in C: - . ~
Sam = —20m0" Aay, + 89™ Agymm + 20%Asm,
M =06M =0
R _ 2.12
6D = —%828””‘A3m + 8%Ag (2.12)
8¢ = 20™ A3y, — 4Ag
Fields in V,;:
M, = —4i0 Ao — 810" Aoynn — 8A7m,
6D, = 40, Ag + 80" Agn
6C,, = —8A3,
(2.13)

6h = —80™ A3y, + 32As
SVmn = 4(OmAsp + OnAsm) — 20mnd* Ay,
S fon = 4€mnpg®P A3 + 16Ag,,

Fields in V,, V%

Swim = 89% A3, — 89,,0" A3y, + 16A3,, + 320" Agyn

Swam = =89, 0™ A3y, — 16A3,, 4+ 160, Ag

611 = —49%9™ A3y, + 16Ag + 89%Ag, 0710 = —16Ag (2.14)
0Tomn = 8(0md* Mgt — 0n0* Agmr) + 20%(OmAzn — 0 Asm) — 16Agmn

8qm = 16iA7m, s = 16iAa,  88mp = 16iAgmn



while the gauge transformation of 71,,, is determined by e™"P9471y,, = 267{"". Note that
all bosonic gauge parameters appear algebraically in the transformations at least once. It
follows that the unitary gauge eliminates all “gauge degrees of freedom” from the Lagrangian.

2.2.2 The Bosonic Lagrangian

The bosonic part of the neutral Lagrangian can be separated into two decoupled parts
which do not involve the same gauge parameters, namely each of them is separately gauge
invariant.

Lp=L1+ Lo (2.15)
In the first place, we have?
_ _ 1 _
L1 =—6M (44 30%) M +6 |(2iMy, + gn) 0™ M —1i (N + 23) O*M + h.c.]

+AMy, M™ + [Mp, (40™N + ™5 + 20,5™" + 2iq™) + h.c.]

— isa% + qmq™ — 2N (82 —4) N — (2igm0™N + s0?N + h.c.) (216)
+ (O™ (0" — %i (Gm0™5 + 2qmOns™ + h.c.)
The first step is to integrate M,,, with
M, = i (=40, N — s — 20" s + 21 (69 M + goo)] (2.17)

The integration of M, also eliminates s, Sy, and ¢,,. In particular, s could be seen as
a Stiickelberg field for M,,, in the sense that a redefinition M, — M, — %&ns makes s
disappear completely from the Lagrangian. Note however that in the gauge transformations
of our Lagrangian, (M,, + %8,,13) itself is not gauge invariant because other fields interfere
with its gauge transformation. For the remaining fields we have M = 6N = 0, so the
Lagrangian is totally gauge-fixed. It reads,

1 1
Li=—5M (12~ 90%) My — 5 Mo (12— 99%) My — 3M20° Ny + 3M19° N,

. ) (2.18)
-+ §N1 (4 + 82) Ny + §N2 (4 -+ 62) Ny
where we defined the real and imaginary parts of {M, N} as
Ni=N+N, Ny=i(N-N
! - M=K ) (2.19)
My =M+ M, M,=i(M — M)
After the redefinition
1 1 N.
N1 — ZNI +3My, M; — EMI — ?2 (2.20)

2The possibility of integration by parts in the Lagrangian, 4.e. that the boundary contributions from the
total derivatives vanish, is assumed throughout this work.



My and Ny lose their kinetic terms (i.e. become auxiliary). Then integrating them out, we

obtain a Lagrangian of two free massive real scalars Ny, Mj:

L= %Ml (—2+0?) My + %Nl (—2+0") N1 (2.21)

On the other hand, £9 contains only real fields, with

1 1 1
Lo=— 5vmn(z - 82)vmn+§a”vmnakvmk+a%mnak fmk 3 (2 = 02) frum + 0" Ut
1 1
+ 58” FrnOk ™ — 2™ (0™ frm — 0™ Vmn) + Emmpg f ™5 — (OnOmv™™) <4h + 6¢>

1 1 1 1 3
—2c¢,, — 5(8mcm)2 + gwénazwgm — g(amwy)Q — 0", <6D + ih + 582¢ — 71>
1 1 9 1 1
+ amWQm <3D - §8ncn + Zh - 162¢) — 2Tl> - Qm (GCLm - 2W1m> — 66D2

— 3D (4h — 671 + 8¢ — 50%¢) — %h (1 — 262> h—1i—m (282¢ — h) — %w%

—_

1 1
+ gh@% +2D? — §<p84<p -G (—8g0 + 82g0) —2G? - gw{”(?lem — g(ﬁmwlm)Q

1 1
— D™ (12ay, — 4Cy, + 0*Cr,— 40 — 2w1im) — ¢ <28272 - gaQamam + 4620mw1m>
— G (=60, + 40 Cyy + 0w + 272) + 6(0™ @) (0" Cr) — T2 (0™ Ch, — 30™ ayy,)

1 9
+ w{n (28”7—277171 + 382@171) - 57_28mw1m + §(amam)(8nwln) + 7_2mn7—2mn

1
= 20" o (607 = C™) 4 SC™0*Cr — 60, (207 — 1)a™ — %Lmam + 3am02C™
(2.22)

Notice that the fields D, D,,, G, 71, T2, Tomn are auxiliary, and can be integrated out before
the gauge fixing process. The scalar field ¢ disappears subsequently.? We are now left with

Loy =6 (am82am +0"a,0"a, — 2amam) + <§Cma2C’m - 20™C,, + 28m0m3"0n>
1
+6 (2amCm —a™d*C,, — 8mam8"C’n) - C"Qy — 2 (58mcm6”cn + cmcm>

1 1 1 1
+3 (3wl 0P wim, + Wi Pwom) — @i wim + 50" w0rm8"win — 150" wam 0" wan

1
+ 0Mwip, (20"C, — 30™ay,) + Wit <6am — 30%a,, — 2C,, + 282Cm — 2Qm)

1 2 2 3, 0 3 9 9 5 12
_ (3¢8¢>—¢8¢+8¢)+<32hc‘)h—20h>+(10¢ah_5h¢>

ol O

(2.23)

3Without going into the details of the calculation, it can be seen from the fact that ¢ is not an independent
degree of freedom but a pure gauge field associated with the gauge transformation with the parameter As.
The other fields transforming with Ag are {G, Dy, T2, Tomn }. When these fields are integrated, ¢ must
naturally disappear from the Lagrangian.

~10 -



gm _%2m _lm _32m _ aman
+6¢<58 Cm 5(98 Cm 58 Wam, 1038 Wam 88vmn>

3 3 1 3
+h (108mcm — %87"me — amanvmn> + 2™ (0" v — 0" frnn) — gamcmanmn

1
+ W50 Uy + ian FrnOi f™ + §a"vmnakvmk + 0"V O f ™ + S0 (0 = 2) v

with the dual field strength of f,,, given by
Qry = Emmnpg0” [P (2.24)

The Lagrangian Eq. (2.23) is our starting point here. It is obviously not in a desirable
form as it contains terms with more than two derivatives as well as several non-propagating,
pure gauge or auxiliary fields. To find the gauge-fixed Lagrangian, it is useful to construct
gauge invariant field combinations:

1
) (h + 8¢ + 20%¢ + 2amw;n> =0

1 1 1
0 (Umn + —Opmwan + *anw2m - 877mn8kw2 +20 an¢ nmnazd)) =0
1
5<m Wlm_QQm):O

1
2
1 1
1) (am — 20 4w1m> =0

Note that ws,, and ¢ can be considered as Stiickelberg fields for the symmetric part
of My (describing a field with spin-2). This can be seen from the following definition of a
new massive field, which no longer has a transformation under gauge symmetry:

~ 1 1 1 ~
Ronn = Umn + 4 /mn (h + 8¢) + Zam (wan + 40n,0) + Zan (wom + 40m@),  Ohmn =0 (2.26)
It is then straightforward to eliminate the Stiickelberg fields by setting the unitary gauge,
so that eventually ¢ and woy, will disappear from the Lagrangian. By a similar reasoning,
we can algebraically gauge away wi,, and fn,,. More precisely, the unitary gauge is fixed
by the two-step redefinition:

1. wim — wim + 4G, Wom — wom — 40, ¢

As a consequence, the vector fields wiy,, ws,, become pure gauges, whose new gauge
transformations are dwi, = 16]\3m, Owom = —16A3m, without dependence of the
other gauge parameters. The next step consists in redefining the other fields so that
these two gauge parameters {Agm, Agm} do not appear in their transformations, and
so when wi,, and ws,;, become the only fields depending on ./~\3m and Agm, they can
be eliminated, i.e. algebraically gauged away.

— 11 —



2. Cy — Cm — %a”fmn — %82w2m + %&nanwén
1 1 k 1 1
h—h— 8¢ - Qamw?rm Umn — Umn + gnmna Wk — ZamWQn - Zanw%n

1 1
Cm = O — 5Wim,  @m = Gy + 7Emnpg0" fP4

The resulting Lagrangian is totally gauge-fixed: da,, = 6Cy, = d¢p, = dvpy = 6 = 0.
We can furthermore decouple C,,, by the shift

1
A — Ay — ECm (2.27)

which gives rise to

3

2 3 3
— 2y, — gamcma"cn — %hQ + 3—2h82h — 0"V + Tohamcm (2.28)

1 1 1
+ 20" U — Zhama"vmn + ia%mnakvmk + §vm”82vmn

After normalisation C,,, — C.,/ V3, C,, has a Proca Lagrangian for massive spin-1
particles with equation of motion and constraint:

(0°=2)Cp =0, 9"Cy, =0 (2.29)

The Lagrangian of a,, seems to have a wrong sign in front of the mass term, and a

2

kinetic term of the form a™0%a,, is absent. In fact, the equation of motion of a,, is

2a,, = 0" Oman (2.30)

taking its divergence, we have
(0% = 2)0™ay, =0 (2.31)

The equation (2.30) also implies Opa, — Opay, = 0, namely, a,, is curl-free and can
be written as the gradient of a scalar. Therefore, a,, has only one longitudinal degree of
freedom. In effect, a,, is precisely the Curtright-Freund field [32] describing the dual theory
of a free massive scalar.* This duality has been shown in [32] by introducing a totally
anti-symmetric tensor v, and a parent Lagrangian

1 1
ﬁparent = ggmnklvmnkal(b + E(Umnk)z + ¢2 (232)

Both fields are auxiliary and can be integrated out. If one eliminates v,,,x, a free massive
scalar is recovered, otherwise, one finds a Lagrangian of a new vector v = %Em”klvnkl
which is proportional to (8mvm)2 + 202, Alternatively, a straightforward way to convert
the vector into the dual scalar, is to add a decoupled auxiliary scalar field A to the a,,

Lagrangian, and the new Lagrangian is physically equivalent:

1 1
L=ama,,+ 5(amam)2 — 5A2 (2.33)

4For a detailed study on the duality between tensors of different ranks, see for example [33].

- 12 —



Then do the field redefinition
A—A+9ay, (2.34)

The (0™ay,)? term is shifted away, and we are able to integrate out a,,, yielding the

Lagrangian of a free massive scalar. After rescaling A, we have
1 2
L= §A(6 —2)A (2.35)

Conversely, the Lagrangian of a,, can be recovered from (2.35) by adding to the latter
an auxiliary vector, with a single mass term B™ B,,, then shifting B,, by 9,,A allows to
eliminate A’s kinetic term, and integrating out A, we obtain B, B™ + (8™ By, )>.

2.2.3 Recovering the Fierz-Pauli Lagrangian

The second and third lines of (2.28) provide terms of the Lagrangian of a massive spin-2
field. However, we do not recognize the Fierz-Pauli Lagrangian because of the couplings of
Umn 10 the ¢, vector field.

To acquire a better understanding of these couplings, we shall investigate this La-

grangian on shell. The equations of motion are

1 1
(2 = 0®)Umn = —(Omcn + Ontm) — 5(ama%nk + 0,0  vpg) — Zamanh

8
2 ° = mn m
(8 5> h = 3m8nv 58mc (2.36)

1 3 1
Cm = gama"cn — Eamh + §3nvmn

They imply
h = —46mcm 0" Vn = 0
1
(0> —=2h =0, cpn= —3Omh
The constraints ¢, = —%8mh and 0"V, = 0 remove 8 degrees of freedom, meaning that

{Vmn, h, ¢} count in total 6 degrees of freedom on shell. Taking into account the to-be
spin-2 particle which itself has 5 degrees of freedom, the remaining field then must be a
scalar. In fact, the above equations can be decoupled by introducing a new symmetric
rank-2 tensor, whose trace is shifted by the divergence of c,,:

1
B = Vi + n (71 + Ok (2.38)

After rewriting (2.37), the field b, is found to satisfy a Fierz-Pauli system of equation of
motion and constraints:

(0% = 2)em =0, 2¢m — OmOpc” =0

2.39
(82 - 2)bmn = 0, anhmn = 0, [)mm =0 ( )

~13 -



Clearly, ¢, has the same equation of motion as a,,, thus is dual to a massive scalar.
However, at the Lagrangian level, a naive redefinition of the field h — h —40™¢,, to absorb
the divergence in the trace does not decouple c¢,,, and in addition gives rise to higher
derivative couplings.

To deal with this issue, the same technique (2.33)-(2.34) can be employed. We add to
(2.28) an auxiliary scalar term +2 B2, then shift B with

B — B+0"c,, — %h (2.40)

where the second term cancels the kinetic term of ¢,,, and the third one is to decouple h

and ¢, on shell. As a result, ¢,, becomes auxiliary, with equation of motion

1 1

Integrating out ¢,, and also substituting a,, with its dual massive scalar A, the La-
grangian Lo becomes

_1 m (92 1 m 1 1 2 g 2_2 2
Ly =5C (0°=2)Crn + 50" Cmd"Cry + 2A(a 2) A+ £B°— - BO°B
3 2 3,0 3, .9, 1
_ 2 B, — —h2 4+ = — Zho™o" 2.42
B+ £ B0 v — 55 h” 4 25 h0Ph = SR v, (2.42)

1
— 0"V + ivm”(‘?%mn + 0™V O™

Only physical degrees of freedom remain in the Lagrangian, but the new scalar B is
not yet decoupled. This will be remedied by an additional field redefinition

2 1
B 5}(3 + gh, h— h+2V2B (2.43)

Finally, we express the spin-2 field in terms of a symmetric tensor hl,,, = vpmn + %nmnh,
and the bosonic Lagrangian is written in the following

_1 mn (92 ! _1 2 / man n/ mk
L =5H™ (08 = 2) W — Sh (0% = 2) Bt 070" h 0N, Dih
+ %Cm (07 —2) Cp + %(c’)mcm)2 + %A (0> —2) A+ %B (0°-2)B (2.44)
1 1
+ §M1 (82 — 2) My + §N1 (82 — 2) N

One recognises the Fierz-Pauli Lagrangian in the first line, complemented with a set of
decoupled real scalars {A, B, M1, N1} and one massive vector Cp,. This Lagrangian of the
bosonic sector contains 12 degrees of freedom on shell as it should.

— 14 —



2.2.4 Summary

The bosonic action after expansion of the superfields into components has 80 degrees of
freedom off-shell. Several degrees of freedom are non-physical:

e Auxiliary fields, which are integrated out before starting to perform appropriate field
redefinitions.

e Gauge degrees of freedom, that are totally fixed by the unitary gauge.

e Non propagating fields as the transverse components of a,, ¢p,.

After getting rid of these, further field redefinitions are needed to decouple fields in the
Lagrangian.
For L1, the auxiliary field M,, is integrated out yielding (2.18). The real scalars No, Mo

are first rendered auxiliary by the redefinition

1 N,
Ny — N1+ 3My, My — M1 - ?2 (2.45)
then integrated out to give:
1 1
Ly =M (=2+ 9%) My + g (=24 %) Ny (2.46)

For Lo, the auxiliary fields {D, D,,, G, 71, T2, Tamn } are integrated first, which leads to
(2.23). The process of fixing the gauge amounts to the following one-step redefinitions

2
V3

Wim — Wim + 2am + O, Cm, Wom — Wom — 400

1
Cm — Cm — a”fmn — —0Pwom + 8 i, Onwsy
8 8 | . (2.47)
h—h—8p— §amw2ma Umn = Umn + énmnakw%z - ZamWQn - ZanWQm
1 1 1 1 1
Cm — ﬁcm — §W1m, Ay — iam + ZQm — mcm
which take us to
1 m 2 1 m m m 1 m 1) 1 2 2 2
Lo :5(3’ (6 —2)Cm+78 Cn0"C, +a am+§8 QO an—§A —|—5B
2 3 3
— 2" ey — 58 cmO" e — 2—0h2 2h62h — " + Ehamcm (2.48)
1 1 1
+ 20 U, — Zhama%mn + §a%mnakumk + ivmna%mn
when auxiliary scalars A, B are added. Then, making the field redefinitions
3
A—A+0"ay, B—B+0"cy, — gh (2.49)
and eliminating a,,, ¢, we are left with their dual scalars. The last redefinition
5
B— —fB T S AN (2.50)

8
gets us in the end to the decoupled bosonic Lagrangian (2.44) with a Fierz-Pauli part for
the massive spin-2 field.

~15 —



2.3 Fermions

This subsection is structured in a similar way to the corresponding bosonic part 2.2. First,
we present below the gauge transformations under which the fermionic Lagrangian is in-
variant. Then, we will perform a series of redefinitions and fix the gauge to be the unitary
gauge, thus eliminating the non-physical fields to end up with the desired Lagrangian where
the field with spin-3/2 is described by a Rarita-Schwinger Lagrangian.

2.3.1 Gauge transformations

The gauge transformations (2.8) lead for the case of the fermionic components of the su-
perfields to:
Fields in B:

6V = —10%* A1 — 4(0™0mA5) 0 + 20™ Agma — 4iAga

1 m 2 A 292 ) AN m A (251)
0pa = 5(o‘ Om0 Al)a + 210°A50 — 1(0’ OmﬁnAG)a + 2(U amAQ)a
Fields in C:
00 = 0% A1 + 4(0™ 0 A5) o + 210™ Agma + 4Aga
1 (M 2 A 2 m AN som A (252)
0ty = —51(0 Om0°A1)o — 20°N50 — (0 0mOn AL ) o — 2i(0™ OmA9) o
Fields in V,:
6Xma =4 [20’m]\5 + a”&m (A(;n — iﬁnAl)}a
(2.53)

Ama = —4i(0,6m0"A5) o + 8(0mMg)a + 2i (0”6k0m8k1_\6n)

Fields in V,, V%

6Vo = 2i(8A14 + 0%A1a) — 8(0m0™As5) o — 40™ Agma + Siloq

0N = 16iA4q

6Co = —2(0m0™0? A1) + 81(2A50 + 0%As) + 4i(0,,0™0" Agn)a — 8(0m0™Ag)w (2.54)
Tma = 20%0mA1a + 81(0"0p0mAs)a + 4i(4A6ma + 0™ Aona) + 80mAga

1 _
Spo = 51841\1& — 2(00"0*A5) 0 — 020™ Agma + 2i(8Agq + 0% Agy)

It will be useful to note that the following field combinations are gauge invariant:

3 (ot 5i0™0m)a ) =0, 8 (vt 5000 ) =0 (2.59)

Before developing the superfields into their components in the action, it is already possible
to glimpse some characteristics of the fermionic Lagrangian. To begin with, we note that
the gauge transformation &7, is algebraic in a gauge parameter that does not occur any-
where else, so 1, will not appear in the Lagrangian. The remaining fields share the gauge
parameters {A1q, Asa, Aema, Moo} as well as their Hermitian conjugates, so it follows that
we will be able to eliminate three spin-1/2 and one spin-3/2 field per gauge. More precisely,
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we have (1) 0vq, 0Ya, 0&a, 0Ama, Olia are algebraic in Agy (i1) 0 Xmas, 0Ca are algebraic in As,
(iii) 07ma and dxma are algebraic in Agy (iv) dv, is algebraic in Aj,. Our strategy is the
same as in the bosonic case: we gauge away algebraically vy, Tma, Ca, £a, and in the gauge-
fixed Lagrangian, we integrate out auxiliary degrees of freedom. Finally, we perform further
redefinitions necessary to decouple the physical fermions. Our final Lagrangian contains
the spin-3/2 {Xm, Am} as well as the spin-1/2 {v,%} fields. This differs from [1], where ¢
instead of v is kept as a physical fermion. Of course, here and in the case of charged fields,
either choice leads to an equivalent Lagrangian related to the other by field redefinitions.
In the same way, one can also eliminate x,, as a pure gauge instead of 7,,.

2.3.2 The fermionic Lagrangian

The expansion of the superfields into components and the integration over the Grassman-
nian coordinates lead to the following Lagrangian for fermionic fields:

—Lfp :i(AmonanS\m) ‘I'i ()zma'nanaZXm) - % [(Am82Xm) + (xm825\m)] +2 P\me‘}')_(mS\m]
= (6™ 0m0%€) + 4 (0™ 0] + [(w%) + (€0%0)] — 12 [(1) + (€0)]
+3 [i (X" 0m¥) —1(A"0p&) + 2 (N omip) + (x omd*E) + h. c]

—6 [i(@mwamnxn) +

1 _
i(xma"amang) +i(A"0pnd"E) + h.c.]

[(00%) — (B6°D)] + 2 [(00™008) + ] + 91 [() — (7]
[(10™ D) + hic] = 3 [(¢0%€) — (€6°)]] — 6 [(Co™ Dputd) + hc]

li (10 ™0%€) — 3i(rm " 0p0™E) — A(rma™Opt) + 4(1r, 0" ) + h.c.]

+

3
s
3
2
3
1
% (A0 0) + 2™ D) — (3™ i) + hoc.]
1 _
+ 5 20" 0m0) = 206m0™"0nC) + H(A"om0) + e ] + 1 [(X"0"DuTm)

(X" Gm0"T3) + (X6 Omim) — iEmien (XTI T — 21(Ana ™5™ ry) + h.c.}
[(v0%¢) + (@ Q)] + 2 [(1C) + (C)] + 1 [(CO™rn) + (F" ()]

[—4i(vo™Ompa) + (rma™0?0) — 2(v0™ 00, 7™") + h.c.] —i(Co™I()

1
rmo ') + h.e.] — él [(rmak(_f”amﬁkfn) + (Tmffk(_fmffn nfk)}

_l’_

_l’_

+

[(
Kp + 517070 ) (10%¢ — 20" 0p1)) + h.c.] + 2[(X"Omp) + (A" 0py) + h.c.]

( 782 > <p + ;iama,ﬂ) + h.c} + [irmamnan (p + ;iak&w> + h.c}

1
—i (p + w&mam) o" 0y (/3 + 216’“8k7> +4[(vp) + (p7)]

+
— [\D\COL\D\P—‘OOM—‘I\DM—‘
'_‘Hk

[\

(2.56)
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As expected, the n, component is absent. Moreover, u appears as a Lagrange multiplier,
giving rise to a constraint that will be applied at the end of the gauge fixing. Another feature
of (2.56) is the presence of higher derivative terms, requiring an additional redefinition of
the fields. We proceed in several steps:

1. Eliminate higher derivative kinetic terms of q:
MY = A%+ 21(5" 00 xm )
2. Algebraically gauge away v,, which is in effect the Stiickelberg field of ,,:
e — Mo + ia%a, Tma — Tma + 10mVa
3. Eliminate higher derivative kinetic terms of &,:
Co = Ca —2(6™0mE)ay  Tma = Tma + 40méa, Yo = Vo — 51(0™0mE)a
4. Algebraically gauge away 7ma:
Xma — Xma + %i(anc?mr”)a, e = fa — %i@mrma
5. Algebraically gauge away (,:
Xma = Xma — 31 (0mQ)ar  fla = pa + (0" 0m)a
Ama = Ama + 0mCas  Ya = Ya — 31(0™0m)as  pa = pa + 10%Ca
6. Eliminate higher derivative kinetic terms of 7,:
P = o — 51(0™OmT)a
7. Algebraically gauge away &,:
Ya = Ya — i, ta = pa+ 40 Ama = Ama + 2(0m€)a
Overall, all these steps amount to a redefinition:

1 1 1 _
)\moz - >\ma + §i(anan>zm)a + g(o-ka-no'makfn)a + Z(UnamanC)a + amCa + 2(Um§)a

Lo = fha + ia%a — %iamrm +1(0™ () o + 4ik,
ma — Tma + 1I0mUa + 40m€a

Ca = Ca = 2(0"0mé)a

Yo = tha = (6™ Omd)a

1. 1. =
Xma — Xma T *l(o'namrn)a - §l(o-mg)a

4
1. = .
Yo =7 Yo — §l(am mé)a - lga
1, 1. . 1,
Pa = Pa T 18 Ca — 51(0 Om7Y)a + 5(0 ) a

(2.57)
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We obtain, subsequently, a gauge-fixed Lagrangian exempt from higher derivatives:
Lr=—iA"0"0Am) — 21 (X6 OpXm) — 2 [()\mxm) + ()ij\m)]
+ 331 (Yo ™ Omtp) — [61 (X" Omb) + 6 (\"om¥) + h.c.]
— 9 [(u) — (90)] — [i(nowmX™) +hec] — [(p) + hec (2.58)

+1(po™0mp) — 4[(vp) + (p7)] + 4i(y0 ™" On7)
+ 3 [(po"Omb) + h.c.] = 2[(X"Omp) + (A" Om7) + h.c]

to as a Lagrange multiplier implies the additional constraint:
Po = —91Uq — (omX™)a (2.59)

which can be used to eliminate p,. The Lagrangian takes then the form:
Lp = —i(A™0"0pAm) — i (gmanakamakxn) — 2 [(Nxm) + (X" Am)]

+ 60i (o Omtp) — [61 (X" 0nGmO"Y) + 6 (A" om1p) + h.c.]

+ 4i(yo™0m7) + 36 [i(vy) + h.c.] + 4 [i(yo ™ Xm) + h.c]
—2[(A"0m7) +h.c]

(2.60)

2.3.3 Recovering the Rarita-Schwinger Lagrangian

A quick investigation shows that (2.60) describes on-shell 12 fermionic degrees of freedom.
While it is possible, we will not be restricted to the above compact form of the Lagrangian.
Same as in the bosonic case, we will show that the different fields can be decoupled in the
Lagrangian, and we will put it into a more usual form. For this purpose, we will make the
following series of redefinitions, where for each step we present the resulting Lagrangian:

1. Put the kinetic term for A, in the most usual Rarita-Schwinger form

1 -

Yo = Ya — §i(0m)\m)aa >\ma — )\ma - 2i(o-m’7)oz (261)

Lp=— Emknl()\molakj\n) —1i (;zma"a’“amakxn) —4[(x"omnA") + h.c.]

+ 601 (o™ ) — 12i(y0™ ) — 12[i(1h) + hec] (2.62)
— [61 (X" opnam0")) — 12 ()\mO'mIZJ) +4 (yo™ O An) + h.c.]

2. Recover the correct sign for the kinetic term of 9,
Xma — Xma — 2(0'm7;z_))oz (263)

Lp=— emk"l()\malﬁkj\n) —1 ()Zmﬁnok&m@kxn) —4[(X"omnA") + h.c.]

— 4i (0" Omth) — 12i(y0™ D) — 12[i(¢) + hoc] (2.64)
— [61 (X" 0nTm")) — 8i(10" xm) + 4 (Yo" O An) + h.c]
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3. Put the kinetic term for . in the most usual Rarita-Schwinger form
. _ 1 _
)\ma — >\mo¢ + l(o'naan)a 7!)04 — 7/104 + 5((7me)04 (2~65)

Lp =— "™ Nnou0,N) — 26™™ (Xm0 k0n X)) — 4 [(X ™ TmnA") + h.c.]
— 4i (o™ Omtp) — 12i(v0" 0 ) — 12 [i(y) + h.c.] (2.66)
— [81 (o™ O xn) + 4 (o™ O An) + 61(y0 " Xm) + h.c.]

4. Decouple the spin-3/2 and spin-1/2 fields

Ama = Ama — 1(0mY)a + 210m¥a (2.67)
Lp=— €mknl()‘m0kan5\l) - 25mknl(Xmo'kanXl) —4 [(XmomnAn) + h'C'] (2.68)
— 41 (Yo" Omt) — 18i(v0™ D) — 12[i(¢y) + h.c.] '
5. Rescale the fermions
_. i_. 1 1
a_>io¢7 a_>7047 ma_>7ma 269
U LA 5750 X 73X (2.69)
Overall (2.61)-(2.69) can be combined into a single step:
Xma — ﬁ(amnxn)oz - i(o'ml/;)a
. . 1 . . 1 .
)‘% — )‘gz - ﬁi(ﬁmry)a + 3m1/}a + \ﬁi(a'naan)a
1 i 1, - 1 (2.70)
« T = la T 5§ mm a**. m)\ma - = m_nmna
Yo = 50 5 (0" Om)a — 5ilo )+2ﬂ(00 Xn)
. i 1 .
&y —h —m m &
V=59 5 \/5(0 Xm)
which results in
Lp=— ™ (Xnomdehi) + ™ (XmEnOrx1) — 2V2 [N 0mnX™) + h.c] 211)

— 1 (Y™ 0m) — i(yo™0mT) — V2 [(1by) + h.c!]

Eq. (2.71) is the sum of a Rarita-Schwinger Lagrangian for the massive spin-3/2

(Xms Am) and a Dirac Lagrangian for the massive spin-1/2 (-, ). The corresponding equa-
tions of motion and constraints are

ighaa nYo = *\/iid, ia'gld md_}d = *\/E’Ya

ia'nda nXmo, = —\/55\%, 1(72&5’”5\2‘1 = —\/§Xma (272)
5" ma =0,  0MXma =0, oA, =0, 0"\ =0

It is useful to observe that the physical degrees of freedom all reside in {B,C, V;,,}, with
B and C each providing a chiral multiplet, {74, B, N1} and {¢)%, A, M;}, and V;, providing
a massive spin-2 multiplet, {h! . Xma, A%, Cm}. When the background is turned on, these
multiplets will be complex instead of real in the neutral case here. Moreover, we expect to
find the same (but complex) fields corresponding to the physical degrees of freedom. Their
Lagrangians then reduce to (2.44), (2.72) when the electromagnetic field is set to zero.
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3 Superspace action in the presence of an electromagnetic background

In a constant electromagnetic background, the action in superspace, describing at the bilin-
ear level the fields associated with the first massive level of the open superstring, has been
derived in [1] using the four-dimensional hybrid formalism for open superstring field theory
[29]. Compared to above, the physical bosons become complex and the number of fermions
is doubled, as a result we have 12 complex degrees of freedom on-shell for the bosons and
for the fermions.

In the bosonic sector, the physical degrees of freedom (d.o.f.’s) correspond to a massive
spin-2 (5 d.o.f.’s), a massive vector Cy, (3 d.o.f.’s) and four scalars (4 d.o.f.’s), all of which
are complex (i.e. 12 complex d.o.f.’s). For its part, the fermionic sector includes two massive
Dirac fermions of spin-3/2 (8 d.o.f.’s), and two massive Dirac fermions of spin-1/2 (4 d.o.f.’s)
(i.e. 12 complex d.o.f.’s).

3.1 The superspace action

The action of [1]:

S = dhrp?p? {Vg(n"m — i€ [— {d2, 2} Vi + 161130 Vi — 32 (Tmp — i€mp) V7

16
— 32 ((800do) Vin + (980do) Vin) + 862 (daoUse — daoUra) + 321,08
+246%% [dao, dao] C] + US [~800 g (am — i€nm) dy V™ + 4daodaoUS' — 4d3U14
+daodd(—2iB + 18C) + 0040(—32iB — 96C) — 48ill4a0dC]
— Urg [86"% (N — 1€nm) daoV™ + 4d3Us — 4d§dy U, — did3 (2B + 18C)
+00 (—32iB + 96C) + 48iI1§*daoC] + BT [=32I1§ (Nam — i€nm) V'™
+ ({d§, d3} — 64) B+ 3i[d, d3] C —1i (2d3dao + 320040) Ug' + i (2d3ds + 3200) U]
+3CT [=85"% [dao, dao] (Nm — i€nm) V™ — (6d5d3 + 8ilI§dy0) Uta
— (6daodg + 8illaodg) Us' — [d§, dj] iB
— (—11{d§, d3} + 128113110 — 25600a0dy — 256005 dao — 64) C] }

(3.1)
is invariant under the gauge transformations:
SV™ = —4ic™ dSEY — 4io™ dS ES
1 - _.
0B =—3 (daods ES + d§d3 Fra)
i .
0C =3 (daodg ES — dydg Era) (3.2)

0U1a = —16i005 (daoEra + daoEos) — 2d3aa0 B + %d%dﬁEla +161A.° B,

SUS = 161000 (dyEY + dSES) + 2dgI1§“ By — %dgdgEg — 16iAgE§
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where we introduced the following notations:

ap = —i®, I’ = —iag' + %6mnrsem(00n¢9)

(6-0)a” = emno™o?, (e E)é‘ﬁ = emn&m”d‘g

_ i 8 5. L. =84,
0000 = 2(6 0)a"03, 0040 = 2(6 J) Oﬁﬁ

, o (3.3)
Aaﬁ:5a6+§(6‘a)0/57 A 5:5 5+§(60) B
0 = -
— Y _(sm _ - . B
doo = 06 (U e)aa()m 2(09)(6 U)Oé 95
JdO = _82‘5‘ + (aUm)dOéom + %(99)(6 . 5’)Bdéﬁ

It can be verified that when the electromagnetic field strength cancels, the expression
(3.1) leads to the same form for the action as the neutral case given by (2.1), except that
now Vi, B, C are complex superfields, and the spinor superfield V,, is doubled to {Uj,, U$'}.
This superspace action describes the propagation of an open superstring carrying at its ends
the charges gy and ¢, hence a total charge Q) = qo + g. For the constant electromagnetic
background, the covariant derivative is given by

D, = (8 —iQF - X), (3.4)

where X" is a space-time coordinate. Dealing with strings, instead of point-like particles,
we need to introduce the dressed form of the covariant derivative [15, 18]

Dy = =i Myn D", [Dm, D] = i€mn (3.5)

The matrix 9 has the property:
€

T _
M- M = Q7 (3.6)
The stringy origin of the massive states manifests itself in the dependence of ¢ on the
constant electromagnetic field strength F,,, through [15, 34]

2

e = — |arctanh(
T

g F

F
™qo ) + arctanh( e ) (3.7)

A2

with A the fundamental (string) scale of the theory.

As noted in [18] for the case of the bosonic open string, and as it appears through
our manipulations in this work, the consitency of the Lagrangian and the derivation of the
equations of motion make use of the anti-symmetric property of €,,,, but nowhere does
the explicit dependence of €,,, on F,,, intervene. Therefore, our analysis continues to be
valid if we take everywhere the limit of quantum field theory €,,, — QFnyn and D, — Doy,
Following this, to ease the presentation, our working configuration can be reformulated,
independently of a stringy framework or not, as follows: the superfields are charged under
the U(1) of the elctromagnetic background, to which we associate a covariant derivative
D, whose commutator gives a constant anti-symmetric tensor €,,,, hereafter referred to
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as the electromagnetic field strength, an obvious abuse of language. For convenience, we
will assume that {V,,, B, C, Ui, Ugd } carry a positive unit charge, so their conjugates are
negatively charged. It is then easy to verify that the action (3.1) is U(1)-invariant. For
the covariant derivative we have [©,,,®,] = ig€mn, with ¢ = £1. For example, given a
positively charged superfield component ¢, we have

D, Dn] ¢ = i€mno, Dy D] ¢ = —iemnd (3.8)
The expansion into components of the superfields reads:
Vi =Crm +1(0x1m) — i (OX2m) +1(00) M1y, — i (06) Moy, + (00"0) hnn
1 1(66) (B71,) — i (68) (BAam) + (69) (66) D
B =p+i(0y1) —i(072) +i(00) Ny — i(00) N3 + (05™0)cy,
+1(00)(0p1) — (00)(6p2) + (69)(00)G
C=¢+i(0&)—i(0&) +i(00) M1 —1(00) Mz + (00™0) apm
1 1(00) (91) — i (89) (6462) + (69) (96) D
Ula =014 + 0051 — (6™0) 051mn + (6™0) qwim + (00)014 + (00)Cia + (0™ 0)r 1ma
+(00)(0™0)aqiim + (00)0at1 — (99_)( ") atimn + (00)(00) 110
Ui =0f +6%51 — (37"0) 51imn — (6760) @1 + (0)77 + (06)CF + (90m9)
— (00)(6™0) @um + (00)0°t1 — (00)(5"™0) “E1mn + (00)(00)
Use =020 + 0052 — (6™"0) 0 S2mm + (0™0) qwam + (00)024 + (00)Caa + (00 0)roma
0

(3.9)

+(00)(0™0) agom + (00)0ats — (00)(0™"0) at2mn + (06)( 7)/@04
Us' =05 + 6%y — (0""0) Samn — (570) 0o + (00)775 + (66)C3 (90m9)7“2m
— (00)(5™0)  Gam + (00)0%12 — (06)(5™"0) tamn + (06)(90) 115
where the gauge parameter superfields F1,, Fo, are given by

By = Ala + eocAQ - (O'mne)oaAZmn + (O'mé)oaA3m + (90)A4o¢

0)Ase + (00™0) Agma

= —
—~ i

+ (00)(0™0) oA, + (00)04Ag — (00)(0™0) o Agyn + (00)(00) Mgy
=AY + 0%y — (6""0) Ao — (670)* Az + (00)AS + (00)AS + (05™H) A,
— (B0)(5™0)* Reym + (00)0°Rs — (00)(5™"0) Agyun + (00)(B0)A
Eoo = T1a + 0oL — (™) 0 Yomn + (6™0) 0 Y3m + (00)Yao + (00) Y50 + (0™0) Yoma
+(00)(0™0) o Y7 + (00)0, s — (00)(0™"0) 0 Ygmn + (60)(55)'1‘%
ES =T 40Ty — (6™0) T omn — (6™0) T + (00) TS + (00)TE + (00™0) T,
— (66)(5™60)* Ty + (60)0°Ts — (66) (5 m"9) Tsmn + (06)(00)T5
(3.10)
We also denote the dual field by é™" with
et = lem”pqepq, €M = —%sm”pq@,q (3.11)

Obviously, the sum (€, + i€my,) is self-dual. Some useful identities related to the field

strengths are

1 5 1
emmé™F = Z(SRkeabeab, Emm€™ — Emne™F = 3 e e (3.12)
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3.2 Decoupled equations of motion in superspace

In [1], the equations of motion in superspace for the superfields present in (3.1) have been
derived in the Lorenz gauge. The resulting equations couple the lower spin fields present in
the C superfield to the fields describing the massive spin-2 multiplet contained in V,,. Here
we will go one step further and present a redefinition of the superfields that decouples the
massive spin-2 multiplet from the other superfields in these equations.

Using the same notation as in [1]|, we start by rewriting the equations in the Lorenz
gauge containing the massive spin-2 multiplet (equations (6.5) and (6.6) of [1])

0= 6""dy Vi — d3d§C,

. 3.13
0=0mdSVy, + d3daoC, (313)

and after the redefinition

m

1 . _ 1 . . .
Vin = Vin + 305" [dao, daolC + Omaa (005 d3dy — 005 djdg + 16065005)C,  (3.14)
we obtain decoupled equations of motion for the superfield V,

0=25""dyo Vi,

. (3.15)

Here we have used the fact that the superfield C satisfies d(%C = JéC = 0, which come from
the gauge-fixing conditions in [1], alongside with the relations

id§ M aa0dgC = 4C

. = (3.16)
zdS‘HadodS‘C =4C y

that can be seen to follow from d2C = d2C = 0, together with equation (A.10) of [1] and
the mass-shell condition in superspace

(T M0 — 2)C — 2005 daoC — 20040d5C = 0. (3.17)

The superfields V,, and C are therefore decoupled. But the symmetric rank-2 tensor A,y
and the spin-1 component C,, inside the superfield V,,, remain coupled through the diver-
gence constraint of A,y

D"y = —2i€nmC™ . (3.18)

Decoupling the fields in this constraint requires a further shift
.- . i -
h(mn) — h(mn) + (1emk©’“0n — 1emk©n0k + inmnepqﬁqu + (m <+ n)) . (3.19)
By expanding the superfield equations in components, and taking into account the addi-
tional redefinition above, one can show that the equations (3.15) agree with those that we

will derive from the Lagrangian in the unitary gauge, i.e. (4.99), (5.45) and (5.53) for the
massive spin-2 and spin-3/2, respectively.
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Note that, as it usually happens in manifestly space-time supersymmetric descriptions
of the superstring in curved backgrounds, the gauge-fixed egs. (3.15) have the same form
as in the neutral case.® In our description, the difference lies in the fact that the super-
symmetric derivatives d,o and dgo receive contributions, proportional to the strength of
the electromagnetic field €, necessary for the preservation of the manifest N =1 d = 4
supersymimetry.

Let us comment on the equations of motion obtained for the lower-spin fields in Section
6 of ref. [1]. There, they were given for two spin-1/2 massive Dirac fermions, a massive
complex scalar and a massive complex vector. The analysis done in Section 6 of [1| was
incomplete for the lower-spin fields. We have checked explicitly that going further and
using the gauge transformations of Section 5 in [1], one shows that the remaining lower-spin
physical degrees of freedom reside in two complex scalar multiplets which, in components,
describe two massive spin-1/2 Dirac fermions and 4 complex bosons. This conclusion agrees
with the results presented in this work as well as with the analysis of [24] for the neutral
case. Therefore, in the charged case, the action (3.1) describes a massive complex spin-2
multiplet coupled to two massive complex scalar multiplets.

In this section, we have shown how to decouple the equations of motion for the massive
spin-2 multiplet using superfields. As outlined, this was done following the gauge-fixing
conditions from Section 6 of [1], in which a Lorenz-type gauge is employed. However, in the
analysis of the present work, we are adopting the unitary gauge to eliminate the unphysical
degrees of freedom in the action (3.1) and, consequently, the field redefinitions which will
be presented in the following sections to decouple the equations for the massive spin-2
multiplet do not need to have a direct relation to (3.14). Of course, this comment also
applies for the redefinitions in the neutral case presented in Section 2.

4 Charged massive bosons

The notations we will use from here on are essentially a complex version of the real notations
in Section 2.2. Gauge parameters topped with a hat or tilde are now combinations of the
FEi, and Eg components:

Asp = Asin + T, Asp =i (Agm — Tam) (4.1)

likewise for Ag, As, Agmn, Agmn. The complex rank-2 tensor is decomposed in the same way
as before:

1
hmn = Umn + fmn + Enmnh (42)

5Tt is worth mentioning that these equations could have been obtained by considering only the superfield
Vin, describing the massive spin-2 multiplet, in the vertex operator (effectively putting the lower-spin fields
to zero) and performing the analysis in the Lorenz gauge as in [1]. Following similar steps, but now
considering only the superfield in the vertex operator describing a massive spin-s multiplet, one can try
to generalise (3.15) directly for massive spin-s fields. This would constitute of an extension of [21] to the
supersymmetric case.
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It is also more practical to use the following new (positively charged) fields

T =1 +t_2, To = i(t1 — fg)
Wim = Wim + Wom, Wom = 1(W1m — Wam) (4.3)

Timn = timn + Eana Tomn = i(tlmn - t_an)
and, as {t1mn, t2mn } remain self-dual, the relation 7y,,, = %5mms7'§ ¢ still holds.

4.1 Gauge transformations

Like in the neutral case, we start by listing here the gauge transformations under which
the Lagrangian is invariant. We also indicate which fields, up to redefinitions, will be kept
as physical at the end of the gauge fixing procedure. The gauge transformations of the
different components of the superfields are as follows:

Fields in B:
Sm = =200 AT + 2023, — 80 Ay + i€ AL — 21, AP

SN; =0, ONo=0

) R ~ ) . 4.4
0G = %gzgml\i’)m + @2/\8 — €D Agp + 1€ D, Ay, + 2i€™ Agn ( )

5 = —4Ag — 20™ A3,
Among these fields, we will be able to eliminate G, . Also, only part of ¢,,, N1, No
will remain as physical degrees of freedom.
Fields in C:
Sam = =200, AT + 202 A3, + 89" Agyn + 2i€mn Al + 2in AR

My =0, SMy=0

1 2 Am 2 s mn A s ~mn A ;M A (45)
oD = —59 QmAg + D“Ag + 1D, As, + 1€ D, Az + 21 Agpn

op = _4[\8 + 2©mA3m
Among these fields, we will be able to eliminate D, ¢. Also, only part of a,,, M1, Ms
will remain as physical degrees of freedom.

Fields in V,,:
oMy, = —4iD,,Ao — 8A7,,, — 8iID" Aoynn,

IMop = 4iD,, Yo — 8 7, + 81D Yomn

5Dy = 4D, Ag + 8D gy, + 2i€mn Ay + 216, AY

6Cpy = —8As3pm, (4.6)
6h = —8D™ A3y, 4+ 32Ag

SVyn = 4 (Z‘DmAsn + @n[\gm> — 2 ®* Ay

8 fnn = 4€mnpg®PAL + 16 Mgy,

Among these fields, we will be able to eliminate My, Moy, Dpm, fmn. Also, only a
combination of h and v,,, will remain as physical degrees of freedom.
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Fields in Ui, US:

571 = 16As + 8D%Ag — 4D2D™ Asy, + 24i€™ Agyn + 4i€™ D, Asy, + 120D, Asp
519 = —16Ag — 81" D,, A3,
Swim = 16A3,, + 802 A5, — 8D, DAY + 320" Mgy — Siemn A} + 8i€n AL
Swam = —16A3,, — 89,0, A% + 16D,,Ag + 16ie,,, A%
5Tlmn = §5mn7‘357_£s
57'an - _16]\8mn -8 (QngkASmk - ngk[\&zk) + 292 (QmAIin - Qn]\3m>
+8i (enk/&gmk _ emkAgnk> 4 8ig,nAg + i As
n [Qiemk <—2©n]\’§ + @kj\gn> T (2®n[x’§ n @k]\gn> —(m o n)}
8q1m = 16iA 7, + 41 (€mn — 1€mn) D" Ao + 8i (mn — 1€mn) DeALF + 16€,,, AD
0Gom = —16iT 7, + 4i (€gun + 1mn) D" Yo + 8i (€mn + i€mn) D THF — 1661, T2
059 = —16iTy + 8™ Yopn

651mn = 161A2mn +4 (Emn + lgmn) A2 -8 <€mkA2nk - 6nk:A2mk>

5§2mn = _16iT2mn -4 (ﬁmn - 1€mn) TQ +8 <€ka2nk - 6nkT2mk>

None of these fields will remain as a physical degree of freedom, though some will be
part of the latter through the field redefinitions.

One can verify that the above gauge transformations reduce to (2.11)-(2.14) for € = 0.
We point out here the gauge invariant combinations

e 1. . _ . . -
) {(bm — 10" 59n — §l©m82 — 2i(Nmn — 1emn)M§‘] =0

. 1. ) .
1) [(hm — 10" S1mn — 519m81 — 2i(Nmn — 1emn)M1"] =0

4.2 A compact bosonic Lagrangian

As in the neutral case, the bosonic Lagrangian £p can be separated into two parts, each of
which is gauge invariant by itself:

Lp = L1+ L. (4.9)
with £1 and L9 giving in the absence of electromagnetic fields the same Lagrangians as in

the neutral case.
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Here, £ reads:

1 1
Ly = §C.7TQ1m + 5@5"Q2m - §51@2S1 — §§2©282
[ 1 1
+ |ig!" <M1m — i€mn M + 53"51mn + Zi)msl — 3i9,, M + 33le> + h.c.]

[ 1 1
+ |igy" <M2m +iemn My + 5@”8277”1 + ngSQ — 3i9,, My + @mNQ> + h.C.:|

(1 1

+ §©m§1 (Mlm — iﬁmann — 319, My + @le) — giﬁmnglslmn + h.C.]
1 . | 1

+ §®m§2 (MQm + IEmHMQn — 319, M5 + @mNg) + glémnEQSan + h0:|
— 3M; (3D% 4 4) My — 30, (3D + 4) M,

[ _ 1 3 .
+ 61D M, (Mlm — iEmann + QQle) + §€mnM181mn + h.C.]

2 2

[ _ 1 3 _
+ 161D™ My <M2m + IEmnM; + @mN2> — €™ Ms89mn + hC]
_ _ 1
- N (@2 — 4) Ny + |:2®le (Mlm — iemnM?) — §i€mnN181mn + h.C.:|
_ ~ 1 ~
— Ny (@2 — 4) No + |:2©mN2 (Mgm -+ IGmHMg) + iiﬁmnNQSan + hC]
1
+ 30" s1mn DT + [glmn (@me - ie”kaMlk> v h.c.}
1
+ 50" s2mn D5 + [gzmn (@mMg n ie”kQ’”Mzk) n h.c.}
mk _ - mk f s n
+2|(n ie Mig| [(Mmn — i€mn) M{']

T
19 [(nmk n iemk> Mzk:| (D + i€mn) M2

(4.10)

Remarkably, My, and My, always appear with a factor (7 —ie), including in the gauge
invariant expressions (4.8). Indeed, this feature can already be seen at the level of the action
(3.1), where the superfield V, is accompanied everywhere by one or two factors (n — ie).

These can be absorbed by the rescaling

Miypy — (nmn - iemn)ilMlny

Moy, — (Mmn — iemn)_lj\zé1

(4.11)

Note that the terms of index 2 differ from those of index 1 only in an inversion of sign

€ < —e. We can therefore limit ourselves in the following to writing explicitly only the

terms with index 1.
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We can then write the Lagrangian as:

1 1 1
£1 :§QTQ1m + |:IQ{n (Mlm + ignslmn + ngsl - 31©mM1 + :DmN1> + hC:|

1 1 1
— §§1©281 + |:2©m§1 (Mlm — 319, M1 + @le) — gifmnglslmn + h.C.]
_ _ 1 3 —
— 30y (3D +4) My + [6133li (Mlm - 2©mN1> + € M1 + h.c.] (4.12)
_ _ 1 _
e\ (@2 — 4) N+ |:2©mN1M1m — §iemnN1$1mn + h.C.:|

1 _
+ Emnslmnmﬁ”k + (51mn @M + hoc.) + 2M" My + (1 4> 2,€ <> —¢)

My 2ym are auxiliary fields, and they have no explicit dependence on the electromag-
netic background in their equations of motion,

1 1 , 1
M 9ym = S19{1,2}m ~ 55‘3 ${1,2vmn + 310m M 2y — DNy 9y — Z@m5{1,2} (4.13)

except of course in the covariant derivative. Integrating them out, {Q{l,z}m, ${1,2}mn> 3{172}}
disappear, leaving only the gauge invariant fields {M{l,g}, N{LQ}}. This leads to the subse-
quent Lagrangian where the gauge is completely fixed:

Ly =3M; (39% — 4) My + 3 (iM1D*N; + hc.) + Ny (D2 +4) Ny

. _ N 4.14
+3M; (3D% — 4) My + 3 (IM2D* N, + h.c.) + Ny (D> 4 4) N, 1)

As for the neutral case, it is convenient to introduce the following new complex scalar fields

My =M+ My, My =i(M; — My)

o . = (4.15)
N1:N1+N2, NQZI(Nl—NQ)
With the field redefinition
2 1
N — \@Nl +3My, My — {Ml — gNQ (4.16)

the complex scalars Mo, N5 lose their kinetic terms. After integration, we get a Lagrangian
of two decoupled massive complex scalars Mj, N propagating in the electromagnetic
background:

L= Ml (—2 +©2) My +-/\71 (—2 —|—®2) ./\/1 (4.17)

Obviously, (4.17) reduces to (2.21) in the neutral case.
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We now turn our attention to the Lagrangian Lo:

1

Lo =g [(n™" = ie™) ' DICr — 5 {[(nm" —ie"™") Cu]' ©* Dy + h.c.}
+2(("" = i) D] Dy +2{ (77 =€) Colt [ (i — i€mi) D¥] + e}
— (™" = 1€™) )T [(Uml — iem) W 4 i€y — ;®2hmk}

+ % [(nm” — jemm) @khnk} "o, +3 { [(nmn —jemny @khnk} "omd+ h.c.}

3
- {[(nmn — ™) Oy <2©2am — 39,,0ra" + 3iepa® + 316,050
g, L k 1 ko Lo k
+29,,G + i€ppc” + §©m72 + D Tomk — Zlemkwl + Zlemk% + h.c.

T 1 1
+ { [(nm" —1e™™) hnk} Emkpg <4©pw(11 — 39Pa? + 275’(1) + h.c.}

1 1
+ {[(nm" —1e™™) hnk]T (—@mck +16mF o — Bien d — ZCmeg - 4®ku)2m> + h.c.}
mn . mn T 3 2 1 k 1
+ 9 [(™" +1€™) hypp]' | —6D + 5@ o+ Z@ wok + 7 + h.c.
1
+ {[(Um" —1€™) D] (29 — 6am + wim) + h.c.} — §’Dm6m©ncn — 2Cpyc™
[ m = 3 2 1 1 n N 1 -4
+ D"y, | —3D — 19 ¢+§7'1 — 1@ wop | +hc.| —66DD — §<p© ®
33 _ 33
— §¢®4¢ —12am®%a,, — ?’Dmdmgnan — 24ie™ @, a,, + 6" ay,
[ o- /15 9 3 _ (3
+ ®2¢ <2D - g@mu@m - 47'1) + D <2:me2m + 97—1 - 12¢> + hC:|
1

- = (@mwlmQ"wln + @m@gmgnwgn) + Tgmnf'gm —T1T1 — 2GG

1 1
(@T@%)lm — @?@%sz) + (w’f@"fgmn — Zﬁgm(ﬂgm — ZTQQTn@lm + h.C.)

. _ B - 1 3
— —ie™m" (3w1mw1n + w2mW2n) + |:©2<,0 <_T2 + ngam .

4 8

1 00| —= 00| =

1 1
— DWW — 2G) + h.c.]
~ m 1 m m— 9 n 3
+ |G |49+ 3D am—§© Wim — T2 | + D"a,, 19 w1n+§7'2 + h.c.
-— 3 2. m s mn 3'~mn = mn s —_mn
+ [W1im 5@ a + 3ie™"a,, + 516 Dnd | —6a,m,Dn19"" —ipe " Tomn + h.c.

[1 3 1
+ §iém (€™ w1y — €MMwop) — §iem"@2m®n¢> — giém”Wde)ln + h.c.]

(4.18)

As above, the auxiliary fields in Ly are {D, D,,, G, 71, T2, Tomn}, whose integration

eliminates ¢, and we are left with {fin, Umn, Wim, W2m, @m, Cm, Cm, by, ¢}. The following
steps are essentially a straightforward generalisation of section 2.2.

We shall start with gauging away { fimn, wim,wom, ®}. Recall that in absence of the
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background, 0,,¢ and wa,, appear as Stiickelberg fields

B) (h + 8¢ + 20%¢p + ;8mw§”> =0
(4.19)

1 1 1 1
o (Umn + ZamWQn + Zanw%n - gnmnakwlg + 26m0n¢ - 2nmn82¢) =0

But now, these expressions are not gauge invariant if one only promotes partial derivatives
to covariant ones:

1 A
) <h + 8¢ 4 202%¢ + 2©mw;n> = Sien ™AL

1 1 1 1 4.20
o <Umn + ng(«‘&n + Zgnu@m - gnmngkwg + 2®m©n¢ - 277mn©2¢> ( )
= diemp DAL + die 1D, AL — 2in,, e D8 AL
Notice that
0 (wam + 4D @) = —16 (Nmn — 1€mn) AY (4.21)

where the e term gives rise to the r.h.s. of (4.20). The (1 — ie) factor can be absorbed by
the rescaling

Whyy = (Mmn — 1€mn) " (W5 +4D"¢),  dwh,, = —16A3, (4.22)
and w),, appear in the new gauge invariant combinations,

1
5 (h + 8¢ + 2®mw§m> =0
1 f , (4.23)
1) (Umn + ngwén + Z@nwém — 8nmn©kw§’> =0
This then is used to find a new gauge invariant spin-2 field, thereby going into a unitary
gauge after a Stiickelberg mechanism, as:

1
hmn =Umn + ann (h + 8¢)
1 1 (4.24)
+ 1 ok = i€0) ™ D (wg + 4@%) + 7 Ok = €)™ D <w§ + 4@%)

which satisfies 67, = 0. Similarly, the last three lines of (2.25) are amended by a (1) — ie) ™"

factor in front of wi,,. The redefinition:
. —1 It
Wi = Mmn — i€mn) (W] —4a™),  dwi,, = 16As, (4.25)
allows to write the gauge invariant combinations as

1 1 1 1

1 1
0 (am — ZQm + 816mnw2’> =0 (4.26)

) (Cm + ;wim> =0
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Thus, after integrating all the auxiliary fields in Lo, we can eliminate w1, Wom, @, fmn
by the two-step redefinition:

1. wipm — (nmn - lfmn) wi™ + 4am7 Wom — (nmn - lfmn) wo™ — 4®m¢

2. Cy — Cmy — %”D"fmn — %CDngm + %@m@nwgb - %iemnwg
h—h—8p¢—10m L D" 1D 1D
— h—8¢— 5 Wom,s  Umn — Umn + gTImnA W2k — 7 mW2n — 7nW2m

1 1.~ 1
Cm — Cp — sWim, Qm — Qm — glemnu&n + ZEmnpqgnqu

Next, in order to decouple and normalise {a,,, C;,} in the Lagrangian, we perform the
redefinitions

2 V2 1
m o my m o Ym T T =Wm 4.2
Cp — \/;C’ U = —-a \/gc (4.27)

where

Crm = (Mmn — 1€mn) C™ (4.28)
As a result, Lo is now
Ly =C"D%Cp, + D"Cri®"Cpp — 2C™ (Nyn — i€mm) C™

+2a"a,, — iemnaa” +0"a,,0"a,, — [ldm (e”ksmkquqhnp> + h.c.]

V2
—2¢M e + [am <\/§igmna” - %@mh + (n'“’f — ie”k) thmk> + h.c}
— ngEmQ”cn + iﬁh — A" B + lﬁmk (™™ — ie™) D2,k
) 10 2
— %Bkm (nkl — iekl) D™Dy, — i hy ™ + ;eklemnﬁlnhkm — %Qmeklﬁmnhl"

(4.29)
The vector field C,, is decoupled from all other fields and appears only as a rescaled C,,. It
has the Lagrangian of a charged vector boson, with the corresponding equation of motion

D2Cr — 2 (Nmn — i€mn) C" — D1 D,C" = 0 (4.30)
The associated constraint is obtained by taking the divergence of (4.30):
(D™, D2] Cpy + 2i€™D,,Cpp — 20" Cr, = —20™Cpp, = 0 (4.31)

As for the remaining terms of the Lagrangian, a,, is now coupled to ¢, and A, in the
presence of the background, so dualisation with the (2.33)-(2.34) technique will inevitably
couple the scalar A to other fields, making the Lagrangian more complicated. Such a form
with {am, ¢} replaced by {A, B} will be presented later. First, we will study the equations
of motion and constraints of (4.29), as well as the way the new spin-2 is modified by its
couplings to the other fields.
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4.3 The equations of motion

The Euler-Lagrange equations derived directly from the Lagrangian are complicated, not
very illuminating and not in very useful forms. However, as we will see in this Section, a
series of manipulations allows us to put them in the form of a Fierz-Pauli system, thus with
a much more compact, and simple, expression for the equations of motion and associated
constraints.

We start with the trace of the equations of motion of v;,,:

1 1 3 1.
—§©2h — iz)m@”vmn + Ee"memnh + Empen ™" — ilemn@"mvm’“ (452)
— D"y — 16mnD™ " — V2 D™ a™ = 0

and the equations of motion of h:

3 3 3 1 1 1
—%h + @@2}1; + Gzemnﬁmnh — g@anvmn — gleanNkamk + Zenkemkvmn
+ %@ Cm — i€ DmCn — Qﬂle DOman =0

Taking the difference (4.32)—4x(4.33), we obtain
6 16
D*h = _h— —D"¢,y, 4.34
We will need the explicit form of the equations of motion, and their divergence, of a,,

. i -
20, — lempa” — DmDna” — —e”kamkpqi)qhnp +V2i€ " =0

V2

4.35)
1 (
20 ay, — i€mn@™a™ — D2D,,a™ — 7 ﬁgm”emnh + V21, D™ = 0
and of ¢,
2 n s~ n 2 nk : nk
— 2¢m + ggmﬁnc + ﬁlemna — 5©mh + (17 — 1€ ) Dnhmr =0
(4.36)

—2D™¢,, + %@%mcm V2T — %@% n (n”k - ie"k) DD, by, = 0

At this stage, it is very complicated to decouple the equations of motion of the different
fields, because those of h;,, contain many terms depending on €. Indeed, being a component
of the superfield V,,,, hm, always appears with one or two (1 — ie) factors. This suggests
performing a rescaling that absorbs such factors:

Hinn = Nk — i€mp) B0y H=h (4.37)

Analogous rescalings were made for charged spin-2 states in the bosonic string case [18]. In
fact, the rescaled spin-2 field in the Argyres-Nappi Lagrangian involves two factors, i.e. in
the form (1 — i€mr) (N — i€,1) K. We will examine in a later subsection whether such
rescaling is also useful for defining the field with spin-2 in our case.
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The vectors {a,, ¢y} also appear in the Lagrangian through their field strengths and
duals, which we note:

an((l) = Dman — Dnlm, an(C) =Dpmcn — Dncm

- 4.38
EmnpgFPY(a), Fpn(c) = ( )

Frun(a) = Emnpa FP1(c)

N =
N

The Lagrangian (4.29) can be written in a more compact form:
Ly =C™D?C,p + D" Cprn®"Cpp — 2C™ (Nnm — i€ ) C"

120" Ay, — i€mna™a™ + D" a,D"a, + [ﬁamn(a) (an(c) — fH[mn]) + hC]

1
V2
-m 2 m= n ~m 2 n
—2¢"¢y, — 5@ em®"c, + |C —gC‘Dm’H +®"Hpm | +h.c.
1/ 27 mn 1 ny mk 1/ (mn) s nkqy m L -
Hmn DA™ + 533 HinDph™ — H"H iy + 1€ Hinn g™ + E%H
(4.39)

Up to some trivial different choice of normalisation, (4.39) corresponds to (2.28) in the

N

+

neutral case, so the equations of motion and constraints of the Lagrangian will reproduce
(2.36) when € is set to zero. The modification includes a mass term —ie,,,a™a", as well as a
coupling of the dual field strength of a,, to the field strength of ¢, and the anti-symmetric
tensor Hjy,,,). This implies that a,, now appears in the constraint equations of .

The equation of motion of H,,y,, which we denote by Ry, takes a simpler form than
that of hyn. R reads:

1 2 1 1 1
R = —ﬁemnMQkal + gnmnsakck — Dmn + 75mnh + §©2hmn — §®n®khmk
3. 1.
— hppn — ilflmhkm + ilemkhkn =0
(4.40)
having the trace
3 3 1 1

Rmm = 5©m6m - gh + 592}1 - igmgnhmn =0 (4‘41)

Plugging in (4.34), the above equation implies
m 1 m n
D"y + 55‘3 D"hpn =0 (4.42)
We can also compute the divergence of the equation of motion R,

1 3 1
D" Rin zﬁsmh — D" hypn + 1€ D Ry — §iek”©nhmk + §iemk®nhk”
1 3
— —i&mna" — =90,,9,c" + iennc” (4.43)

NG 5

2 , 1 1 1.
=—Cpy — g’DmCDnc" +iempc™ — 1—0®mh - §©”hmn + ilemkgnh’m =0
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where we used the equation of motion of ¢, in the last line. Contracting R, with the
tensor € and using the equation of motion of a,,, we obtain

1 1

EMR o =V 26Dy — ED e + =D, D b — ~ 1™ emnh
2 4

] (4.44)

In order to derive a constraint on the trace of h,,, we compute the double divergence

of Rimn and its contraction with e:

1. 34 1 1. 6 1.
ilem”Rmn = — %chm + 5©2®m0m - §1em”©mcn — %h - Zlenanﬁmhmk =0
2 8 3 1
DMD"Rypn = — 5@2@7”% + %chm + i€mn@M e — 5+ 5ien’f@n@mhmk =0
(4.45)

The sum (1€ Ry + D™D Rpnp) gives then
h+4D™¢,, = 0 (4.46)

We retrieve that the trace is shifted by the divergence of ¢,,, as was the case for the neutral
Lagrangian (2.28). Inserting this into (4.34) gives decoupled equations:

(D -2)h=0, (D*-2)D"¢p =0 (4.47)

The trace constraint (4.46) also allows to rewrite "R, as
n . k 1 kn 1 n
D"Rin = — (Mmk — i€mi) | ¥ + iﬁnh =0=c¢pn+ 5’}3 hpn =0 (4.48)

The only difference with the neutral case is the covariant derivative.
The second equation of (4.36) can be simplified to

V28D an = —2€"D e + 1€l (4.49)

whereas the first line of (4.44) gives
1
V2™ D, ay, — 28D ¢ — 1€ emnh = 0 (4.50)

Taking into account these results, the symmetric and anti-symmetric parts of R, are
respectively:

2R () = (D% = 2) Iy — 2i (ekmhkn + e,mhkm> _0 -
2R[mn] = _\/igmnklgkal -2 (chn — ’Dncm) +1i (Ekmhkn — eknhkm> =0

Here we recognise the first equation as an equation of motion, while the second establishes
a duality relation between the field strength of a,, and the sum of the field strength of ¢,
and Hp,,) = %i (ekmhkn - egmhkm).
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Replacing ©"hypn by —2¢pp, the divergence D" R, gives an equation for ¢,
(D? —2) ey + 2Hemnc™ =0 (4.52)

The divergence D" Ry,,,,] combined with the equations of motion of ¢, gives the same result.
Different from the equation of motion of a massive charged vector boson with 3 propagating
degrees of freedom, see for instance (4.30), the above equation lacks the divergence term
DD, because ¢, has non-physical degrees of freedom.

The equations of motion of ¢, (4.36) yields

1
dem + 5 Dmh = V2i€mna™ — €D, hyn, (4.53)
Finally, we can add €,,npq®"RP? to the equation of motion of a,, to obtain
(D% — 2) 4y, + 2ieppa” =0 (4.54)

So far, we have derived decoupled equations of motion for {am,cm,hmn} and a set of
constraints that are not all independent of each other. Before determining the subset of
independent constraints, we summarise the present results here:

¢ Equations of motion
(92 =2)h=0, (D =2)hmn = 2i (emh®s + b’ )
(07~ 2) D" =0, (D7~ 2) D"y =0 (1.55)
(D% = 2) ap, + 2emna” =0,  (D* —2) ¢y + 2Hempc” =0
e Constraints
i (ekmhkn — eknhkm) —2(Dmcn — Dntm) = V2 mpu®Fa
1
h+49"c,, =0, c¢m+ §©"hmn =0
V2EM D, an = —2€™ D pmen + i€ €™y hunk (4.56)
1
V26D ay = 28D + L€ emnhh
1
dem + 5 Dmh = V2i€mna”™ — i€ D, hyny,
Using the notations of (4.37)-(4.38), the first constraint can be rewritten as
1 -
—=Fun(a) + Fian(c 4.57
7 (a) (c) (4.57)

from which we deduce the equation of motion and the divergence of the anti-symmetric

Himn] =

tensor
(@2 — 2) H[mn] + 2i <6mk'H[kn} - H[mk]ekn> =0
(4.58)

@nH[mn] = lemnc” + %enkgnhmk
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As already stated, not all constraints in (4.56) are independent. The third and fourth
lines can be obtained by contracting (4.57) with €™ and €™, respectively. Whereas the
last line, formerly an independent constraint in the neutral case, can also be inferred from
applying ©™ on (4.57) in conjunction with the second line of (4.56):

V210" =i€p,D"hE, + i€ D b — 20D men + 20%¢n
=2i€,mnc” + 1€ Dnhim — 20m (Dnc") 4 2i€mnc™ + 4 (Cr — i€mnc™) (4.59)

1
:g%4qé*@nmm,+§®mh

where we also used the equation of motion of ¢,,. As a side comment, given that the fourth
line of (4.56) can be re-expressed as

1 -
e Hipnl — —=Fmn(a) — Fn(c) | =0 4.60
<[1 5 Fmn(@) (O (4.60)
which is valid for any non-vanishing €, one may be tempted to conclude that the fourth line
of (4.56) implies (4.57). In fact, the above equation holds for any a’, = a,, + V22, D"¢,

ey = Cm+ xemnD" ¢, with ¢ an arbitrary scalar field, and therefore does not have a unique
solution.

In summary, only the first and second lines of (4.56) are independent, and hence are
the only ones that will be considered for the counting of on-shell degrees of freedom. Here,

the symmetric tensor hyy,, along with two vector bosons {a,, ¢y, } counts 1044 +4 complex

degrees of freedom off-shell. The constraint ¢, = f%Q”hmn removes 4 degrees of freedom,
and —v/2enu®@Fal — 2 (Dpmen — Dnem) + i (ekmhkn — e;mhkm) = 0 removes 6 degrees of
freedom, while h = —4®™¢,, removes 1 degree of freedom. Therefore, we are left with 7

degrees of freedom on-shell in the Lagrangian (4.39). Together with the massive spin-1 C,,
and the physical scalars in £, the bosonic sector counts in total 12 complex degrees of
freedom on-shell.

4.4 Decoupling the equations of motion

As vector fields dual to massive scalars, a,, and ¢, satisfy the following equivalent sets of
equations in the neutral case [32]:

(0°=2) Vi =0

(4.61)
OmVis — OpVim = 0

OO, V" = 2V, < {

Now consider a charged massive scalar Lagrangian £ = A (@2 — 2) A, we can introduce an
auxiliary vector V,,, endowed with a transformation that enables us to shift away the kinetic
term of A, to integrate out the scalar and, at the end, obtain the equations of motion of
the vector V,,, dual to A. Effortlessly one generalises (4.61) to the charged case:

(D? = 2) Vi + 2i€mn V" =0
D,90,V" =2V, < ; (4.62)

@mu,—gnun:%@mggvk

— 37 —



Unsurprisingly, the first equation to the r.h.s. implies a gyromagnetic ratio ¢ = 2 for
V. Inspecting (4.35) and (4.36), we notice that a,,, ¢, have coupled equations of mo-
tion. Alternatively, if one adopts the description at the r.h.s. above, the first equation
(@2 — 2) Vin + 2i€m, V™ = 0 does decouple for V,,, = am, ¢, as is written in (4.55). But the
second one, which relates the field strength to the divergence of V;,,, here given by (4.57) is
coupled to the spin-2 field h,,,. In fact, there exists a redefinition of a,, and ¢,, that leads
to decoupled equations of motion on shell:
= Gy — %emna" - 2\1@éﬂkmhmn + z%/igmn@”h + V2"

(4.63)
V2i i

1
Cm — Temna" + iﬁnkgnhmk

a

/
cm

in which case
DDpad™ =2al,, DpD,d" =2 (4.64)

m

From the above equation we infer that al,,, ¢}, are equivalent to the gradient of a scalar
and as such count one degree of freedom on shell. At first sight, it seems paradoxical
because Eq. (4.57) may remove 6 degrees of freedom so we would be left with less degrees
of freedom than before. In reality, if we rewrite the on-shell system (4.55)-(4.56) in terms
of a], and ¢, then Eq. (4.57) after this redefinition is no more an independent constraint:
actually it can be obtained from the other constraints. We postpone the detailed discussion
and the exact relation between the different constraints, to section 4.5 for the alternative
form of the Lagrangian.

The next step is to identify a new rank-2 symmetric tensor that yields a Fierz-Pauli
system on-shell. A simple guess inspired by (2.38) is:

/H;nn = Nnn + nmngkck (465)
which satisfies the deformed Fierz-Pauli equations of motion and the traceless constraint:

(D> —2) My + 21 [(e-H),  — (H €), ]=0, H =0 (4.66)

mn mn

It has a non-vanishing divergence, but vanishing double divergence due to (4.46)

1 1 1
@nH,lmn = —2Cm - Egmh = _ﬁigmnan + §1€nk®nhmk, @mDnH,/rnn =0 (467)

The divergence equation can be re-expressed as

L .
ol <H§m + ﬁan(a) - ;enkhmk> =0 (4.68)

To obtain the divergence-free tensor, one might be tempted to redefine the expression
in parenthesis (which is, by the way, traceless) as the new spin-2 field, but the extra terms
are not symmetric. Instead, We can absorb in H/,,, the symmetric term e(mkhn)k, so that
the r.h.s. of the divergence equation depends only on a,, and ¢,,. Thus, we introduce

i i
/H;/rm = /H;nn - §6nkhmk - §5mkhnk (4 69)
= H(mn) + nmngkck
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Note that H(,,,) is the symmetric part of the rescaled hyy, defined in (4.37). This new
spin-2 field satisfies

(D> =2) My, +2i[(e-H"), —(H ¢

i
n " o ~ n : n
D"Hn = ——ﬂemna + i€mnc

The divergence is indeed vanishing when € = 0.

mn mn} = 0’ /H” =0

(4.70)

Another possibility is to consider the following double scaling

/]:[mn = (nmk - i‘Emk‘) (nnl - i‘Enl) hkl (471)

which allows to obtain a Fierz-Pauli system in the bosonic case studied in [18]. To see if
(4.71) is suitable for our case, let us first study the trace

H = h —iV2E"D,a, — 2™ D e (4.72)

Compared to (4.65), the trace has extra contributions of order €, so (4.71) could be modified
to

. 1 .

H;nn = (nmk — lEmk) (nnl — ienl) hkl + ann (4©k0k =+ i\/igklgkal + 2i€kl©k0l) s Hl =0
(4.73)

One can also check that (4.73) satisfies the equations of motion of deformed Fierz-Pauli:

(92 = 2) Hpp +2 (e )+ (e H) [ =0 (4.74)
mn nm
However, the divergence of (4.73) is relatively complicated and contains second derivatives:
_ 1 :
D H! = — §ienk’}3nhmk - %é,ma" + 2iemnc”
V2

1
+ Tiéklgmgkal + iieklgm@kcl — e DM

thus the rescaling in (4.71) results in a cumbersome divergence constraint.

(4.75)

In fact, in order to absorb the divergence, i.e. to have a zero divergence tensor, while
keeping the zero trace condition, higher derivatives and new O(€?) terms have to be included
in the 7-L;nn definition. Starting from a generic ansatz containing such terms, and imposing
the divergence and trace constraints, we found the following new spin-2 field definition

4 1 i

1
Bmn —man Snmnh 9 (€m hin + €nkh m> + 3 (chn + anm)

i
—3 <emk®k0n + enk’chm — emk’Dnck - enk@mck + nmneklgkq)

1
~1 (6mk6lkhnl + enk€®hont + 2€mpenh — Umnﬁklﬁplhkp>

1 1 1 i
[ DnDnh — —€mp€inh + %ekaanh — %nmnh + (m < n)]

2 e |127™ 16 96

L T A = ok 19 k
W PR [ : (emks Dy + EeD @m) D! + 2 (8) 1D

1
7 (68) (DD + D0 D1n) Dpa* + (gmke,n@’f@l + enkqm@%l) @pap}
(4.76)
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With the help of (4.55)-(4.56), one can check that b,,, yields a Fierz-Pauli system, i.e. it
satisfies the same equation of motion, with now both ©"h,,, = 0 and h = 0. Note that if
we set the electromagnetic field to zero, using the constraint 8c,, + d,,h = 0, we find that
Binn reduces to by, — %(hmn + N0 cy).

We can now rewrite (4.55)-(4.56) as decoupled equations:

(D% = 2) by = 2i (ekmhkn n e,mr)km>
D"hmn = 0,
h=0

DpDpa™ =2al,, D,D," =2c

mo

(4.77)

4.5 A deformed Fierz-Pauli bosonic Lagrangian

The form of the Lagrangian (4.39) is compact, and the electromagnetic field dependent
terms are relatively simple. After some redefinitions and manipulations, we have shown
how the equations of motion and the constraints reduce to a simple system. However,
for the spin-2 field one cannot immediately recognize a deformed Fierz-Pauli Lagrangian,
i.e. visibly giving a Fierz-Pauli Lagrangian if the electromagnetic field is zero. We present
here an alternative expression of Lo in the form of a Fierz-Pauli deformation, along with
two complex scalars, hence containing only physical degrees of freedom.

The dualisation of {am, ¢y} to the physical scalars can be carried out in the same
way as in the section 2.2. Notice that in the Lagrangian Eq. (4.39), the derivative terms
of {am,cm} are D"a, D" a,, — %DmEmQ”cn, therefore, one can add auxiliary scalar terms
—AA+ %BB and shift away the vector kinetic terms by

A—V24+D™a,,, B— B+9DM¢, (4.78)
Then, we use the equation of motion of ¢,
1 i

1 1
m = — = mh - = mB —" nm Emn " 4.79
c 5@ 5@ + 2@ Hom + \/ie a (4.79)

to integrate it out, and perform redefinitions analogous to (2.40)-(2.43):

B*)BJr%h, h — h+ 4B (4.80)

After this step, the equation of motion of a,, can be written as:

m L ymn i 1 1
am = _EA [@nA + §enl©lB + 3 (e€)®,B — §5nlpq@l7-[pq

e D H ;gnml%] (481)

Il
a

where

i 1 .\
Amn = (nmn - §€mn - 26mk6kn> (482)
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The above expression denoted by a,, will be recurrent in a later calculation. The following
notations are introduced for shorthand:

(€€) = €™ emn, (€€) = €™ émn, (4.83)
Integrating out a,,, we obtain a deformed Fierz-Pauli Lagrangian:
Lo =C"D%Cp + D"Crn®"Cpp — 2C™ (Nynn — i€n) C"

) T ) ) . .
+ [A@m - %émbBQb + 5 (€0 BD — Semar H D" - %éma?-[b“@b + ;gmbmab]

. . . . .
X AT [@nA + %enm’B + 5 () DuB — Senp®H + %gnlgpw’l — ;gnlzm]

~2AA 4 B(D?~2) B e BD"D,B

L, nay mk 1 7
+3 [1 (@ Home @kB) 5 () 1B —|—h.c}

1 1 _ 1 _ 1, -
+ §H(mn)©2hm” + §®”Hmn®khmk + imwnm@mkm + 5 (™" DmDuh + hec)

_ _ 1 _
— 2H "™ H iy + H Ry — SH (@ =2)h

+ <7-_[[m"] + ;iem”B) (H[mn] - ;iemnB)
(4.84)
When e = 0, the above Lagrangian is decoupled, with two scalars A, B, one massive vector
Cyn, and a spin-2 with the well-known Fierz-Pauli Lagrangian.

The inverse matrix in the third line of (4.84) is in general cumbersome to deal with,
since its contraction with covariant derivatives has no particularly remarkable identity, and
here this matrix is kept as it is. For small background, one can expand this inverse matrix
as a series of €. As an alternative, we will explain in Appendix C how it can be expressed
concretely in terms of € and its dual €. We would nevertheless expect the inverse matrix not
to appear at the level of the equations of motion and constraints, for the reason that these
equations can be obtained directly from (4.55) and (4.56) by appropriate redefinitions with-
out dependence on A,,,,. The inverse matrix may only appear in the divergence constraint
of the spin-2 where a,, is replaced by its equation of motion (4.81), but in this case we can

i 1= -k
%Emn — 3¢mk€ n)

eliminate A,,, by contracting the constraint with its inverse (nmn —
More precisely, the steps leading to the equations of motion and constraints are similar
to those in Section 4.3. First, one obtains directly the trace constraint from:
0Lo 0Lo 0Lo

5B + A +n 57,0 0 = 0 (4.85)

For simplicity, we introduce the notation:
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The divergence constraint, that we note V,,, is derived from D" P,,,:

D"Prn=0 = — (Nmn — iemn) Vi=0 = V,=0
1. . . (4.87)
Vi = 5@ hom, ”D Hom + 2emn© B+ \/iemna
When € = 0, the above equation implies " h,,, = 0.
On the other hand, it can be shown that the double divergence of h,,, vanishes due to

30"V — P = 207Dy =0 = D™D hyyy = 0 (4.88)

Taking into account the relations h = 0 = ®™®D"h,,,,,, we can infer the equation of motion
of the scalar B from:

0Lo 0Ly 2 9

Ly == pm =(D*—-2)B=0 4.89

5B ) h m ( ) ( )

The equation of motion of the massive charged spin-2 field lies in the symmetric part of
Pinn, in conjunction with the divergence constraint:

Pmn + an - g77mn,Pkk: + 33mVn + gnv = (92 - 2) hmn +2i <€mkhnk + Enkhmk> =0

3
(4.90)
and the equation of motion of A arises from
0Ly i _ 9
=2 ,~"m mnf,m”@ L= (D —2)A=0 4.91
e P~ Lm0, = (07 ) (ao1)

So far, we have obtained the decoupled equations of motion of the physical fields { hy,, A, B},
counting 12 degrees of freedom off shell, along with the trace and divergence constraints
h = 0 and V,,, = 0, which remove 5 degrees of freedom on shell. One may wonder what
happens to the anti-symmetric part of P,,,, as previously it gave the constraint (4.57)
which fixed the field strengths of {a,, ¢, }. However, for the Lagrangian (4.84), there must
not be a new independent constraint coming from Py, otherwise we will lose degrees of
freedom. We will show below that P, is deduced from the divergence constraint.

As is noticed before, one can put the divergence constraint in a form that is independent

of Amn:

1 i 1 1
- [1 -3 (ee)] D" hniny — = €mpDnh™ — %e”kionhmk + iemkenZQZh"k — Zemkek”’}yhnl
1 1
+ Eek”ekl (Dmhni — Dihmn) + 3 (c€) DB + emn’D”B
1 1
+ —emp€ D B — —i€mn D" A
2 2
=0

(4.92)
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In the meantime, we find it simpler to study the anti-symmetric part P, shifted by the
divergence constraint:

1 1
P[/mn} = 7)[mn] + 50mVn — 59V
2 2 4.93)
Lk Lk i 1 k (4
= 59 Dmbhgn — §© Dnhim — §€mnB - \ﬁgmnklg a

The question is then whether or not men] imposes an independent constraint.
Combining (4.87) and (4.93), one obtains a first relation where a,, is absent

2 (&) Pl + 8icmnue POV,

[mn]
= 4 e D'DP (Hpg + hpy) + (€€) (@kgmhnk - ’)Dk@nhmk) (4.94)
— denpEmiD'DF B + de,p e D'DF B + dié, "¢, B

Then, due to the following properties of the inverse matrix A,

(66) gmk»Akn = 86nk~Amk - 4i-/4kl6mk6nl + 8€mn,

4.95
gmkgnl»Akl = TNmn — 24, — iAmkEnk ( )

we find

[(€€) N + 4i€pn] V"
= [(€&) N + 4i€pmi] [@nh’m — %eabgahkb + %ek”QnB —V2[8 — (e€)] am

. 1 1 .
— 4 (20" + iem™) [@nA + %EleZB + 5 (€ DnB — ienlm@l%m + ;enmpﬂpl]
(4.96)
where a,, is multiplied by a numerical factor, so the above relation is useful to cancel the
EmniDFal term in (4.93). Having (4.92), (4.94) and (4.96) at hand, and after some tedious
algebra, we get finally

1 1
1 (65) men] + |:8 (66) — 1:| Emnklpl[kl] + iEmnklelpngp + Emnklgkvll
(4.97)

- é [(€€) Nynte + 4iépnp] D VF — é [(€€) Mgy + 4i€n] D VE =0
where the traceless constraint and the equations of motion have been used as well. Simple
manipulations of (4.97) lead to Plmn) In terms of Vy,, for small background. To conclude,
the anti-symmetric part of the H,,,, equation of motion can be derived from the divergence
constraint V,, and therefore does not remove additional d.o.f. from the system. Besides, the
vanishing double divergence condition ®™®"h,,,,, = 0 results from iem”P[’mn] +29™V,.
To decouple the spin-2 from the scalar fields on shell, we can write (4.92) as the di-
vergence of a traceless symmetric tensor, which will be the modification to the new spin-2.
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We find the following expression

_4 iy k 1 k k i klyp
+ i (emk’Dl@khnl + e D DF iy — e D10 hF — enksmmh“)
L o) @0,8+2, B)+i(e DD, B + €,,D"D B)
2 _cc |6 m~~n n~m 2 mk n nk m
1 1 1
— (6 + 866) (e€) Nmn B + 3 (1 —ee) emkeknB}

4 —i(g DD, A + £, DD A>—|—§(e€)n A

2+ ce 2 mk n n m S mn

1
7 (68) (DnDnA+ DD A) + (gmkem@k@l/x n Enkelm©k©lA>]

(4.98)
The trace of by, is zero and its divergence coincides with V), therefore vanishes as well.
In summary, we derived in this subsection a Lagrangian (4.84) for a charged massive
spin-2 field which is in the form of a Fierz-Pauli Lagrangian deformed by the electromagnetic
background. In addition, we managed to decouple completly the massive vector boson C,,
from all other fields. Setting e = 0, (4.84) reduces trivially to the free Fierz-Pauli Lagrangian
with two decoupled charged scalars and one charged vector fields. A simple analysis of the
equations of motion and constraints confirms causal propagation of the spin-2. Moreover,
we found the expression for the spin-2 field (4.98) which leads to a completely decoupled
system of equations of motion and constraints, the four-dimensional analogue of those of
the Argyres-Nappi Lagrangian is:

(92 - 2) Bmn + 21 <€mkbnk + Enkhmk’> =0

D™y, = 0,

h=0

D2Cp, — 2 (Nmn — 1€mn) C" — D DnC" = 0, (4.99)
D"Cp =0

(D2 -2)A=0,

(9*-2)B=0
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5 Charged massive fermions

Moving from real to complex superfields doubles the number of fermions, hence the intro-
duction of the indices {1,2}. The physical fermions will give a total of 12 complex degrees of
freedom on shell. In this section, we will first fix the gauge of the fermionic Lagrangian after
the expansion of the superfields into components, then integrate the non-physical degrees
of freedom. Once a compact Lagrangian is derived, we proceed to the derivation of the
equations of motion and identify the choice of physical fermions which produces decoupled
equations. We can then present a fully explicit set of equations of motion and constraints
for the spin-3/2 charged states in a constant electromagnetic background, in both the two
and four component notations. Finally, an alternative form of the fermionic Lagrangian
will be given and the equations of motion will be re-derived from this new form. Despite
its length and complexity, this last Lagrangian reproduces the Rarita-Schwinger one in the
neutral limit and leads directly to a system of decoupled on-shell equations.

In the derivation of the equations of motion, we prefer to drop the spinorial indices to
lighten the expressions, as long as no ambiguity is present.

5.1 Gauge transformations

As we have done for the bosonic case, we begin by listing the gauge transformations of the
different components:
Fields in B:

Mo = —iD*A1q — 4Dsm (0™ T5) , + 290™ Agma — 4ilgq
698 = iD2T$ + 49, (6™A5)Y 4+ 20 TS 4 4iT§
1 . _ i}

0p2a = §©m©2 (0™Y1) , + 2iD%Asq — 1D Dn (6™ YE),, + 2D (07 To),, — 2(e- 0), " Asg

. 1 . _ . . . .
opy = —§©m©2 (6MAL)* — 26D2TE — 19,90, (6MAD)Y — 2D, (6™ Ag)* + 2 (e - 7)” BTg

(5.1)

Fields in C:

010 = DZAla +4iDy (O—mT5)a + 210" Agma + 4M9q
€Y = D2YY + 4iD,, (6™ A5) — 2D T 4+ 478
1 Y - _
(5w2a = —§l©m©2 (UmTl)a —92 [@2 + i (6 . J)]a 6A5[3 _ ngn (Ung)a _ 21©m (Jmfrg)a
. 1 . W o i
50 = —5iD0? (0" A1) —2 [0 +i(e- )] T + DD (67AF)" — 21D, (7o)

(5.2)
Fields in V,;:

6X1mo¢ =—4 [QUmTS + O-na-m (Aﬁn - ignAl)]a
5)2%771 =4 [25mA5 - 5n0m (Tﬁn + ignTl)]d
O Xoma = —4i(0’n(5'm@n/\5)a + S(Jng;)a + 2i <0’n5'k0'm©kT6n> + 2i (e . 0’) UmTla (

o'

SN =4 (5”%@"?5)6“ — 8(FmAg)* + 2i (6”ak6m©k1\6n) —2i(e-7)GmAY

5.3)
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Fields in Ui, US:

Svia = 2i (8 + D?) Aq — 8Dy (6™ T5)  — 49" Agima + 8ilga — 8 (€ - ), PA15
005 = —2i (8 + D) T¢ + 8D™ (GmA5)* — 4D TG, — 811§ +8(e-5)* BTf

M = 16iA4q — 8 (e- ), P Aug

on§ = —16iT§ +8(c - 3)* ;1]

5l = =20y, (0™ T1) + 81 (24 D?) Asq + 4D™D" (0 Ten),, — 8D™ (01 To)

—8(e-0), 5A55 + 4i€;,, O™ (Un’fl)a

8C5 = 207D, (3™ A1) — 81 (2 +D?) TE + D™D (G Aen)” + 8D™ (T Ag)®

+8(c0)* 45 — dieyn®™ (6" A1)

Srima = 81DmDp (0™ Y5) , + 2D (4Aoa + 21D " Agna + D*A1a) + 16iAgma
—8(e- ), PAoms + 8 (mn — iEmn) (AL, — iD"A1a) — 4 (€ — i€n) (am5k"T5)

075, = 81D, Dy, (7" A5)" + 20, (4T — 210" T, + DY) — 1611,

«

+8(c-0)% 510, — 8 (emn + iemn) (T3 + 10" TF) — 4 (e + 1) (6mak”A5)a

i
Spiie = 592

. i
ons = —
K2 9

(mn — i€mn) [20€™" A1 4 4iD" (67T5) , + 4D™AE, |

D2 (—D2TT + 200" TG, — 4T9) + 29°D,, (6™ A5)* — 16T + 8 (¢ - 7)" BT@

+ (€mn + i€mn) [ziemnT? — 4™ (5"A5)® — 41@’“?3@}

(©2A1a + 21D Agma + 4A9a) — 292@771 (O'mT5)a + 16iAgy — 8 (e . U)a BAgﬁ

(5.4)

As in the neutral case, 071, and 075 are algebraic in the parameters Ay, and Y§, which

do not appear elsewhere, thus these fields should be absent in the Lagrangian. The algebraic

dependence on different gauge parameters is unaffected by the presence of a background,

thus we can still choose to gauge away algebraically {{;q, Vja, (o, Tjma} and integrate out

Pja, With 7 = 1,2. The following gauge invariant combinations are useful to keep in mind:

1
o (PQa + 2i(‘7m©m72)oz> = —4(e- U)a BA55

1.,
2
Gl +2 (07 Dm),,) = 161 (67 +i(e - 0)a”) Ass

) = —16i (5% Fie- 5)6’“5) T4

e

(5.5)



5.2 A compact fermionic Lagrangian

As with Ay, and C,, in the bosonic sector, fermions in the V,,, superfield will also appear, in
the Lagrangian, contracted with one or two (1 — ie) factors. In order to make the formulas
more concise, we introduce the rescaled spinors denoted with bold symbols:

5\lm = (77mn - iemn) /_\?7 Aoy = (nmn - iemn) /\3 (5 6)
X1im = (nmn - lfmn) qul, Xom = (ﬁmn - lemn) Xg

The Lagrangian of the fermionic fields extracted from (2.1) reads:

i

Lp=-2 [4 (A'0"Dp A1) — (;zg”a%’“a’@n@k@lmmﬂ

- i (X7o" 0" D DiAin ) + (M0 D Dixim ) |

- {(xl”xlm) 6 (thi6r) — % (105D, Dkt ) + h.c.]

. %i [(g‘lﬁma%’f@mm@k&) —4 (wlaWDm@Z_Jl)]

+ g [i (ATD &) — 2 (AT onr) + % (XT'TmD%¢1) — 1 (XY'Tmon D@ 1)

1._., .
— (RP"Dn D) + 2 (AT 00 D"61) + SiX (€ 7) Tt —|—h.c.]

1 s (oM = oM =n -
-1 (AT D 1) + 2 (AT 0mn®"01) — 28 (X7 Tmp1) + (X100 Dn(2)
_ 1 1
+2i ()\TO‘mCQ) —1i ()\1m0‘n5'm’r‘1n) — 5 ()Z;nﬁnQnrlm) + 5 ()ZTa'an’l"ln)
1 i 1
+§ (XT'omDnrt) — %smnpq (x1'a"DPr) + 5;2’1“ (€-0)Tmur + h.c.]
1 . m _ 1 mm2 — 1 nam = m
+ 1 1(1}10' @mul) — Z (TlmU ) 1)1) + 5 (TlmO' ) ’Dnvl) + (TlmO' ,U1) + h.c.
i - i 1
+ {2 (G1o™ D) — 3 (7' o"DnT1m) — gEmnkl (T1m0n©kﬁz)]
+ égmn (v10™D"01) + |:;’r‘1m (e-0)omir + h.c}
1 1
+ |5 099060 — (1) - § (29°) + he
i 1. —m n P 1 —k
+ 3 p1+ 51710 D | "Dy | p1 + 510 D | —2[(p171) + hec]
3 1 = =M s om=n n 7
+ 1 [<p1 + 51710' ®m> (10 "D m®né + 20 @nwl) + h.c}
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|
| ——
|

i _
T <@mp1 - 2€mn0”71> + A"Dmy + h.c.]

1
{(@2’01 — 2i171(6 . 5’) —4p1 + 4if1m5mn@n) <,01 + 2iak©k’yl> + h.C.:|

i i- i
+ [21_}1(6 . 5),51 — 5(1(6 . (_T)’_)/Q + ZFT (6 . 5) Om71 + h.C.:|

9 . _ _ . —m - 1_
~ 3 [(@261 — 2iv1(e-0) — 4fiy + 4if1,,0 ”@n) (1¢1 — 20k®k§1> + h.c}
> =\, 3~onn = = 317 —\ =m
+ |:3U1 € 0')1/}1 - 516 (Tlmanfl) + Zvl (6 : U) g mel

(6" Do) — % (69%,) + 31 (70 D2%))
+3 (116" Dmé&1) — 3 (G5 Dimab2) + % (01D%¢1) + h.c.] + (12, —e)

Setting € = 0 and ©® — 0, we retrieve (2.56). As we argued when analysing the gauge trans-
formations, the fermions 714, 75 are absent. Moreover, p14, ji§ are Lagrange multipliers.

For the gauge fixing procedure, we can directly generalise the one followed in the neutral
case. We will illustrate it by listing its different steps:

1. We algebraically gauge away v;q, which is still the Stiickelberg field of 7,
1, . .
Hia = Hja + ZS Vjay  Tima —7 Tjma + 1®mvjaa J= 1,2 (58)
2. We eliminate 7v;q, ¥ja, Xjma higher derivatives by the shifts

1, _
Pia =7 Pja — 51(0m©m7j)o¢

i, ., B
)\jma — >\jmo¢ + 5 (U anjm)a
(5.9)

Yo = Yo+ 3 (" Da),

Tima — Tjma + 4®m§jaa Jj=12
Cla = Cla —2(0™Dmé2),,, & — & +2(0"Dmér)*

After this step, the spin-3/2 states Xjma appear only in their rescaled form X jma-
3. We algebraically gauge away {;q

Yia = Vja — ifja: /_\gwj — Xg@j -2 (6m£j)d

. _ N o (5.10)
[ — fio + 4E1a —2(e-0), P15, 7S — Ay — 4i€S +2(e-5)" 555
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4. We rescale (jq

Go= (0 +1(:0), ") s & = (%5 +ile-0)*5) G G

This extra step, compared to the neutral case, is due to the e-dependent terms in
the gauge transformations of (j,. After the rescaling, (j, become pure gauge with:
6C1a = 16154, 6CF = —16iT.

5. We algebraically gauge away (jq

1. = . . 1. _ ;
Va = Ya ~ 51 (6" Dmb2),, AL =5+ 1! [(e-5) ],
1, = _. _. 4
Tima —7 Tlma — 51 [Um (6' U) CZ]&’ ¢? - ¢? + Z [(6 '0) <2]a,
. _ _ 1, -
tllm - A?m + ngél? X1ma —7 Xlma — 51 (UWCQ)OL

L _ = 1. o~ E
Ml = Ml + 1 [O’ (e-0) @ng]a+ 3 [21(50/3 — (e-a)aﬁ] (a @m@)ﬁ

. i . (5.12)
20 = Y2~ 5l (0"DmC1),, P20 = P2o + e ala,
. . 1. , 1
’F(le - ’F(QXm + 51 [Um (6 ’ J) gl]a ; ¢2a — w2a - Z [(6 : U) Cl]a )
. . 1. .
Aoma = A2ma + Dmlias )ng — )_(gm - 51 (UmCI)a
. | N N _\d _ 3
5 = 5 + 7107 (e 0) D] + 5 [200% — (e )% 4] (6" Dm1)”
6. We algebraically gauge away 7jma
1. .
Hja — Hja — 51@ Tima, J = 17 2
i . _ _
X1ma — Xlma + Z (nmn - 1€mn) ! (O'ko'nrlk>a 5 (513)
—c —& i . 1k n. \®
Xom — X2m — Z (Umn - lémn) (U o TQ]C)
The result is a Lagrangian in the unitary gauge
i 3 =
Lp=— 9 [()‘Tangn)\lm) +2 (XTUnQnXIm)] - [()‘TXIm) + h-C']
33. - i _ . _
+ 51 (wlami)mwl) + 3 (p10™Dmp1) + 21 (V10" D A1)
(. = = 1., e _ _
+ 31 (XT"Dmth) — 3 (AT'omtn) + 1O Tmp) = (XT"Dmpr) = (A" Dmm) + hec,
3 m - 1 9.
135 (10" Dmth1) — 2 (p111) — 3 (p1p1) — 51(/~L1¢1) +he | +(12)
:1 . o )
- 5)({” (e-0)omm + 2X§” (e-0)omy2 + h.c.]
) (5.14)
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which gives (2.58) when the electromagnetic field strength is set to zero.

Here pjq is a residual non-physical field. The fermion ;. appears a Lagrange multiplier,
leading to the same constraint as in the neutral case:

Pja = —91’%‘@ —1 (UmXT)M j=12 (5'15)

Also, using this constraint, p; can be integrated to obtain a Lagrangian with only physical
fermions (corresponding to (2.60) in the neutral case):

Lp=— % [(ATU”@nqu) + <)_(1m5'n0'k5'm®kX1n)} — [(AT"x1m) + h.c]
+ 301 (wlo'm@md_]l) + 21 (710" D 1)

+ [-31 (X onGm@" 1) — 3 (A'omib1) — 2i (XT'0m71) — (AT"Dimy1) + hoc.]

+ [18i (¢171) + he] + (1 + 2) — [1)2?1 (e-7)Tm1 + lxg? (e-0)omY2 + h.c.]

2 2

(5.16)
However, difficulties arise when one tries to generalise (2.61)-(2.69) to decouple spin-1/2
from spin-3/2 and to put the kinetic terms of the latter in a Rarita-Schwinger form. First,
because the kinetic term of A, in (5.16) contains both the rescaled and the unscaled form,
the generalisation of (2.61) will either generate multiple e-dependent terms, making the
new couplings and kinetic terms more complicated, or will introduce the inverse matrix
o iemn)f1 that is difficult to handle. Second, due to the additional e-dependent cou-
plings between x,, and 7, (2.61) also creates e-dependent couplings between y,, and A,.
Therefore, a direct generalisation of (2.61)-(2.69) does not allow to decouple the spin-1/2
from the spin-3/2 fields.

We are going to present in a later subsection the Lagrangian obtained by generalising
(2.70), that has the advantages of being a deformation of the Rarita-Schwinger one, and
of giving decoupled equations on shell. But we will start by presenting a more compact
form of the fermionic Lagrangian, for which the derivation of the equations of motion and
constraints is relatively simple.

To this end, the same field redefinition as (2.63) can be applied to simplify the La-

grangian

Xjima — Xjma — 2 (O'm@zj)oﬂ j = 1’ 2 (517)

In addition, we perform the following normalisations for convenience:

A, = V2, i=1,2 (5.18)

. i
A C.Y,
(2 2\@%

Since ™ (e - o) oy, = 0, the terms between the last brackets of (5.16) are not shifted.
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The resulting Lagrangian is:

Lp=— % [2 (A" D A 1m) + (;zlma”o’“&m@kxln)} — V2[(AT"X1m) + h.c]
+ [_zll (V10™Dmtr) + 2i (71Um@m71)]
3 1
+ |:\/§ (XTUmn©n¢1) - ﬁ (XTQmwl)

1 o . — —
—5 (Al'omtn) = 20 (X"ommn) = V2T D) + h.c.]

+ [\}5 (1) + h.c} +(1+2) - B)a" (e-0)omm1 + %Xgn (e-0)omY2 + h.c.
(5.19)

5.3 Equations of motion and new spin-3/2

We will only present the computational details for fermions of index 1, and we will provide
at the end the analogous results for those of index 2, which are almost identical.
The equations of motion directly obtained from the Lagrangian (5.19) take the form:

1 3 . n 1 s n,J n
\ﬁ (Oﬂ@ﬂAlm)a = — (Mmn — i€mn) (Xl + 2\/510 1+ D 'Yl) (5.20a)
[e%
& —. a1 _
i (5"ak5m®kxln) = —2V2AE + 3V2 (G @) — 50l
—4i (Gmm1)* — [(e- ) Fmm1]® (5.20b)

1 m n m.n 1 m \/§ mYy
5 (6" Dmtn), = =3 (0mn®™XT) 4 + 533 Xtma + =51 (6™ Aim),, + 71 (5.20¢)
\f

s i=m & s (=m & 2 mya 1 —m &
(G D) = (6" x1m)" — DA, — 167 (e 0) Xl

L -4
2\/51/’1
(5.20d)
where the first equation comes from the variation of £z with regard to i, instead of the
rescaled Ai,.

In absence of the electromagnetic background, the above equations give rise to
(0™ 0m¥) = —V2Va, 1(@"0ny)" = —V2T
_ : . 3. & 34 (5.21)
(Ume)a = 0’ (O-mAm)a - Elryom amea = 07 8m>‘?n = §¢a

We also have coupled equations of motion for A, X, and the spin-1/2 fields. But, these
equations can be put in a more convenient form by introducing

NG = \% 4

i S
OmY)" — = O™ 5.22
5 )" = 50 (5:22)
which satisfy . .
i(a'nanXm)a - _\/55‘;%7 i(o'nanj\;n)a = _\/§Xmoc

. _ 5.23
ImNy =0, (dMN,),=0 (5.23)
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In the presence of an electromagnetic background, we will proceed in several steps.
First, we compute 6™ (5.20a) (after substituting v and ¢ equations of motion):

_ _ 3 i
V25D, Ay, = (e-0) wl—emn(}m@"'yl—femnﬁmx?—i—iemn&mx? (5.24)

3 b i
22 ' V2 1
Taking the o-trace of (5.20b) gives
5106 D X 1n + HAD ™ X1m — 6171 + 220" X1 = 0 (5.25)

which can be used to rewrite (5.20c) as

(0" Dhr) . = —V2y10 — “f (0™ " DX 1n)a (5.26)

The divergence of (5.20a) gives

40™ D X1 = — \/iemnamS\? + Loman (6-0)DmXin + 2€mnD™ X7

2
1 _
— Eemnanﬁmwl — €mne "y —2i(e-0)m
: (5.27)
= — V260" A} — 3 (e-0) 0™ "DmX1n +1(€mn — 1€mn) D" xT
1 _
—i(e- o)D" x1m — ﬁemnangmwl — €mn€ "'y — 2i(e-0)m
where we replaced ©2v; with (obtained via applying ¢"®,, on (5.20d)):
3 .
D2y = — 5’Dmx1m + 506D X1n — megn (e-0)DmXin
(5.28)
2 - 2 _
- {Umgmgn)‘? - {.Um)\lm -7+ i (6 . O') Y1
Taking the divergence of the X1, equations of motion gives:
. 1 - 3., - - . N\
—i6"D X 1m = — 592% + El (e+6) U1 + V20U + 416" X1m — (€ 7) 7" Dimm1
(5.29)

Now, D21 can be found by acting with 6"®,, on (5.20c):
1

27, —
\/591&1—

. o
% (+0) 01 = 5vn + 307D xm — 20" DDy +3(e0) " Xam
1 —

— 5&’” (€-0) X1m — 216™X1m — 2V26™ D, A1,

3

V2

— 216" X1m + 7" (e-0) Dy — (6-7) "D mm

(6 : 5) 7;1 + \/5"751 + 3i6m©2X1m - 2i5'm©m©nx711 +2 (6 : _) 6mX1m

Q

(5.30)
which inserted in equation (5.29) leads to:

1
3i0" X 1m + 210" Doy (Unkanﬂc) - §7m (€ 0)Dmmn =0 (5.31)
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We have computed the o-trace and divergence of the spin-3/2 equations of motion, but
they are not sufficient to determine the constraints due to the presence of higher (than first
order) derivatives. Note that in the presence of an electromagnetic background, we have
one more operation that is independent of 0™ x (equations of motion),,. This operation is
o™ (e-5) x (e.0m.),,.5 While 0™ x (e.0.m.),, projects out o-traceless components of the
equation, 0" (e - 7) X (e.0.m.),, recovers them, with an extra e factor.

Acting with ¢™ (e - @) on (5.20b) gives:

0 =v20™ (€-7) Aim + €mn (€™ —18™™) y1 + \/iemnongml/;l - 7

(6 : U) Gm@m@l

— 2 (i€mn + €mn) D" XY
=v/20™ (e-0) Aim + €mn (em™ —1em") yp + \/iemnangmzﬁl —i(e-o)m

— 5 (€-0) 05" Dy x1n = 2 (i€mn + Emn) D"
(5.32)
where the second equality is due to (5.26). Then, adding the second line of the above
equation to —3 (e - ) x(5.25), we obtain

_ 1 D) _
—ﬁemname =i(e-o)m + o €mn (eM™ —1em) vy + \gﬁananwl —i(e-0)D"x1m

- 1 _
- (iemn + 6mn) @mx? - (6 ’ G) UmO_n@len

2
(5.33)
Inserting this into (5.27) leads to:
4[1+i(e-0)]c™Dmxin = —i[l +i(e-0)](e-0)m (5.34)
which multiplied on both sides by [1 +i(e-0)] ™" gives:
i
UmnngIn = _1 (6 : U) gt (535)
This allows to simplify (5.31), which provides our first constraint:
"X 1m = 0 (5.36)
Moreover, since 66" D X1n = 20™DmX1n — D" X1m = 0, we can write our second
constraint .
i
D" X1m = ) (e-0)m (5.37)
as well as the Dirac equation of ¥1:
0" Db = —V27 (5.38)
Also, (5.25) implies a trace constraint of A1,
o™ A = ii L (e-0) (5.39)
1m /2 M NG 7 :

5We assumed that the equation of motion has a global dotted index, (e.o‘m.)é‘. In the opposite case, the
corresponding operations should obviously be the conjugate ones.

— 53 —



which in conjunction with (5.24) yields:

1 - 3
— D" N\ = ———
N 22

Now add the above equation to (5.20d) gives:

Y1 — V2 (e-G) 1+ (e-7) 3" D1 + %am (€-0)x1m  (5.40)

il+i(e-5)]6™Dmm = —V2[1+i(e-7)] ¢ (5.41)
so we get the Dirac equation for ~1:
"Dy = —V 21y (5.42)

Back to (5.40), the divergence constraint of Ay, becomes

< 3 - 2
D" X, = iwl - [O'm (6 ’ U) X1m (543)

Finally, we need to find a generalisation of (5.22) for the case of propagation in an
electromagnetic background, such that we arrive at new spin-3/2 fields that are decoupled
from the spin-1/2 ones in the equations of motion and constraints. This is given by:

< < i L 1 . o -
tm = Am + == [L=1(e- )] 0mm — 5 [mn — 1 (€mn + 1&mn)] D1
2v2 2 (5.44)

1 _
Xllm = Xim + 27\/5 (6 : J) O'mwl
and it leads to the equations of motion and constraints for the spin-3/2 fields:

ig”@nX’lm =-V2 (1hmn — i€mn) X1"
i&n’DnX/lm = —\/§X1m,
- 2 (5.45)
mellm =0, :DmAllm = _\i»m (6 ’ U) Xllm
Xim =0, a™ X, =0
as well as the Dirac equations for the spin-1/2 fields:

i&’”@myl = —\@1;1, io‘mgm?ﬂl = —\/5’)’1 (5.46)

The system (5.45) describes a spin-3/2 field with the correct number of degrees of
freedom and a gyromagnetic ratio g = 2. Starting with 32 real degrees of freedom off-shell
for {xma» A%, }» the equations of motion remove 16 degrees of freedom and each divergence
and o-trace constraint removes 2, so we are left with 8 on-shell degrees of freedom for
(X mas X%, }. Note that the modification in the presence of an electromagnetic background
is clearly manifest in the divergence constraint, and the equation of motion of Aj, .

Next, let us express the equations for the spin-1/2 and spin-3/2 fields in four-component

notations. We introduce the new Dirac spinors:

_ [ Ma _ Xllma
o= (1), Wy, =X 5.47
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We follow the notations in [35], where the y-matrices are

0 o™ —i0

m 5 0.1.2 3

- L A= - 5.48
Y (-m 0 ) Y YT (0 i) ( )

and for shorthand, we note = 7"D,,.
The spin-1/2 satisfies the Dirac equation in QED:

(115 n \@) B =0 (5.49)
As for spin-3/2, the constraints can be written as

vz

9_4

Uy, =0, "%y, =0 (5.50)

With projection operators defined as Pp, = (1 +iv°)/2, Pr = (1 —iy%)/2, we can write the
equations of motion as

(i@ + \/Q) W1 = V2iepnn T, (5.51)

The fermions of index 2 correspond to the conjugates of those of index 1 if the elec-
tromagnetic field intensity is set to zero. Their equations of motion and constraints can be
worked out in an analogous way. The results are:

e New spin-3/2 definitions

i . _ 1 . o
)\IQm = Aoy + ﬁ [1 —1 (6 : U)] Om72 — 9 [nmn —1 (‘Smn - 1€mn)] D" g
1 (5.52)
Xom = Xom + 3 (€-7) Omi2
¢ Equations of motion and constraints:
i DTy = V2, 16" Dpihy = —V2%
ia—n@nxém = _\@)‘IQWU la—n@n)‘ém - —\@(Umn - iemn) )2/271
D" Ko = 0, 07Ky =0 (5.33)
2
0" Ny = = L2 (¢ 3) By TN = 0

Likewise, we introduce the four-component fermions of opposite charge with regard to

{(1)17 ‘Illm}:
_ | 72a _ X,2ma
Dy= | 20, Wy, = 2 (5.54)

(i@+\/§)<1>2=0

V2
4

They satisfy:

DM+

(€™ + ie™) ’yn] Wy, =0, "Wy, =0 (5.55)

(115 + \/5) Yo, = _\/ﬁiemn‘PgL
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One can observe that the y-trace constraint does not change in the presence of the back-
ground, whereas the divergence constraint is modified by the electromagnetic field strength.
The only difference compared to the equations of index 1 is the sign flipping € — —e.

One may wonder what if the redefinitions (5.44) and (5.52) are performed at the level
of the Lagrangian. To clarify this point, we apply the following field redefinition on (5.19):

_ — 1 -
Alm _>>\1m - —F= [1 —1i (6 : 6)] Om7Y1 + 5 [nmn - i(€mn + igmn)] anl

[N
l—‘%'—'
[\] [\]

X1m —2X1m — F (f : U) Jqujl

. (5.56)

1 . _ . . n
Aoy — Ao, — ﬁ [1—i(e-0)]omy2 + B [Mmn — 1 (Emn — 1€mn)] Do

1
X2m —X2m — N (€-7)Omiba
and obtain

Lrp= [2 ()\inoﬂ@nj\lm) + ()Zlmé'nO'ka'm@kxln>} — \/i [(ATXIm) + h.C.]
3 3.
2\@ 2

(?,/)10 mel) +i(yo™ ©m71):| + E [’71@2151 + h.c.]

G"yom [l —i(e-0)]op [l —i(e- )] 5n©k'yl

+ (X1 omon®™1) — 5 ()‘1 Um?m) H(x1"omm) — \@(Agngm'ﬂ) + h.c.

+

e R

—G™" [nmp +1 (emp igmp)] [77nq —1 (Enq + ignq)] 7/’1Uk©p©k@q1/;1

»l> = Q0| -

- i <5mn€mk + Emn€™ ) 10, D" wl 6mn (1,b1('1'71:D 1/}1) + i€mn (710 gm’Yl)

4\/» {Gmn [T]kp (Ekp + igkp)] [nnl (Enl + lenl)} ’S/la'map@kgllﬁl + h.C.}

— {; Mk — 1 (€mk + 1€mi)] AT o, DDk Y + — Ao, [1 —i(e- 7)o D" y1 + h.c.}

1
2v/2
1 - 1 -

+ 5 [)\71” (e-0)omih1 + 7 (ee —ie€)Y1y1 +he.| + (1 ¢ 2,e < —e)
(5.57)
Where we denoted the inverse matrix by Gpn = (Nmn — iemn)_l. It transforms as G,y <

Gnm under the sign flipping €, < —€mn-

We remark that the Lagrangian (5.57) obtained after redefinition contains higher deriva-
tives even when € = 0. Nevertheless, this is not a cause for concern here as we find that
it leads to the same system as in (5.45), and (5.53). To show this, we can start from the
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corresponding equations of motion:”

_ i _ 1 _
0= _io'n@n)\hn - \/§X1m + \@lemnlel - §Um¢1 — 5emno'nwl - \/§©m71 + \/iifmngn71
i

) .. I 1 ) 1~ ~m
— — [Mmk — 1 (€mk + 1€mk)] onD @kwl — ——op[l—i(e-0)]oD" "M

2 2v/2
1 - i -
+ 3 (e-0)omin — o €mn (e-0)c™ (5.58a)
P _ 3 3
0= —50"0 FmDkX1n — V2A1m + T\@amo’nQ P — 2 TmM (5.58b)

1 - - 3
0 =i6"Dmv1 + —=D%01 + V2D A1 + =16 X1m
71 7 Y1 1 510 X1

- éGm%m 1 —i(e-0)]on[l —ile-5)]5.0%
e 1 onn . - . e N -
+ 1€mno D Y1+ mG [nkp —1 (6kp + 1€kp)] [nnl —1 (enl + lenl)] UmUper@lwl
1

2—\@% [1—i(e-0)] o, AT + 2\1@ (ee +ie€) 1y = 0 (5.58¢)

_l’_

i m 7 1 2 3 m=n i my 1 m —\ )
= LomD D%y — 2 _oM5"D L™ At — =™ (€ 7) A

- 1€rrmo'ngqujl + iGmn [nmp +1 (emp - lgmp)] [nnp —1 (enp + lgnp)] Uk@p@kgqqzl

0

\)

1 _ — i ) N _
- Z <€mn€mk + 6mn€mk> Ul@"% + 5 [nmk +1 (Emk - 1€mk)] O-ngk@n)‘T
1
Gmn
42

[nkp +1 (ekp - igkp)] [nml +1i (Gml - igml)] Upa'n@l@k’yl
(5.58d)

(ee —ie€)y1 +

1
_|_7
2v/2

This system of equations can be transformed to an equivalent one, where the matrix Gy,
doesn’t appear, by a making suitable combination of the equations. Gy, appears in (5.58¢)
and (5.58d), thus these are the two equations that we will replace.

We start by simplifying the spin-1/2 equations of motion. We compute the combination

(5.58¢)— 2iﬁapmap [1—1i(e-0)] x(5.58a):

3 1 1 5, 1 - -
0 ="16"Dmy1 — = (€-3) 8™ Dy + —=D%1 + —=11 + V20" A1
510 Ny (e-0)o gl 7 (01 \/5?/11 1 550

1
+ 210" x1m + 50" (€ ) x1m = 0

"Only the calculation for fermions of index 1 is presented, and those of index 2 are completely analogous.
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while, (5.58d)+3GP™ [1pg + 1 (epg — 1€pq)] @qX(5.58a)—ﬁam (e-7) x(5.58b) gives:

%O'qum - 2\3/§O'mO'n©mX1n - \}igmxlm =0 (560)
Remarkably, (5.58a)-(5.58b) and (5.59)-(5.60) are equivalent to applying the field redefini-
tion (5.56) on the former equations of motion (5.20a)-(5.20d). Therefore, the same steps
and results, intermediate or final, obtained previously will be obtained here if we follow
the same steps, only they take another form since they are connected by redefinitions of
fields. In particular, the traceless condition (5.36) remains unchanged. More precisely, let
us compute the divergence, o-trace, as well as the ¢™ (e - @) projection of the x1,, equations

of motion:
i 1 - 3 - 3 _ 3
—5"™D%x1m — =" (6 ) X1m — V2D ™ A1y — —=D%) + i(e )Y — ZimDmy1 =0
5 X1m — 3 (e-0)x1 m= 57 (o 2\/5( )1012 M
(5.61)
— 210X 1m — V20" Aim — 3V 20D 1h1 + 6iy = 0 (5.62)
21 (emn — €mn) DX — V20™ (€ G) Apm = 0 (5.63)
From (5.60)+3 \;5(5.62) we obtain:
i m s 1 1 m=n
0"+ —=1+ ——=0"0"OmXin =0 (5.64)

2 V2 2V2

which is exactly (5.26). The o-trace of x1m, can be inferred from the combination
" x (5.58a)—2v/2i(5.59)—/2i(5.61)—26"D,,, x (5.60):

V2

One finds that the expression between brackets vanishes because the combination of equa-

tions %0"®nx(5.59)—|—®mx(5.58a)—|—i (e-0) ><(5.60)—2%/§(5.63) gives:

1 _
3V26"" X 1m + 6" D [mfzan%nxlk — =~ (e:0) 0" D1 +

5 (e-0) ’yl} =0 (5.65)

[1+i(e-0)] [—Qﬁank@nxlk + % (€-0) 0" D1y — % (e-0) 71] =0 (5.66)
which implies then, as expected, ™ x1m = 0. The Dirac equation for 1); then follows
from (5.64). Back to (5.66) with v replaced by using its equations of motion, we de-
duce 6"™®,;,x1n = 0 hence D™ x1,, = 0. As the for A1m, one obtains ™Ay, = 0
using X1, constraints in (5.60). Furthermore, the condition (5.61) results in ™Ay, =
—%67” (e-0)X1m. The Dirac equation of v; comes from (5.59). Finally, plugging all
the constraints and Dirac equations above, into (5.58a) and (5.58b), one obtains the same
equations of motion for the spin-3/2 fields as before.

In summary, despite the presence of higher derivatives as well as couplings between
spin-1/2 and spin-3/2, the Lagrangian (5.57) yields a decoupled system of equations of
motion and constraints, given by (5.45).
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5.4 A deformed Rarita-Schwinger Lagrangian

It can be assumed that the Lagrangian in the presence of a non-zero electromagnetic field
would be a deformation of the one in the neutral case, (2.71). It should reduce to the
latter, in fact to two copies, when the electromagnetic field vanishes. It would thus be a
form of "Rarita-Schwinger plus Dirac" Lagrangians deformed by e-dependent coefficients
and additional terms. Although it contains higher derivatives, the Lagrangian of this type
that we have found gives decoupled equations of motion and constraints. It also allows us
to see explicitly how the "deformation" by the electromagnetic background can be written.

In the absence of an electromagnetic field, the Rarita-Schwinger Lagrangian has been
obtained by redefining the fields according to (2.70). The generalisation of this redefinition
to the charged case is as follows:

o ;
X1im — ﬁo—mnxgl - IUm"L/Jl - 5 (6 : U) O'mwl

le — 5\lm - [1 —1i (6 : 6')] omvY1+ [nmn —1i (Emn + lgmn” :Dnlzl

1.
—i
V2
1 i . 1 < 1
1= s —ifeo)lm - % [1+i(e )] (@™ Dmth) = 50" Xim) + 550" Dmxan)
. i- 1
P — §¢1 - Tﬂ(ﬁm)ﬁm)
(5.67)
The corresponding formulas for index 2 are obtained by flipping a sign € <> —e.
The resulting expressions are very long. Therefore, to make them easier to read, we
will separate the Lagrangian into three parts:

Lr = Lrsd + Lim + Leoupl (5.68)
where:

e LRrsq consists in a sum of Rarita-Schwinger and Dirac Lagrangians, thus of the same
form as Lr in the neutral case, where the partial derivatives are replaced by covariant

ones.

e Ly, are the corrections of the kinetic and mass terms due to the electromagnetic
background. They vanish when ¢ = 0.

e Leoupl contains only new couplings between the spin-3/2 and spin-1/2 fields that are
induced by the electromagnetic field. It vanishes when e = 0.

The first part takes the expected simple form

1 - 1 o
Lrsd = — igmnkl (AmonDpAn) + S Emnh (X;%n@kxll) —V2[(ATomnx?) + h.c

1. m - L., . 1
-5 (qpla @mw1) — 5 (76" Dmm) — [ﬂ (V171) + h.c.] + (1 + 2)

(5.69)
and, it is the Lagrangian that was historically first considered and lead to the issues dis-

cussed in the introduction.
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The new contribution to the kinetic and mass terms reads:

L = — 1™ (010 Dnh1) — 5™ G (1010, 0'D" 1) — 0 (6 0) 0™ (¢ 0) Dt

+

Rl SRR N SR

™M (€mp — 1emp) <ezq +i€9) V10, DPDEDW; — i€ ey, (Y10, D 1)

G, (ekl + i€kl) (€pg—ipq) P10nDID" D1 + iemipGFlern o1 oPD™D, D"y

~mn n i ~\ mn 7 1 n(~ =m [~
(66) €10 Dmibr + 5 (66) €10, Dy + Zemka ('710' Ulo'ngl’}/l)

1
{iemka”%&m (e-0) ola,Dim —i—h.c.] — ZemkG’m’_ﬂ&m (e-0) o (€-0) DM

. _ i o i_ N i
— 1T Dmy —  (ee) %Cfm@m71—§71 (¢-0)™ (€ 0) Dmm+ [—2%(6 o) M

%@Dlom(e-&)a (€-0)Dm ®n71—|—2\/§

23/@(664’166)(1#171) 2\1/5(6616g) (w1@2,}/1) +\/i§fmkan’715'm(E . O') UZ@lgnd_jl

empGFH16™ ' DD 011

i 1
+—— €k G*" (ee—i€€) 105, D™D +h.c.] — —€mn [( "okl D )+h c. ]
T3 ( )1 1M1 1 X1'0 kX1
_ lemkG =l = 5% @pgn q 1 A\ ng Xk
4 kn \ X1010p0q¥m X1 + Qfmk 10 nAl
AT EmnXxT) — 2i€mn (/\10 UZQk’DmXU) +h. C] (12,4 —e)

(5.70)

+ ! [ (
— i
42
while the new couplings between spin-1/2 and spin-3/2 fields are:

i

Lecou =2\ Omn (€-0) D™y Emn — 1€mn) (ATD™y

pl 1 ( ) 1= \6 ( ) ( 1 1)

+ —1 ie ()\”Uk6 L®k71> + —1 € noh (e-0)cmDky1 + 71 emr (/\1 o 72)1)
\[ mn 1 \f mn/\1 9 mOn

— i (e€ + i€€) ()\gn’(fm&l) + %5mnkl (elq + iglq) Alman@k@qi}l

1 . . - 1_ N
+ S Emk (nkl — i+ 6“) (AT'0"D,Di11) + ZXT (€-7)Tmm

4 42
Gknxlalap(e 7) "D, 0Py

1 i
)z’fam (6 0') v + *EmkG]m ()_(lla'lapﬁ'n@m@p”yl> - — (¢12mn@mxln)

\/§X1 Um (6 U) Un@ 1/]1 4

i_ _ i -
X (e ) T (e ) + 5 (e€) (XF'Tmm)

+81ﬂ<ee+ie€> (X700, ") - 4j§x1"<e-&>am<e-a>an©%

4fX1 Om (€-0) oy (e-7) ™ Gn ()lemap@m@p@nlﬁo

2@

2\[ (Emn — 1€mn) G"kekl@blap&q@m@p@lxlq +he + (1426 —¢)
(5.71)
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In these expressions, we introduced the notation
Yon = Om0n (€-0) — 0 (€-7) 0y — (€ 0) opm0p (5.72)

The corresponding spin-3/2 fields equations of motion are

1 - 1
(Mmp — i€mp) —§5p"klan©k>\u — V20 xqp + mﬁpk)ak + V/2ig?" (e-0)Dnm
i

L o )
s (" =) Doy + gy — (e +i68) 0P + 5™ (g + i61y) 0u DD

%

Gmn0k5n@k’yl

2v2

- i
+ §€mk0'n®n>\lf + 7€mnak6l©k©n><ll -

22

1 k(. =\ =n 1 Kokl skl n
R L 5) D+ - ( - ) "D, Dy = 0
2\/§€an (6 U) Y e 2€mk n le" + € 0", DYn
(5.73)
1 _ 1 _ _ 1 _ _ 1 _ _
§5mnklan®kxl1 - ZemnanakaleXIZ + Zﬁklamanalgnxlf - ZelkanamUpUqﬁlgpan?

_ i - - 1 - 1 3
— \/if_fmn)\’f - mEnme + ﬁelnc_fmak@l@k)\’f + 1 (6-7)Tmy1 — §5m (e-0)m

1 - _ i _
+ ~ s GF 510y Tn D DPY — —=S D) — —=, (€ 0) 0, D"

4 Ik mOpOn 71 4\5 nm P \/5 m( ) n U1
. . 1 )
+ ! (e€) Tmy1 — ielkG/m&map (e-7) "D DPy + —= (€€ + i€€) 5,10, D"y

2 82

1 — i -
———(e-0)om(e-0) o, D" + Q—kelka”c_fmap@l@p@n% +

42
1

1 — _
+——Gm (e 0)on(€-7) DMy — —— (egn + 1€qn) G € om0 OPDN); = 0
4\/5 ( ) ( ) 'QZ)I Qﬁ(q q) k Al 17[11

i

LGN

(5.74)
Due to the length of the spin-1/2 equations of motion, only the first terms are written to
make the adopted global factors explicit. They are:

1, - 1._ I 1 _
— 50 Qmwl — §6mn0' D 1/11 \/5’}/1 + =0 (575)
i —m 1 kn-m _I = 1 -
— "D + € GTd" 0 T, D1 — —=yY1+ - =0 (5.76)

2 4 V2
The calculation leading to the constraints is more tedious, but shares the same ideas
as for the Lagrangian (5.57). Namely, one starts by eliminating the G-dependent terms
appearing in the spin-1/2 equations of motion by the following manipulations.

We start by the combination: (5.76)—%G“m6a><(5.73)—\%(1‘“”5(1 (e-0) x(5.73):

[1+1i(e-5)] |—V25™"DA1n — \}iam (€-0)0"DyDpiby — (e-7)

1 - 1
VARG

i 1 N B 3.
—="Dmm + 3 (e-0)a"Dmy1 — ™" (€-0) D1 — ilathn

=N

1
+§ (e-3) 0™ x1m — 16’” (e-0)x1m| =0
(5.77)
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then, (5.75)—1 (€qp — 1€) GPD(5.73)+G Dy X (5.73)—J50™ (e - ) X (5.74):

—%Um’Dml/h — \}571 + % (€-0) 0D — % (e-0)m — V20D, X1 = 0 (5.78)

Next, we compute and simplify the o-trace, the divergence, and the projection on o™ (€ - 7)
of the equations of motion of x1,,. The combination o™ x (5.74)++/2iG¥"D,x (5.73) gives:

—2ic"™"D X 1n + ﬂamilm +2(e-0)m + V2i (e-0) Jm”szZ;l =0 (5.79)
while @mx(5.74)—%5“©aGbm©bx(5.73) leads to:
— V25D, A1y + 1 i(e-7)amo"DmAr —I—Eignn& X1im + 167D "D x1
1 —\ =—m _n=k 1 —\ —m 3—m
—g(e-a)a oG @anxlk—l-Z(e-a)cr @m%—ia (6-0)Dmm
i 1 - 3i _
+—=(e-0)c™(e-0)Dmm1 + i(e-0)cm0"D, D1 — ——=0" (€-0) 0" DmOn
£(€0)0™ (€ 0) D + i (e ) 1 = 50" (€ 0) 0" DD,
1 m —
———(e-0)dm (e 0)0"D,Dp1 =0
5 (€97 (e 0) DD
(5.80)
and —%am (e-5) x(5.74)— 5 (ee — ie€)(5.78) to:
—o™(€-0) A — —= (€M™ — i€ mX1n
B 1 NG X1
+ ( i~)<im>\ b o 4 Lomng ) 0
ce —ie€) | ——0 m+ —=0""DmX1n + —=0 mXin | =
1 1 12 X1 2 X1
(5.81)

Using these relations, the o-trace as well as the divergence for A1, equations of motion can
be simplified by computing the combinations:

G x (5.73) +iea oD% (5.78)+ [f((‘;’)] (5.77)=v/2i(5.80)—Li (€ - 5) 79D, x (5.78)

which gives:

3 B 1 - i i &
—0 +5"D,, | = (6 0) 0™ A1p + V205D +—(e-0)o™D
\/§ X1m m |:4 ( ) 1in EX1n ﬂ ( ) n X1k

1 1 1 n e | —
VG ﬁ(e-a)%fi(e-a)a @n¢1]—0
(5.82)

and CDmx(5.73)+%6ab0b©“x(5.77)4—%(5.81)—1—% (€€)(5.78)+i (e - o) x(5.78) which gives:

+ (e 0) """ Dyxar +

i
V2
(e-0) "7 D x1k + \% (e-0)m — % (e-0) a”@n%] =0

(5.83)

Thus, thanks to (5.83), the expression between brackets in (5.82) vanishes and we obtain

1 _
[1+i(e-o)] [4 (e-0) 0" At + V20" Dpx1n + —= (€ 0) ™ Duxan

i

_|_
42

the first constraint ™ x1, = 0. Other constraints are found by inserting this traceless
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condition into (5.77)-(5.83). Starting with the expression between brackets of (5.83), one
replaces the (€ - o) 0™\, term by (e - o) x(5.79), which implies

—V20™D,, X 10 + % (€-0)0™D )1 — % (e-0)m1=0 (5.84)

Combining it with (5.78), one gets the Dirac equation io™®,,¢1 + v/2v; = 0, which in

turn yields o™ ®,,x1n = 0, hence ®™x1,m = 0. The constraints of Aj,, arise first
from (5.79), which implies 6™ A1, = 0. In addition, (5.80) gives rise to &""®,, A1, =
—ﬁ&m (€-0)X1m, therefore, DAy, = —gém (e-0)X1m. The Dirac equation of ~,

16Dyt + V2 = 0, then follows from (5.77). Finally, the equations of motion for
spin-3/2 are obtained by applying all the previously mentioned equations of motion and
constraints on (5.73) and (5.74).

6 Conclusions

We conclude by summarising the main results obtained here:

e We have shown explicitly how the Lagrangians of Fierz-Pauli and Rarita-Schwinger
follow from the Open Superstring Field Theory action of [1, 24].

e We found the equations governing the four-dimensional propagation of a charged
massive state with spin-2 in an electromagnetic background. Not surprisingly, we
found the form obtained at the critical dimension of bosonic open strings in [18, 21].

e We found the explicit equations governing the four-dimensional propagation of a
charged massive state with spin-3/2 in an electromagnetic background. These equa-
tions were not known before.

e We have written the effective Lagrangian, at the bilinear level, of the first massive level
states of the four-dimensional open superstring in an electromagnetic background.
The result was known in superspace thanks to 1], but here we obtained the result for
the physical fields, without auxiliary ones. We have written the Lagrangian in several
forms connected by redefinitions of the fields.

While we have solved here the problem raised in [2, 3] of writing the equations of
motion for charged massive states with spin-3/2 or spin-2, we have not found the long
sought Lagrangian from which to derive them. In the Lagrangians obtained the fields of
interest are coupled to fields with lower spins.
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A Conventions

Throughout this work, we have followed the conventions in [35], with mostly positive metric
Nmn ~ (—1,1,1,1), and Levi-Civita tensor £pj23 = —1. The v matrices are defined as

0 o™ —-i0

m 5 0.1.2 3

— = = Al
Y <0m 0): Y el (0 i> ( )

The field redefinitions are written in the form
F — aF + bG (A.2)

which means that the field F' is replaced everywhere by aF’ + bG, and the primes are
dropped in the subsequent Lagrangian. The new gauge transformations are

SF' = L(6F —15G), 8G = oG (A.3)

a

A self-dual rank-2 tensor satisfies
EmmpgS = —21Sp, (A.4)

Correspondingly, for an anti self-dual tensor, €,,npqS"" = 2iSp,. Out of a generic rank-2
tensor, one is able to construct a self-dual combination

1 .
N [Amn] = Z (Amn - Anm) + igmnrsArs- (A5)
This has been used to write gauge transformations of the self-dual fields .., Smn.-

A summary of some shorthand notations used in this work:

(e-0)=€"opmn =1 0mn, (€:7) =€ Tmp = —1€""Gmn

e =€ emn, €€ =€ Emn
i 1. )‘1 (A.6)

Gmn = (nmn - iemn)il ) Apin = (nmn - §€mn - igmkg n

Yn =0mon(€-0) —om(€-0)a, — (€-0) omdnp
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B Spinor algebra results

Without background

Some helpful g-matrix identities are

J&n(i&ndﬁ — QJmnaﬁ _ nmn(saﬁ’ &mdaagﬁ_ _ 2(—Tmnd6 B nmnéds
(0™G )" = —46,°, Ugdﬁmdﬁanm = 20,5, 6"“‘0’” a[%Y = 25N
: 3 3 4 3
0" Onpa = 050" 0 = — 5T gmnb Ghe =GB gnm o —55’”50‘
,7nkd,—mﬂ.6 _ aa _nk B mo__
Omac0 30 =0, o0,,0 0,36 0 (B.1)
Umﬁaanaa kry myy _ 4nnk513'y 0_ @ IBO_k,B’yO_ _ 4nnk5d’y
5mnkl<a U) A= _4iUmnozﬁa 5mnkl<gkgl) 8= 4l6mn 8
JmJan nm nnkam o nmno_k + IEmnklO'l
Mo gk = prkgn — prkgm — gk _ jemnkls,

The two-spinors satisfy the following properties
YW ="%ar VY =YV’
7Y =_1/J% _71/1 =Yy (B.2)
yo"' Y = —pa"y, o6 ") = Po"a
Yo" = o™y, AT = —wam"fy

See also the appendices of [35] for other relations and details.

With background

MY (€. 0) = —eM5iB _ jemngas, (€- U)Q’BUZLB =", 5 +i€"0, .
o (€ 5)6‘5 =—"o, .5 tie"o, 5, (e U)aﬁﬁmgo‘ = MNGaY _ jemngan
1 .

(€:0)q P (e o)’ = _iemn (€mn + i€mn) 60

_\& _\f 1 mn s> &
(€-0)" 5(e-0)"5 = —5¢ (€Emn — 1€mn) 6%
) . . i . o i
Em" Orny — ien ok = 5 (€2 0)" 1mn,  Em Trn 5 +ien" Thm 5 = =5 (€ @) gt
o™ (e-5)% B*”ﬂﬁ n (e 0)% 5a™0P =2 (™ — i) 6,0
" (e o), Po ZB — "9 (e U)a’@O'gLB =2 (™" +1e™) 5(5‘5
o™ G (e o), B4 (e U)afya,%ﬁnw = —2(™ 4+ ie™) 5,7 — 2™ (e o), P
amaaag,y (o) s+ (e-0)" L gMB g Zﬁ = —2(M" —ie™) (56‘5 2™ (e-0) 4
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C Inverse matrices with the field strength ¢

Due to the presence of the (n —ie) factors in the superspace action, the inverse matrix
(n— ie)f1 is recurrent in the Lagrangian after redefinition and in the equations of motion.
In this work, for the sake of simplicity, we have not developed the inverse matrices in the
Lagrangian, such as (5.57). Nevertheless, they can be written explicitly in terms of e and
its dual €. For a constant a ~ O(1):

1

) _ ) L i, .
(aNmn — 1€mn) - F agnmn + a%iemn — A€y + 1 (€€) €mn (C.1)

; — 41 (.2 2
with F = a® — 75 (e€)” — % (ee).
The denominator of the r.h.s. is a non-vanishing number for any small electromagnetic

field strength. When a = 1, we have for instance

-1 _ 4 — (ee)

m (nmn - iemn)

Tr(n—ie) ™ =1

Emn (

. -1
Nmn — 1€mn) =

_ N 1
(Nmn — 1€mn) Lgmakgn — [2177”]C + 28k 4 9m (h 3 (€€) emk} Tm

(C.2)
It is possible to work out other forms of inverse matrices thanks to (C.1). In particular,
i

we encountered in (4.84) the factor (nmn — 3€mn — %%mkékn)fl, which can be found by

decomposing (T]mn — %Emn — %gmkg’fn) into a product:

i ].~ ~k _1 1 s } _ k s k
(nmn 5 €mn — 5 €mk€ n> =3 {2 (14 2) Dk 1emk] [2 (1—2)d%, —ie n] (C.3)

where x = /2 (ee) — 7. A helpful property of these inverses matrices containing 7, €, €, that
we denote generically by K,,,, is

Kpn€™ = en K™ Kpné™ = &, K"* (C.4)

Besides, while deriving the constraints of the fermionic Lagrangians, we used the inverse of
[1 +i(e-o)]. Due to the third line of (B.3), we know that

[1+i(e-0)]a7[171(6-0)]wﬁ = [1*1(6'0’)]047[14»1(6-0')]76 = [1;(ee+ie€)] 6"
(C.5)

therefore,
1

T [1—i(e-0)]," (C.6)

[141(e- 0’)]_1 oF

The inverse of [1 +1i(e- )| is worked out analogously.
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D Physical and non-physical fields

It is insightful to have a qualitative understanding about the role of each component of the

superfields.

e The (00)(00) components of {V,,,B,C} are auxiliary fields.

e All the gauge parameters appear at least once algebraically in the transformations,

hence correspondingly certain fields turn out to be pure gauges.

e In going to the unitary gauge adopted in our work, we identify the Stiickelberg fields

by looking at the field redefinition.

The roles of different components are summarised in the following table:

Vin B C Uias UZO‘
Physical Vmny By Cmy | N1y B, Vi | M1, A, ¥ja
Xjims S\jm
Auxiliary M, Dy, Pja, G, No D, M, Tjs Tjmn
Stiickelberg ) Vja, W2m, Sj
Pure gauge || fmn ® §ja Tjma, Cjo,
(except Wims Qjm;
Stiickelberg) S jmn
Others Hjo s Nja
where in the last line, 11, appear as Lagrange multipliers. As for the components 7;q,

being also pure gauges, they do not contribute to the Lagrangian.
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Chapter 3

(Too) slow gravitinos

The theory of elementary spin-3/2 particles was initiated in the 1930s. In a 1936 paper [5],
Dirac has pointed out the importance of writing out the equations of motion for such states,
which not only are of mathematical interest, but they also allow for a direct application
to elementary particles of spin-3/2 if they are observed in the future, or at least to the
composite states in the point particle approximation. The Lagrangian of an uncharged spin-
3/2 field in a flat space was established by Rarita and Schwinger in 1941 [6], employing
a vector-spinor subject to transverse and ~y-traceless constraints. As we have seen in the
previous chapter, the massive charged spin-3/2, or more generally massive charged higher
spin (s > 1) states minimally coupled to electromagnetism, suffer from inconsistencies known
as the Velo-Zwanziger problem. Indeed, the problematic propagation of spin-3/2 often occurs
in a non-trivial background. In addition to the aforementioned electromagnetic background,
serious phenomenological issues can arise also in a curved spacetime.

Gravitational particle production in a curved background is an important source of the
observed dark matter density in modern cosmological models, ranging from scalar candidates
to highers spin fields. The spin-3/2 case has drawn a particular attention partly due to the
fact that, the gravitinos, i.e. the spin-3/2 partners of the graviton, are an indispensable
building block of supergravity theories. For a brief understanding of this point, recall that
gauging the ordinary Yang-Mill symmetry requires the introduction of a gauge field Aj
transforming as

§A% = 9,A° (3.1)

with A% the gauge parameter. In supergravity where supersymmetry is gauged, the symmetry
parameter is not a scalar or vector, but a spinor €,, with o = 1,2 a spinor index, and
therefore the corresponding gauge field should be a vector-spinor xj; (viz. of spin-3/2). One
can further show that this vector-spinor sits in the same multiplet as the graviton, hence
the name “gravitino”. In the super-Higgs mechanism, the gravitino acquires a mass term by
eating up the spin-1/2 goldstino, and obtains subsequently the helicity +1/2 states. This
mechanism explains why no goldstino has been observed so far.

The equations of motion as well as the production of the gravitinos, in a curved back-
ground, are studied by various authors two decades ago [16-19, 67]. The gravitinos can
be produced in the early universe, through both thermal scatterings after inflation during
reheating, and non-thermal generation by inflaton oscillations. Depending on the specific
inflationary model, the latter may turn out to be much more efficient than the former [16,
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17], resulting in a dangerously abundant generation of helicity-1/2 gravitinos, and eventually
jeopardizing the big bang nucleosynthesis.

Another problematic issue of gravitino production has been put forward in a more recent
work by Kolb, Long and McDonough [20] concerning the “too slow gravitinos” In fact, it
was noticed earlier [68, 69] that in a fluid background breaking at the same time supersym-
metry and Lorentz invariance, the sound speed extracted from the dispersion relation, of the
helicity-1/2 gravitino, is lower than the speed of light. Gravitinos with such behavior are
named therein “slow gravitinos”. The situation is similar for the curved background, which
may also give rise to slow gravitinos. Intriguingly, while investigating the sound speed of the
gravitinos in a Freedman-Lemaitre-Robertson-Walker (FLRW) spacetime, the authors of [20]
have discovered that for masses lighter than the Hubble expansion rate mg/, < H, the sound
speed may vanish, in which case the gravitino production is divergent, and this phenomenon
is called “catastrophic gravitino production”. Note that such scenario differs from the previ-
ous problem of over-abundant gravitino production. The divergence here signifies that the
cancellation of the sound speed removes the cutoff on the particle momentum, therefore,
modes of arbitrarily large momentum can be produced, which signals the breakdown of the
effective field theory. Subsequently, a Swampland Conjecture is formulated in [70], stating
that gravitinos in consistent effective theories of quantum gravity must not have vanishing
sound speed.

Does supergravity survive this requirement? In the presence of one chiral multiplet, it has
been shown already in [18, 19], that the sound speed is always the speed of light. Meanwhile,
in models with multiple chiral multiplets, subject to constraints, the sound speed may vanish
[20], and may even become superluminal [71]. The latter situation implies acausality and
appears in non-linear supersymmetric models, which will not be our focus thereafter. The
question that we will address here is rather: what is the gravitino sound speed in supergravity
with linear supersymmetry? To this end, we study the simplest case of N = 1, d = 4
supergravity with two multiplets, and point out the subtlety in the definition of a physical
speed, due to the mixing of two fermions. We will show, through explicit examples, that the
physical sound speed never vanishes, and in certain cases, it is equal to the speed of light.

The following sections are structured as follow: in Sections 3.1 and 3.2, we summarize the
massive spin-3/2 action and equations in a flat and curved spacetime respectively, introducing
the notion of sound speed. We also review the catastrophic gravitino production in [20],
related to the vanishing of the gravitino sound speed. The following section presents detailed
calculation and diagonalisation of the coupled equations of motion, both in the case with
two chiral multiplets and with one chiral plus one vector multiplet. In the end, we draw our
conclusions. Conventions and notations are listed in Appendix B.
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3.1 Spin-3/2 in a flat spacetime

Let us recall some basic properties of the spin-3/2 field and its decomposition in the
momentum space. The treatment here follows closely that in [20] but with conventions of
[19]. In the Rarita-Schwinger construction [6], the spin-3/2 is described by a vector spinor v,
originating from the direct product of the (%, %) vector representation, and the (%, 0) <) (0, %)
spinor representation of the Lorentz group. The result is a reducible representation:

BB MR MR

which corresponds to one spin-3/2 component, including helicities +3/2 and +1/2, and two
spin-1/2 components, where the latter can be projected out by a constraint. The Rarita-
Schwinger action is conventionally written as

Sus = [ d'x [~ (0" 0p0,) + mibyn | (3.3)

where yHY = (yHyY — AVyH) /2, AP = (yHyPAY — 4¥yPyH) /2. The Euler-Lagrange equation
gives
=P Opthy + mAyHap, =0 (3.4)

Acting with 0, and ~, on the above equation, we obtain
Y Ourby =0, =29 0uthy + 3mAf P, =0 (3.5)
which then implies the divergence and v-trace constraints

O =0, A, =0 (3.6)

in addition to the Dirac equation (iv”d, —m) 1, = 0. We are then left with four physical de-
grees of freedom corresponding to the four helicity states of spin-3/2. As a side comment, the
massless case can be obtained by directly fixing m = 0 in the Rarita-Schwinger Lagrangian,
which introduces a gauge invariance ¢, = d,A and the on-shell degrees of freedom is re-
duced to two. We will focus thereafter on the massive spin-3/2 only. To see how each helicity
state behaves, let us move to the momentum space by the Fourier decomposition

K

¢M (t7x) = / qu,k(t)eikm (3-7)

and for simplicity we choose the direction of the momentum to be k = (0,0, k,). The four
components of the vector-spinor, g, - - ,13, are mixed through the constraint equations,
though the Dirac equation is satisfied by each of them. The helicity eigenstates, that are
orthogonal to each other, are found by spinor-vector projectors constructed from

o The spin-1 helicity projectors (s = £1,0):

where €, are the polarization vectors.
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o The spinor projectors (s = £1/2):
1 1.2
Si—§(1i277> (3.9)

Orthogonal combinations of them yield the vector-spinor projectors for the four helicity
states £3/2,+1/2:

(P:I:S/Q)Mz/ = Sy (My)",
(P:tl/2)uv = Sy (Mo)*, 4 S (Mx)",

The helicity eigenstates are obtained from the above projectors. In terms of the four space-
time components g, - - - , %3, their expressions are

(3.10)

U1jok = \éé (1/11,k - V1721/12,k)

1 (3.11)
_ 1.2
Y328 = NG (1/11,k +7 7/12,k)
They obey separately the Dirac equation:
(’Yoao + ik, + m) Y12k =0
(3.12)

(7080 + ik’ + m) V326 = 0

The sound speed ¢, is defined as the coefficient in front of the momentum squared k2 in the

dispersion relation, namely
wy = +\/2k2+ - (3.13)

Here, we have the usual relativistic dispersion relation for the two eigenstates: wy =
+vk? +m2, and the sound speed is therefore trivially the speed of light. We will see in
the next section that in a curved background, due to the different treatments of space and
time, the dispersion relations of the helicity +1/2, £3/2 modes are modified by the scale
factor.

3.2 Spin-3/2 in a curved spacetime: catastrophic production?

3.2.1 Rarita-Schwinger action and equations

We follow the references [19, 20] to review the curved-space Rarita-Schwinger action
and the particular case of FLRW metric. For more detailed introductions of curved-space
quantum field theory, see for example [28, 30].

Moving from the Minkowski metric 7,4 to the metric of a curved spacetime g,,, it is
convenient to introduce the frame field (or vierbein) e®, that allows to properly describe
spinors. At every spacetime point, the two metrics are related by

G = eaﬂ(x)ebu(w)nab (3.14)
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Note that the metric is defined by ds? = gudxtdx”. The first index of e?, is raised and
lowered by the Minkowski metric 74, while the second one is raised and lowered by g,,,. The
torsion-free spin connection is

wﬁd(e) = 26”[66[“65}] - ea#e”[cead]&,eg (3.15)
which, when contracted with the generator of local Lorentz transformations in the spinor
representation 7.4, is used to define the covariant derivative acting on spinors. The y-matrices
in curved spacetime are obtained via contraction of the constant y-matrices with the frame
field:

Vo =€ uYa (3.16)
In our notation, the constant y-matrices have an overbar. The covariant derivatives on
different fields are given in Appendix B.
The Rarita-Schwinger action generalized to the curved spacetime is:

Srs = /d4$\/ —qg [_\Tj#,yupu (DP\IIZ/) + m\j#,}ﬂ”\py} (3'17)

Let us consider the particular case of FLRW metric ds? = a(n)?(—dn? + dz?) where a is the
scale factor and 7 is the conformal time. The factor /—g¢ is equal to a*, and the covariant

derivative acts as D, V¥, = (8u + %aHnup'?po) ¥,. The Hubble rate is given by H = d,a/a’.

The ~-matrices are related by ~, = a_lﬁu. We furthermore introduce the rescaling

bu (@) = a'/? () W, (n, ) (3.18)
The equation of motion for v, derived from (3.17), reads
YO, + aH (34170 = 30") by, — amA Y, = 0 (3.19)

The Dirac equation is now modified by the time-dependent scale factor a(n), with a rescaled
mass a(n)m and an extra Hubble-dependent term. We recover the equation in Minkowski
spacetime by setting a = 1. The constraint equations can be obtained in a similar way,
applying on the equation of motion respectively 7, and the covariant derivative D,,, then
combining the two results. The detailed calculation, which is not fundamental for our dis-
cussion, will not be carried out here.

3.2.2 The sound speed

Now, we go straightforwardly to the gravitino sound speed in curved space. We first
Fourier-decompose the rescaled field 1), as

3 .
Un.@) = [ st (3:20)

and same as before, the two orthogonal helicity eigenstates are obtained by helicity projectors
(always choosing k = (0,0, k;)), with

Y12,k sz/g<¢1$:—'7172¢2k)
1 1.2
VY3/2,k ZZ\/2<¢1k +77 ¢2k)
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The equation of motion (3.19) implies in the momentum space for the two eigenstates:

(300, + ik7% + am| g0 = 0

0 N (3.22)
[ﬁ On + ik (CA +1Cp7 ) s am] Y1jo6 =0
with 1 1 0,
Cr=——s [(mQ - H2) (—R - H*+ 3m2) - 4Hm"m]
3 (H2 + m2) 3 a
o ) om (3.23)
__m g ip_ H2 2> 2 H2 n :| )
B =S s [ ( g1 +am?) + (o )

Comparing the curved space mode equations with (3.12), one can notice that the helicity
+3/2 state still obeys the same Dirac equation as before but with a time-dependent mass
a(n)m, whereas the other helicity +1/2 mode is modified by the Hubble rate and an addi-
tional 4° term in front of the momentum. In order to extract the dispersion relations, we
write out explicitly the -matrices and put the equations (3.22) in the form

O3 ar = Az a

, (3.24)
Zan¢1/2,k = A1/27,Z)1/2,1c
where
_fam k B am (Ca+1iCp)k
A3/2(77) - ( k _am> ) A1/2(77) - <(CA _ ZCB) k —am (325)
The dispersion relations correspond to the eigenvalues of the above matrices:
wso+ = TVEZ 4 a?m?, W24 = i\/(C'i + C3)k? + a?m? (3.26)

We can immediately remark that the sound speed of the helicity +3/2 state is the speed of
light, same as in the flat spacetime, meanwhile, the sound speed of helicity £1/2 turns out
to be ) )
1 1 (Opm)
2 _ 2 2 2 2 n
=C4+Cg=———||-2R—H"+3 4— 3.27

%=Catls 9(H2+m2)2[< 3 +m) L ] (3:27)
Consider the gravitino production from inflaton oscillations at the end of inflation, with
inflaton potential V' (¢). The Freedman equations imply

P (p - 3m§/2M]23)2 . 4M$ (8m3/2/8t)2 (3.28)
T (prsmieMp) (ot 3m2,03) |

where p and p are the energy density and the pressure. Mp and m3/, are the Planck mass
and gravitino mass. ¢ is the cosmic time. It is claimed in [20] that, whenever this speed
vanishes (possible when H/m > 1), the gravitino production will be divergent. One of the
arguments was based on the dimensionless measure of nonadiabaticity Ag(n), given by

Opwi;

Aln) = (3.29)

2
Wi



which for helicity +1/2 takes the form

o — alHm? + c5(0ycs) k>
R (a2m? + c2k2)3/2

(3.30)

The particle production rate is relatd to the variation speed of the dispersion relation, and
becomes efficient when Ay > 1. When ¢, vanishes, occurring when H/m > 1, we have then
Ay, = H/m, which not only exceeds one, but also is independent of momentum. The latter
point is crucial for the catastrophic production, because it means that particles of arbitrarily
high momentum can be produced and there is no momentum cutoff.

The main question in this chapter is whether this sound speed can vanish for the gravitino
in supergravity, in the simplest setup of N' = 1, d = 4. In the supergravity context, the
gravitino propagation in the case of one chiral multiplet has been studied by various authors
[16-19], and the gravitino equation of motion in the presence of arbitrary number of chiral
multiplets is discussed in [19]. To enter into the subject, we provide here a quick glimpse
of some general features of gravitino propagation in supergravity, with FLRW background
and only one chiral multiplet, while a more elaborated presentation will be given in the next
sections.

The gravitino equation of motion derived from the supergravity Lagrangian takes the
form

m
(@ + m) ?/)u = (DM — 2’7u> ’Ylﬂzz)y (331)
Kj2 W_
M,
tential, respectively. The divergence constraint is

The gravitino mass is m = e where IC and W are the Kéhler potential and superpo-

3
Dy = Py + Gmy e = 0 (3.32)
and after some tedious algebra, the trace constraint can be put in the form
Ygpg = Avyip; (3.33)

A is a matrix whose general expression for any number of chiral multiplets is provided in [19].
The idea is again to find the equation of motion for each helicity state in the momentum
space. It is convenient in this case to decompose the Fourier mode'! into its transverse part
I the y-trace v%1; and the trace k - 1:

1

A - 3a 1
Ski(k- 7)) Vb + <2k¢ -

pk) ke (3.34)

2

1
vi= ol + (5m- >

By the constraint equation (3.32), k-1 can be expressed in terms of y*4);, so the decomposition
(3.34) involves only the 7-trace corresponding to helicity £1/2, and the transverse part,
representing helicity +3/2. Their equations of motion are

(77080 + 7'k + am) o =0, T = /27 (3.35)

and
(80 — i koA + 3) (ﬁwi) —0 (3.36)

!By an abuse of language and for the sake of simplicity, the Fourier mode is also written as .
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The mass matrix B depends on A and the scale factor a. The following steps are clear and
we can extract from the above equations the dispersion relations, then the sound speeds.
For the transverse component (helicity £3/2) we have ¢; = 1, whereas the longitudinal one

(helicity £1/2) has ¢; = ‘A‘Q The latter in the FLRW background is shown to be equal to
1 and therefore both helicity £3/2 and £1/2 propagate at the speed of light.

N =1, d = 4 supergravity with one chiral multiplet is exempt from catastrophic gravitino
production. Is this still the case if we have more than one multiplet? When there are two spin-
1/2 fermions, sitting either in two chiral or one chiral plus one vector multiplet, the equations
of motion generalized from Eq (3.35)-(3.36) are a coupled system, and a diagonalization
procedure is necessary to find the equation of the physical fermion. The sound speed is then
recovered from the dispersion relation of the physical fermion. In the following, we present
the work [72] where we compute the sound speed in the case of two multiplets, and show
that it never vanishes, hence no catastrophic production would occur.

3.3 Publication
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ABSTRACT: Gravitinos can inherit a non-relativistic dispersion relation while propagating
in a background breaking both supersymmetry and Lorentz symmetry spontaneously. This
is because the longitudinal mode velocity is controlled by the sound speed in the back-
ground. It was pointed out recently by Kolb, Long and McDonough that the production
of gravitinos might diverge when this sound speed vanishes. We argue that in the frame-
work of cosmological models with linearly spontaneously broken realised supersymmetry,
where the physical fermions are combinations of the vacuum goldstino and the inflatino,
the gravitino longitudinal mode has a relativistic dispersion relation and therefore avoids
the catastrophic production. We illustrate this in some explicit examples.
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1 Introduction

In the super-Higgs mechanism, a spin 1/2 fermion, the goldstino, combines with the grav-
itino and provides it with the appropriate number of degrees of freedom for a massive spin
3/2 [1-5]. When the spin 1/2 propagates in a generic background with a non-relativistic
dispersion relation, for instance at the sound speed cs < 1 in fluids, the result of the super-
Higgs mechanism has been denoted "slow gravitinos" [6-10]. Such situations might occur in
cosmological backgrounds as cosmological solutions treat time and space differently [11-15].

At the end of inflation, during the period of reheating, the inflaton dissipates its energy
while oscillating around the minimum of its potential. This energy is in part converted
into a non-thermal production of gravitinos. This process was studied in [12-15] where the
equations of propagation of the different gravitino modes were established. In particular,
there is a copious production of the helicities +1/2 components of the gravitinos, the gold-
stino fermion at the moment, which was also numerically evaluated in those papers and in
[16, 17].

Recently, [18, 19] have reconsidered this process. The equation of motion of the fermion
0 describing the longitudinal mode in the vaccuum after reheating can be written as

[7°80 + i7'kics] 0 + - -- = 0, (1.1)

where the --- stand for mass and mixing terms with other fermions. The sound speed is
identified then as given by:

2
— 2 2 2

2 2
(p+3m2,M3)"  (p+3m3,M3)




where Mp is the reduced Planck mass, mg/, the gravitino mass, while p,p denote the
energy density and pressure of the matter system. It was then noticed in [18, 19| that a
catastrophic gravitino production occurs whenever the above sound speed vanishes.

In the supergravity cosmological models we discuss here where supersymmetry is lin-
early realised (but spontaneously broken), the slow goldstino is not an eigenstate of the
Hamiltonian. It mixes with the fermion whose scalar partner has a non-vanishing kinetic
energy, for instance the inflatino in the works mentioned above. These give rise at each
moment, after diagonalisation, to combinations of the two fermions that are eigenstates
of the Hamiltonian and ¢; is not a physical quantity. This has motivated [10] to resort
to non-linear realisation of supersymmetry in order to project out the second fermion and
construct models of slow gravitinos. If one keeps both states, it was pointed out in [20] that
¢? = 0 does not lead to catastrophic gravitino production. More precisely, as the coefficients
of the momentum vector & in the kinetic term are now described by a mixing matrix that
is known not to be singular as ¢2 = 0, no catastrophic production is expected.

The aim of this work is to derive explicitly the general dispersion relations of the
physical fermions in standard linear supergravity and show that not only as expected the
mixing matrix in the fermion kinetic terms is not singular, but, it can be diagonalised to the
identity matrix. Using the non-adiabaticity coefficient, we conclude that in this background
catastrophic production does not occur. Furthermore, we show in particular cases that
the physical sound speed is equal to one independently of the value of cZ; namely, for
degenerate fermion masses, the dispersion relation is relativistic despite the time dependent
gravitational background.

In section 2, we consider the general case with a goldstino combination of two fermions.
We exhibit through diagonalisation of the kinetic terms the generic form of the dispersion
relations of the physical fermions. We argue that these do not lead to catastrophic gravitino
production. One of the novelties of our work is to consider also the case where one of the
fermions arises from a vector multiplet. Section 3 presents some examples where the whole
diagonalisation can be carried out explicitly and where the dispersion relation takes a
relativistic form.

2 The General case with two fermions

We consider an N = 1 supergravity model where in addition to the graviton and gravitino
1, one has two possible sources of supersymmetry breaking in the vacuum. The first is
a potentially non-vanishing D-term P for a U(1) vector multiplet. The second possibility
uses the non-vanishing F-term of a chiral multiplet. In addition, during the cosmological
evolution, there is an extra source of supersymmetry breaking given by the non-vanishing
kinetic energy of a rolling scalar, the inflaton. To describe this system we consider a vector
supermultiplet with field strength and gaugino denoted as F,, and A, respectively, as well
as one or two chiral multiplets consisting in scalars ¢; and fermions y;, ¢ = 1,2. The



corresponding Lagrangian is given by: !

— 1 1 A i A
L=~ MR- gl (9,0') (870;) —V
1 7. 1 7 v 1 * 7 v
— SMBGLR + Sty bur + 5m B
1 1- 1 N I
+ (Re f) [—ZFWFW - §ADA] +i(Im ) [FWFW —d, (MW#A)}
(2.1)
1 VP i o MV T —
+ Z {(Ref) %ﬁ FVP’Y A— [f XiY FMVAL—i_h'C']}

— g [X;DX" + X'Dx;| — mxix; — miX'x?
— 2mia)zi)\ — 2mia)zi/\ — mR’ag;\R)\R — mL,a,BS\L/\L

+ (29ji&uR’YV”Xjéu¢i + g - Yyur, + h.c.)

where L, R subscripts refer to the left and right chiralities, respectively. Moreover, y; is a
left-handed field while x? is right-handed, and ¢’ denotes the complex conjugate of ¢;. The
kinetic term of the gravitino is defined as R* = y#*??Dj1),. The covariant derivatives as
well as the mass terms in this Lagrangian can be found in Appendix A. The Greek index
a in the gaugino mass terms m;, is set to 1, since there is at most one vector multiplet, in
which case there is also only one chiral multiplet and thus the latin index ¢ is also set to 1.
The field strengths F),,, R . are irrelevant for our discussion, and are defined in [15].

The Kihler metric g;7 is given by the Kihler potential K with

, o 0
J — . 2.2
9" = 94 06, 22
and the gravitino mass mg is determined by the superpotential W as well as the Kéhler
potential
a2
mg)9 = Im|M52%, m=e*e W (2.3)

The scalar potential is a sum of the F-term and D-term contributions, with m; the Kahler
covariant derivative of m and f = 1/¢? denoting the gauge kinetic function, assumed to be
constant:

1 1
V=Ve+Vp, Vi=-3M2mP+m;(g)  mi, Vp= 592732 (2.4)
where P is the Killing potential.
In the following, we will consider a flat universe described by the Friedmann-Lemaitre-
Robertson-Walker (FLRW) metric ds* = a?(n) (—dn?® + dx?) where a is the scale factor
and n = 20 is the conformal time. The determinant of the vierbein is then e = a*. We

further introduce the dot derivative with respect to the physical time ¢, with f = a 19,f.
The Hubble rate is defined as H = a/a.

!The Lagrangian with a generic number of chiral and vector multiplets can be found in [15].



Throughout this work, we will assume real backgrounds, and use the plane wave ex-
pansion for the fermions W (n, k) = exp(ik - Z)¥(n). Useful notations are:

aEp—l—BMEQmQ, o Ep—3M1§2m2, g = 21n,
A s - 1
A=A +7°4; = o (a1 +7%a2),

A . . 3., 1 A

B=B+7"B, = —50A - 5Jw];%m@ou + 34)

ni =905, n'=gi'd, |6 = 9790

g=m' +3%"  &=mi+7°n

2 2
2 _ o az 4| ef k=L ksj L2 9.9

AT=1- PR [qblgzﬁjmkm (94 9/’ _51'5[) + 5\?25‘ 9P
In the FLRW background, the energy density and pressure are given in terms of the Hubble
parameter as

p=3MEH? p=—M3 (3H2 + 2H) (2.6)

Before choosing a gauge, the goldstino v in the last line of (2.1) takes the form
. o
v=E" X+ 51PA (27)

To describe the theory in the supersymmetry broken phase, we follow [15] and introduce
the combination of spin-1/2 fermions

0=~ , YT=a(nx" +n'x)

T RNk TR, | @28
Er = —mFgy Ymiix' +3°¢; (m'xi + mIAL) +1IMp*mPAR — ig*Pmix’

In the unitary gauge v = 0, (2.7) then relates the gaugino to the chiral fermions. The
spinors in (2.8) are a priori independent. However, as we consider the case of two fermions,
0 will be associated with the longitudinal component in the vaccum of the gravitino in the
unitary gauge. The fermion T describes the correction to this mode from supersymmetry
breaking by the rolling scalar kinetic energy. In this case, T and = are proportional to each
other, with

E=—a'FY (2.9)

For two chiral multiplets, the matrix F is provided in [15]. In the presence of a D-term, the
remaining chiral multiplet is written as (1, ¢1), and the kinetic energy becomes |¢|? = g1 '¢?
. We find (for non-vanishing |¢[? and P):

ol VP o gy, P 2m
F=— +7 <(g1) mi Pn1+M123 (2.10)

As emphasised by [15-17], the equations of motions for § and Y are coupled together,
thus spin-1/2 particles produced are not necessarily the longitudinal component of the
gravitino, but the fermions that diagonalise the Hamiltonian. We call them the physical
fermions thereafter. Moreover, the spin-1/2 fermions (f, YT) have non-canonical kinetic



terms and thus will be rescaled before diagonalising their equations of motion. It was
noticed in [16, 17|, in the two chiral multiplets case, that the kinetic terms can be written
as 4
Lo —a—AaQTWOaOT - %agéﬁoﬁ(ﬂ (2.11)
Here we are going to generalise the above expression in the presence of a vector multiplet
with a non-vanishing D-term. T can be projected onto the left-handed gaugino by

1 i
PLEY = —caPrgy’ <£1><1 +&ha + ?57%) (2.12)

where in the first line we used the unitary gauge condition v = 0 from (2.7). The right-
handed gaugino is obtained by charge conjugation:

PRrejT = %amPPR/\ (2.13)
On the other hand, it is easier to project T onto the chiral fermions given its definition:
PrY PrY
X1=—7 , X = (2.14)
an any
Expressing the gaugino and chiral fermion kinetic terms in terms of T, we find
4aVp 14 da(o — Vp) = _o da -
L5 ——35 (M) = ——55=070T = ——5 17" Y (2.15)

As for 0, one uses the fact that the spatial component of the gravitino can be decom-
posed into

G =+ 5 (R + i — 75k (9 + MpZam) | 6 (2.16)

where 9T corresponds to the transverse mode. Inserting the above equation into the grav-
itino kinetic term in the Lagrangian, we recover the same form as in (2.11). Consequently,
in presence of one chiral multiplet and one vector multiplet, the kinetic terms of 6 and T
are the same as for two chiral multiplets, up to a redefinition of @ and A. We thus can use
the same rescaling in the two cases, allowing to have canonical fields {¥y, Ws}:

217 k; A 1/2
P S TR (3) U, (2.17)
(aa?)'/? 2 \a
2.1 The mixing matrices
In the basis {Uq, Us}, the spin—% part of the Lagrangian takes the form:
S ) 1 60(0“13) -0 0P s_ig. At - -0
L\III\IJQ = — ‘1’1 Yy 80‘1/1 — 5 aa3 Yy \111 +’Y B\Ifl + 17y ]{JZA \111 — Y k‘ZA’y \112
- Oy (A/2 . A
— Uy [7%99 0y + 027\/@#)\1/2 + 3B, + i3k ATy + 20770, (2.18)
a

am ~ .
+W\I’2 + G’VOF\IQ + i’_}’o:ylkiA\pl
P



where the different parameters are given in (2.5) and F' = F} + 3°F, is defined in (2.9).
The explicit form of (2.18) depends on the specific model. We will illustrate some examples
in Section 3.

With ¥ designating the vector (U1, U5)T the above Lagrangian can be put in a simple

form

Lyw, =—V[7°00 +17'k;N + M| U (2.19)

with equations of motion

[%°00 + W' kiN + M| W, =0, m,nec{1,2}. (2.20)

n

The N and M mixing matrices are given by?

A 3 A
M=1 —bBs 0 + 49 —3 %G+ B 0
=1y ~ ~ vy (AL /< ~ . ~
0 Byt &% — al 0 tﬁiﬁwlmma
L — By 0
S0 Bt —ahy
(2.21)
and
~ A0 o[ =4y —A
N=N ON, =1 ; 0 . 2.22
1+ 77 NVe 4(0A1>+V (—A A2> (2.22)

where 14 is a 4 X 4 unit matrix. We should stress that in the decompositions of M and
N, the 2 x 2 matrices act on the basis {U1, W5}, while 4° is a 4 x 4 matrix acting on the
spinor indices. In the first line of (2.21), the 4-dependent part vanishes both for two chiral
multiplets and for one chiral multiplet with a D-term due to the property

- 1/~ 4 ace  3a
31=§<B+BT)=%+? (2.23)
Note also that for A appearing in the denominator of T kinetic term (2.15), there seems
to be a singularity at A — 0, but this singularity cancels out in the mixing matrices M, N,
because there is another A in the denominator of £} compensating the one in front of the
T kinetic term.

In the {¥y, ¥y} basis, only N contributes to the mixing. One might be tempted to
diagonalize N so as to decouple the two fermions, but in general the mixing matrices depend
on time, thus a unitary transformation to the basis diagonalising N would also be time-
dependent, which by time derivative gives a contribution to the mass matrix, rendering
M non-diagonal. Though on general grounds, we will not provide an analytical expression
of the physical fermions in terms of {¥, s}, as long as we consider the catastrophic
production in [18, 19] it is not necessary to carry out the entire diagonalization of (2.18).

2The difference of some signs compared to [16, 17, 20] is due to the 7° convention.



2.2 Dispersion relations for the physical fermions

Expressing (1.2) in terms of the parameters of (2.5), we observe that the sound speed (1.2)
amounts to the norm of Nij, namely

— A2 A2=1-A2 (2.24)

In the case of a single chiral multiplet, the fields T and = vanish in the unitary gauge, and
we are left with 6. The norm of N = Np; enters into the dispersion relation as the gravitino
velocity. It is a well-known result [12-14] that A7 + A3 = 1 for one chiral multiplet, thus
the gravitino sound speed is the speed of light. However, when two fermions are present,
T cannot be omitted and the physical fermions are combinations of 8 and Y. The question
is then raised whether (2.24) is the sound speed of a physical propagating state.

One can check that the mixing matrix N in (2.22) is unitary, thus it can be written as
an exponential of a phase

N = exp (207°) = cos(2®) +7sin(20), &' = (2.25)

Furthermore, notice that N; and Ny are real, then ® is a real, thus symmetric matrix. By
a unitary transformation W = exp(7°®) ¥, the exponent in (2.25) is taken away, making N
equal to the identity, and the Lagrangian (2.18) in the new basis U = (U1, U5)” becomes

Lig, =~V [3°00 + 5k + M| 0. (2.26)

The new mass matrix
M = M 4+ 7°My = exp(7°®) M exp(—7°®) + 9y @
My = cos(®) M cos(®) + sin(P)M sin(®) + P, (2.27)
My = sin(®) M cos(®) — cos(®)M sin(P)

is in general non-diagonal, due to the off-diagonal elements of ®. We obtain therefore
a system of two propagating fermions subject to oscillations due to the time-dependent
mixing in their mass matrix.

As a side remark, the matrix ® of (2.25) is a phase and defined up to a constant, as long
as N1 = cos(2®), Ny = sin(2®) are satisfied. On the other hand, the transformation matrix
exp(7°®) = cos(®) + 4" sin(®) may take a minus sign according to the choice of ®, but the
Lagrangian (2.26) is independent of this choice. Moreover, the constant ambiguity does not
change Jy® and the minus signs in cos(®), sin(®) are compensated in the expressions of
(2.27). As a result, this ambiguity has no effect on the Lagrangian or on the mass matrix.

Since My is antisymmetric, we can further perform an orthogonal transformation |16,
17] in order to eliminate this matrix

U= L0, with (80 n MQ) L=0. (2.28)

Thus, we arrive at a Lagrangian where the mixing comes only from the mass matrix, that
is ¥ —independent
L4, =~ [7%0 + i3k + LA L] 0. (2.29)



M = LTM, L is real and symmetric, hence it can be diagonalised by an orthogonal matrix
C, with
p = diag(p1, p2) = CTMC.. (2.30)

The energy squared eigenvalues for the fermions are then of the form
E? =k 4 1. (2.31)

Although the momentum squared is multiplied by 1, yet one cannot conclude from (2.31)
that the sound speed of the physical fermions is the speed of light.

To have a closer look at the propagation of physical degrees of freedom, we follow the
approach in [16, 17, 21| and expand U; into creation and annihilation operators:

Cz]/ 27T 3/2 ’Lk-X U&-]g(k/n)af'(k)+‘/7-]Z(k777)bié(—kj) ’ (232)

where r = + denotes the helicity components and a summation over repeated indices is
understood. The spinorial Fourier coefficients are written in terms of the helicity eigenfunc-
tions ¢+ and mode functions (matrices) Uy, Vi:

T
1
, Vi =

v V” g

U U”
VoA A

UZJ rs T
VoA A

(2.33)

Since Uy and V4 are related by charge conjugation invariance of ¥;, we can restrict ourselves
to the mode equations of U.. Taking the momentum along the x®—axis and defining the
antisymmetric matrix

=cTo,C, (2.34)

the equations of motion of ¥; result in

. U+ U+ —IF — U —k‘12
_D D= 2,
1% (U_> (U_> ’ < k1, —iI‘—I—u) (2.35)

where D is a 4 X 4 hermitian matrix, whose diagonal blocks encode the time dependence.

Its real eigenvalues are

1
wig =% F?2+k2+5(u%+u%)+<

[SIES
N[=

1 2
1 (ni — p5)” +T7, <4k2 + (1 + M2)2>>

1 1 2
wa = £ T + %+ 5 (iF + 43) - <Z (3 = 3)" + Ty (4R% + (1 + u2)2)>

[NIES
[SIES

(2.36)
where we denoted the (1,2) element of I' by I'ys.

Note that when the fermions have degenerate mass 1 = po = i, then from (2.30),
]\Zfl = pnly and '3 = 0. Thus, in this case we recover the relativistic dispersion relation

with time-dependent mass:
Wi+ =W 4 = +v k2 + ﬂz (237)



In general, the dispersion relations of the physical fermions in (2.36) are very different from
that in [19], describing the vacuum helicity-1/2 mode of the gravitino. We recall the latter

wk = /K% + a2m§/2 (2.38)

One of the arguments for catastrophic gravitino production at ¢s = 0 is based on the

for clarity:

adiabaticity violation. The dimensionless coefficient of non-adiabaticity is defined as [22]

Ay = 60_‘;”“ (2.39)
W

Indeed, in (2.38), the momentum is multiplied by cs, so when ¢; = 0, the coefficient of
non-adiabaticity is independent of k, and can even exceed one under some circumstances
implying particle production with an arbitrarily large momentum. This is, however, not
the case here: the sound speed of (2.24) does not enter explicitly? the physical dispersion
relations, and cannot suppress the momentum dependence when it vanishes. Therefore, ¢,
is not, at least not directly, responsible for the divergent particle production.

To see if particles of arbitrarily large momenta can actually be produced, we assume
that the only source of non-adiabaticity is due to the variations of frequencies of the two
physical fermions, with the coefficient A being a sum of them. We then consider the limit
of high momenta k > p; and k > I'j9, where I'19 is roughly the time derivative of the
logarithm of masses (see its definition (2.34)), defining a scale related to the variation of
masses. In this limit, the non-adiabaticity coefficient at leading order becomes

0 0 1
.Ak = 0(*2)1,+ + OC;JQHF ~ —6F1280F12E (2.40)
Wi+ “o.+

implying that Ay, falls as k=3, and thus particles with arbitrarily large k cannot be produced.

3 Examples

3.1 Two chiral multiplets

Given two chiral multiplets (x1,¢1), (x2,¢2), we investigate the case with A = 1 at all
times, so that the sound speed defined in (2.24) vanishes, and according to [18, 19|, the
gravitino production is expected to diverge. In this toy example, the physical fermions as
well as their equations of motion can be explicitly obtained. For simplicity, the Kéahler
potential is taken to be canonical, so that the expression of A becomes:

A = % <m1<;52 - m2<;51> =1 (3.1)

On the other hand, from (2.5) on sees that A = 1 is equivalent to the conditions a; =
as = 0. The latter implies that the gravitino mass is constant which is equivalent to the
condition my¢; + mapy = 0. The former implies ¢2 + ¢2 = m? + m3, where we used

3715 can potentially depend on ¢, because I' is related to the diagonalization of the mixing matrices,
which contain A.



the expression (2.4) for the potential in the absence of D-term contribution. One possible
setup for a solution is therefore mqg = <]51 =0 and m; = ég # 0, in other words, ¢ breaks
supersymmetry via its F-term and ¢9 via its kinetic term, by the same amount.

The mixing matrix N then takes the form

N=7° (_01 _01> , (3.2)

while, for convenience, we write M as

M1 O
M=1 My, M- 0. 3.3
4 ( 0 M22> ; 11, Moo # (3.3)

The angle ® in (2.25) is constant because N does not depend on time; we then choose

3 (01 . 1 1 (01
o= D)= ——=1y+ — . 3.4
1 (10)’ SO =gt g <1o> 34

Upon the unitary transformation ¥ = exp(7°®) V¥, we obtain the new mass matrix M with

. M M. N My — M. 01
_ 11 + Moo _ Mu 22< ) (3.5)

M 1 M.
! 2 2o 2 ~10
We now look for the orthogonal matrix L cancelling the 4° component of M. Parametris-
ing L by an angle 7, from (2.28) we get

_ [ cosT(n) —sinT(n) i) — My — Mao
L= (sinT(n) cos 7(n) ) ’ (n) 2 (3.6)

Once such an orthogonal transformation is found, the Lagrangian in the ¥ = L7 exp(5°®) W
basis becomes

= | i My + My | =
Lg g, =Y [7080 + iy k; + — 5 v, (3.7)
Thus, the mass matrix in this particular case is diagonal and one concludes that U =
{\ifl,\ilg} are the physical fermions. They have degenerate mass and their equations of

motion are decoupled:

M1 + Mas

|:’y080 + Z’Vkl + 5

] U, =0, je{l,2} (3.8)
These are just standard Dirac equations with time-dependent mass, similar to the transverse
mode of the gravitino. As a result, the physical fermions, which are linear combinations of
f and Y, have the dispersion relation

My + Moo\ 2
w? = k% + <%) . (3.9)

The coefficient of non-adiabaticity is suppressed by large momenta, and particle production
is not expected to be divergent in this case, despite the fact that the speed of sound (1.2)
associated to 6 vanishes.

,10,



3.2 One chiral multiplet and one vector multiplet

Another example with two fermions is one chiral multiplet (x1, ¢1) accompanied by a vector
multiplet with non-vanishing D-term. The simplest model one may consider is that of a
constant (Fayet-Iliopoulos) D-term when the vector multiplet gauges the R-symmetry [23].
One can then consider two possibilities. The first consists of a neutral chiral multiplet, in
which case the superpotential vanishes. Again, we take the Kéhler potential to be canonical.
The scalar potential is then

1

with P constant. Since the gravitino is massless in this model, all mass terms appearing in
(2.10) vanish, and we have F' = 0. Let

wz%, with p=|d2—Vp, p=|¢2+Vp. (3.11)

In this model, the scalar equation of motion can be easily solved. We have

¢+3Hd=0 (3.12)

leading to ¢ = e™3

Ht where the constant of integration is absorbed by a redefinition of the
origin of time. The expression of w is then

9e—6Ht _ g2p?

w(t) = 2e—6Ht | g2p2 - (3.13)
Moreover, the parameters in (2.5) and A can be written as
A A A _ P 3a 2 2 2
A=A =w, B:Blz—?(l—w), A% =1—-w". (3.14)

The sound speed defined in (2.24) is therefore simply given by w, and the mixing matrices

M =0, N:(lgg)jufy()(_\/lo_ﬁ_”lo_W) (3.15)

It follows that the physical fermions production and their equations of motion are deter-

in this case are

mined only by w. Here, we study some particular limits:

e When w — 1, the pressure and the energy density are equal, implying that the D-
term is vanishing. This limit amounts to a theory with a single chiral multiplet. N is
the identity matrix whereas M = 0, so ¥; are the physical fermions described by the
massless Dirac equation and propagating at the speed of light.*

e On the other hand, the same situation occurs for w — —1, which means that |¢\2 — 0,
or equivalently ¢ — 400 in (3.13), so that maximal symmetry is unbroken. The
equations of motion of the physical fermions differ from the massless Dirac equation
by a minus sign in front of 3'k;, but the dispersion relation w? = k? is unchanged
compared to the previous case.

4This agrees also with the literature for the one chiral multiplet case; see the discussion in Section 2.2.

— 11 —



e Another special value is w = 0, corresponding to zero pressure and e %7t = Vp,
which is always satisfied for a certain time ¢. The mixing matrix N is identical to
(3.2) for two chiral multiplets. The diagonalisation can be carried out in exactly the
same way and we obtain two physical fermions with degenerate mass (massless here).
Their equations of motion are the massless Dirac equation and we do not expect a
divergent particle production, even though ¢, = 0.

More generally, the matrix ® in (2.25) can be chosen as

1
o = ~5 arccos(w) (? (1)> (3.16)
while for w # £1
~ 80w 01
M=0yb=——7~w—— . 3.17
’ 2\/1—w2<10> (3.17)

The matrix M has no 7% component and can be diagonalised by a constant orthogonal
matrix C'. Thus I' = 0, leading again to relativistic dispersion relations. The details of par-
ticle production can be worked out by doing the expansion (2.32), and solving numerically
differential equations for the Bogolyubov coefficients, which will not be discussed here.

Finally, we comment briefly on the second possibility where the chiral field has a non-
vanishing R-charge and the Kéhler potential is non-canonical. Consider for instance a real-
istic model of inflation driven by supersymmetry breaking [24]|, where the Kdhler potential
and the superpotential are

K=¢'g1+ A9 d1)°, W= [ (3.18)

with f a constant and |¢;| playing the role of the inflaton, while its phase is absorbed in the
gauge field to make it massive. A is a small positive constant, so that the potential has a
maximum at the origin allowing hilltop inflation with the slow-roll parameter n controlled
by A. In this case, the D-term part of the potential is given by

_ e

Vb 5

(1+ ¢ 1 +24(0¢1)%)° (3.19)

with ¢ a constant parameter corresponding to the R-charge of ¢;, that must be small
compared to the F-term so that Vp is subdominant during inflation. It follows that A has
the form:

0?A2 = 4Vp(1+44¢'61)$ 1, o® = (p+3Mp%m|?)” . (3.20)

Note that it appears possible to have A% < 0 for some negative values of A, leading
to ¢s > 1 according to equation (2.24). However, this region is unphysical since the K&hler
metric becomes negative. This is actually similar to the situation that can be obtained in
pathological models where T is dropped out by constraints, leading to ¢s > 1 [20].

We will now investigate again the case of A = 1 at all times. From (2.5), one sees
that the condition as = 0 implies that the gravitino mass is constant with m; = 0, which
is equivalent that ¢1 has vanishing F-term and breaks supersymmetry only by its kinetic

- 12 —



energy. This may indeed be satisfied around the vacuum at the minimum of the potential
after the end of inflation. There, ¢ is in general far from the maximum at the origin where
corrections to the Kéahler potential (3.18) become important and change its form. On the
other hand, the condition oy = 0 implies |q§1|2 = Vp where the latter is now given by
Vp = (¢%/2)(1 + K'¢)? with K! = 0K/0¢1. The analysis of the two fermions # and T
can now proceed as in the previous subsection of two chiral multiplets, giving rise to two

decoupled equations of motion with a relativistic dispersion relation.

4 Conclusions

We have studied the equations of motion for the longitudinal modes of gravitinos in su-
pergravity models where supersymmetry is linearly realised but spontaneously broken. We
have considered the general case of two supermultiplets. One contains a scalar field ¢ that
has non-vanishing kinetic energy, 9,,¢ # 0. In a cosmological background, this scalar can be
identified with the inflaton which is time dependent. The other multiplet is at the origin of
the gravitino mass in the vacuum at late times. We have found that, after diagonalisation
of the Hamiltonian, in all cases the dispersion relations of the propagating fermions take
relativistic forms with in general a time-dependent mixing mass matrix. While this might
be expected, it is shown here explicitly. Such cases are not expected to show a catastrophic
production of gravitinos.

We did not discuss here the non-linear models as those considered in [10, 20, 25] as it is
not clear to us which microscopic supergravity Lagrangian is at the origin of the constraint
imposed there on the inflaton superfield. We note that in these cases one ends up with
one fermion propagating in peculiar backgrounds. The result of [18, 19| constrains the
background on which Rarita-Schwinger fields are allowed to propagate.
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A Notations

Our notations follow mostly that in [15], where the flat space y-matrices are

gl ( 0 _112>, gl (iai 0 ) V5 <_12 0 (A1)

The Minkowski metric has signature (—,+,4,+), and for cosmological applications, we
used the FLRW metric. The curved space y-matrices, noted v*, are then related to the flat
space y-matrices by v* = a~'4*. The left and right projections are defined as

1

(1+9) , Pr=5(1-2) (A.2)

P = 5

1
2
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Note that for chiral fermions, Prx; = x; and Prx’ = x*. The charge conjugation matrix in
this convention is given by C' = 4°52. Some useful charge conjugates are

X =x of =¢', PO=P, X =]

o (A.3)
VS =y, A5 =-v, Pf =P

In the Lagrangian (2.1), the covariant derivative of the scalar is do = By — %AOB ~5. In
the cosmological context considered, the spatial derivatives of the scalar vanish, and for
real backgrounds we have AOB = 0 and thus dy = dp. Keeping the above simplifications,
the covariant derivatives acting on the chiral fermions, the gaugino and the gravitino are
respectively

D ) 1 ab - . Jk. . — 1 ab -
puXi = < b+ 4(*)“ ’Yab) Xi + 15" x0u0k, DA <8;L + 4‘*}“ ’Yab) A
) . (A.4)
Dy, = <<au + Wi Yab + gi%Au) 5 — Fiw) ¥

where wﬁb stands for the spin connection and A, is the U(1) gauge field. The Christoffel
connection F/);,, differs from the Kéahler connection, where the latter corresponds to ng =
g_léajg{“. We use the notation .5 = [Ya, 78] /2.

Having introduced the Kéhler covariant derivative D?, the mass terms are
i

2M2

IK

i — pi :8i
m m m + 2M;2>

m, mY =DDim= (8i * ) m’ — szmk (A.5)

. 1 _ 1 T
Mie = —1 |O; P — Z(Re f) 177fi] . MR = —Zfigj Lo (A.6)
where the subscript ¢ in f denotes derivative with respect to ¢’
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Chapter 4

Higgs mass constraints on a supersym-
metric solution of the muon g-2 anomaly

We now move to the second part of this manuscript, concerning beyond-the-SM solutions
to the experimental anomalies, with a focus on supersymmetric candidates. In this Chapter,
we will assume high-scale supersymmetry, namely, the new particles are too heavy to be
detected by the current collider. In this scenario, constraining the parameter space becomes
a difficult problem.

Contrary to the Standard Model, in supersymmetry, the Higgs quartic coupling is not a
free parameter, but is in general determined by the D-term and F-term at tree level, and
through radiative corrections, it contains information about all new particles in the theory,
including their mass and couplings. Therefore, it can be used to constrain the parameters.
On the other hand, experimental discrepancies also serve as an important input, and in
this Chapter we choose the (¢ — 2), anomaly. Joining these two inputs, we obtain various
constraints on the parameters and their dependence on each other.

In Section 4.1, we recall some basic notions of (¢ —2), and supersymmetric models that
accommodate this anomaly. In Section 4.2, we turn to the main object of this study — the
Higgs mass, explaining the dependence of Higgs mass on other parameters of the theory, and
outlining our strategies to constrain supersymmetric models. After a summary of results in
4.3, we apply these strategies and present the case study on a specific supersymmetric model
in Section 4.4.

4.1 Muon g-2 and supersymmetry

The discovery of a Higgs boson — the last missing piece of the Standard Model — by ATLAS
and CMS, as well as the measurement of its properties points to a very good agreement with
the SM predictions [21, 22, 73, 74]. Despite the success of the SM in a majority of the
experiments, it fails to deal with, e.g., the hierarchy problem or the unification with the
gravitational interaction. In addition, several significant experimental anomalies have been
reported in recent years, that can hardly be explained by the SM only. One example is the
muon anomalous magnetic moment a, = (g — 2)/2. Reported by Muon g-2 Collaboration
at Fermilab in 2021 [75], its value turns out to be consistent with the previous measurement
by the E281 experiment at BNL [76], and the combination of the two measurements gives
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for the muon anomalous magnetic dipole moment a;;? = 116592061(41) x 1071, In view
of the corresponding SM prediction [77] aﬁM = 116591810(43) x 10!, the measured muon
anomalous magnetic dipole moment is to date one of the largest deviations, approximately
4.20, with regard to the SM.

The unsatisfactory theoretical properties of the SM, along with the experimental discrep-
ancies, call for beyond-the-SM (BSM) physics in order to accommodate the aforementioned
issues. One well-motivated BSM candidate is supersymmetry, featuring an extended Higgs
sector and superpartners for all SM particles. SUSY models can provide an explanation for
the observed a,, and also for other anomalies such as the W boson mass, as we will discuss in
the next chapter. Though a variety of non-SUSY candidates exists, here we will be focusing
on SUSY theories.

Starting with the basic notion, in practice, the contribution to a, is computed from the
following operator .

Lypm = 4:n€ua/ha7aBMFaﬁ (4.1)

where m,, corresponds to the muon mass, and Fi,5 the photon field strength. We define v,5 =
[Ya>¥8]/2. The one-loop contribution to a, in SUSY consists of two types: i) neutralino-
smuon loop diagrams, ii) chargino-sneutrino loop diagrams.

In the simplest setup, the Minimal Supersymmetric Standard Model (MSSM), these
diagrams lead to a shift of the magnetic dipole moment with regard to the SM prediction,
which takes the form [78]:

AgMSSM g*(g”) mj; Mipn  tanf “F M7, ,ti
" 19272 Mg M/% 1+ ¢ tan 3 M/% ’Mg

(4.2)

where g, ¢’ are the EW gauge couplings. M} is the smuon mass, whereas Mo are the
masses of the EW gauginos, for the gauge group U(1), SU(2) respectively. u is a parameter
appearing in the MSSM superpotential and is related to the higgsino mass. ¢ is a function
of different model parameters, whose complete form is irrelevant for our discussion here.
tan 8 = v, /vgq is the ratio between the vacuum expectation values (vevs) of the Higgs doublets
H,, H; which give mass to the up- and down- type fermions, respectively. A representative
diagram involved in the MSSM is the following, with a smuon and neutralinos circulating in
the loop:

¢ (H)

Figure 4.1: Example of one-loop contribution to a, in the MSSM

Here, the muon Yukawa coupling that determines the smuon-muon-higgsino vertex is

given in the MSSM by y}YISSM = ng/ cos 3, with gEM its SM counterpart. For large tan g
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values, this relation can be approximated by nyISSM R gSM tan 8, which gives rise to an

enhancement of a, for large tan . In the meantime, we can see from Eq. (4.2) that a,
is also suppressed by m, /Mg, where Mg represents the mass scale of the SUSY particles.
These features are more transparent if one adopts the simplification that all SUSY particles
have the same mass (Mg), so one can infer from (4.2) that Aa/I\L/ISSM x mi tan 3/M2%. With
an appropriate choice of parameters, the MISSM is able to yield the observed a,.

On the experiment side, however, no strong evidence of BSM particles has shown up so
far in direct collider searches, and stringent constraints are imposed on the mass of SUSY
particles. Note that, in the MSSM, tan 8 cannot be arbitrarily large, because the bottom and
tau Yukawa couplings follow the same relation as for the muon one: y})\/IfSM = gI?lXI /cos B =
mp+/(vcos B) = my tan f/v. As the bottom, tau masses are much larger than the muon
mass, a too large tan 8 value will result in non-perturbative bottom and tau Yukawa couplings
when evolved to the GUT scale. The requirement of perturbativity puts an upper bound
on tanf [79]. Meanwhile, in order to achieve the experimental muon anomalous magnetic
dipole moment, the mass ratio m, /Mg should not be too small, either. The interplay of
the two bounds yields a prediction of the SUSY mass in the MSSM, restricted to the few-
hundred-GeV range, which is in some tension with the direct searches for SUSY particles at
the LHC. Though specific regions of the MSSM parameter space are still viable, typically
those with a “compressed” SUSY mass spectrum, such scenarios will not be considered here.

In view of the absence of new particles in collider searches, a plausible possibility would
be that the scale of New Physics is much higher than the EW scale, thus is out of reach
with the current experimental facilities. In this case, which we consider thereafter, the new
particles involved in the SUSY model must be much heavier than the SM ones. While the a,,
constraint on the MSSM leads to an upper bounded SUSY mass scale Mg, some extensions
of the MSSM, with a larger parameter space and particle content, are able to accommodate
the measured a, with a sufficiently high SUSY scale.

A possible candidate is proposed by Almannshofer et al. in [80], consisting in a super-
symmetric four-Higgs-doublet model, which allows to achieve the measured a, value with
multi-TeV smuon, higgsino and gaugino masses. In this “Flavorful Supersymmetric Standard
Model” (FSSM), two of the four Higgs doublets, H, and Hy couple only to fermions of the
third generation, whereas the other two, H;, and H};, provide masses to fermions of the first
and second generations, and they have much smaller vevs than those of H, and Hy. One of
the advantages of the FSSM, compared to the MSSM, is that now the muon and bottom/tau
Yukawa couplings are determined by different relations, because their masses are given by
different Higgs doublets. Consequently, the muon Yukawa coupling in this model can be of
O(1), yielding a sufficient enhancement to a,, without implying non-perturbative bottom
and tau Yukawa couplings.

An important question in these BSM candidates is how the parameter space of the model
is constrained. Given that multi-TeV range SUSY particles cannot be probed by the current
colliders, alternative signatures may be used to infer the parameter ranges. In the specific
case of the FSSM, apart from the muon anomalous magnetic dipole moment, some constraints
on the flavor structure of the Yukawa couplings are also imposed due to the extended Higgs
and higgsino sector, as is discussed in [80]. In this chapter, we investigate one particularly
interesting quantity: the Higgs mass. We will show how, through a case study of the FSSM,
Higgs mass in conjunction with the muon (¢ — 2) anomaly restricts the behavior of various
parameters, such as the SUSY mass scale, the vev ratios (i.e. tan 3’s), and the muon Yukawa

141



coupling. We will start by reviewing some general properties of the Higgs mass in SUSY, as
well as the methodology used to constrain a given high scale SUSY model.

4.2 Higgs mass in supersymmetry

The (squared-)physical mass of a scalar field is extracted from its inverse propagator. At
tree level, this mass is generally determined by the bilinear, trilinear and quartic couplings in
the scalar potential, in addition to the scalar vev. The equation satisfied by the vev, i.e. the
minimum condition, relates the various couplings. In the SM, the gauge symmetry along
with renormalizability results in a scalar potential of the Higgs boson up to quartic order,
and by the minimum condition of the scalar potential, one can express the tree-level Higgs
mass in terms of the quartic coupling and the vev only. For a quick reminder, the scalar
potential of the Higgs doublet in the SM is

V(®) = — 200 + % (<I>Tc1>)2 (4.3)

The negative mass term allows for spontaneous symmetry breaking (SSB). In the unitary
gauge, the Higgs doublet and its vev take the form

_ 1[0 SSB 10
o= 2(0) = @) »

where h is the Higgs boson whose vev is zero. v conventionally sets the electroweak scale with
v &~ 246GeV. The minimum condition is simply —pu? + %)\’L)Q = 0, leading to the tree-level
Higgs mass m,% = M.

In contrast to the SM, the quartic coupling of the Higgs boson is not a free parameter in
SUSY, but is determined at tree level by the D-term, involving electroweak gauge couplings
and the F-term from the superpotential, and therefore it fixes the leading order prediction
for the SM-like Higgs mass. To illustrate this point, recall that the supersymmetric scalar
potential is the sum of F- and D- terms. Ignoring for the moment the soft SUSY-breaking
potential, the scalar potential is obtained by

V(z,zj) :Z dzl
—Z‘FZ

where W is the superpotential and g, the gauge couplings. For the MSSM, the superpotential
is

+ Z 9a (Zgquizj)Q

1

(4.5)

D“)

W =-Yyq Hyd — Y.l - Hye + Yyq- Hyo + pH, - Hy (4.6)

We denote the left-handed lepton and quark SU(2) doublets by f, 4, whereas the corre-
sponding right-handed singlets are 4, d, é&. The fermion superfields are coupled to Higgs
via Yukawa couplings Yy, Yy, Ye. The two Higgs doublets are given by H, = (H,, HY),

H, = (H o Hy ) which consist of the scalar components of the superfields Hu, Hd The dot
product is defined as H, - Hy = Hf H; — HSHC?. The only non-vanishing vevs are

<H2>:vu/\@:vsinﬂ/\@, <H3>:Ud/\/§:vcosﬁ/ﬂ (4.7)
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satisfying v2 + vﬁ = v2. The F-term gives for H?, Hg:

Ve o 1l (|2 + |mg[") (48)

whereas the quartic terms of H?, Hg arise from the D-term:

1 2 2\ 2
Vb O g (¢* +97) (‘HS‘ ~ || ) (4.9)
It is then obvious that the quartic coupling is determined by the gauge couplings only. The p
parameter can be furthermore replaced using the minimum condition, so that the tree-level
SM-like Higgs mass is expressed in terms of the gauge couplings and the vevs. We omit here
the detailed calculation and give directly the final result

b 2 2
(M,%) “ = %UQ cos® 23 = M% cos® 23, (4.10)

which is bounded from above by the Z boson mass, Mz ~ 91GeV, manifestly lower than what
is measured. As we will see later, the same tree-level upper bound also applies to the SM-like
Higgs mass in the FSSM. In fact, the Higgs quartic coupling receives significant contributions
from radiative corrections that allow the Higgs mass to reach the measured value. The
higher order corrections in a generic SUSY model comprise loops with superparticles and
BSM Higgs bosons, thus all SUSY mass parameters as well as the couplings affect the Higgs
mass prediction, where the most relevant corrections generally arise from loops mediated by
the superpartner of the top quark, stop. At one loop, the stop correction has the following

form A ) ) A
; 3y M2 x? X

AN~ 2L [ p—t 4 =L L 4.11

82 (n oz " MZ T 12M] (4.11)

where M; is a common mass for the left and right stops, y; is the top Yukawa coupling,
X is the left-right mixing parameter in the stop mass matrix, and @ is the renormalization
scale. The smuon contribution to the quartic coupling, though small compared to the stop
contribution, is also of interest here. The latter is dominated by a one-loop diagram with
four external Higgs legs and Higgs-smuon-smuon vertices, which is approximately

4 4

~ y /.L

AN~ - ( ) (4.12)
9672 \ M

Coming back to the muon anomalous magnetic dipole moment, we recall that certain SUSY
parameters, such as the smuon mass, enter the expression of Aau, as can be seen in Eq. (4.2)
for the MSSM. It is therefore well-justified to associate the Higgs mass with the a, mea-
surement to jointly constrain the SUSY parameter space. To provide a qualitative example
of this interplay, notice that a larger enhancement of a, can be obtained for a larger muon
Yukawa coupling, which according to (4.12) results in a more important negative contribu-
tion to the Higgs quartic coupling from smuons, and in turn, this requires a larger positive
stop correction in (4.11) to compensate the smuon one. We will explicitly illustrate this
behavior in the next section.

Experiments have measured the value of the SM-like Higgs boson mass to a very high
precision, with M, = 125.10 + 0.14 GeV from a combined ATLAS and CMS result [81]. It
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is then of particular importance to calculate as precisely as possible the theoretical Higgs
mass prediction in BSM models. Considerable progress has been achieved for the MSSM
and beyond, and various methods, including fixed-order as well as Effective Field Theory
(EFT) calculations, have been improved in the past years. The state of the art of Higgs mass
prediction in SUSY models is reported in [82]. In the hierarchical scenario we are considering,
the fixed order calculation is inadequate, since it gives rise to powers of In (Mg / Mt2) where
M; is the top quark mass, and in the case of large mass hierarchies, these logarithmic terms
will obstruct the convergence of the perturbative expansion. We will instead adopt the EFT
approach, namely, we assume that all SUSY masses are above Mg, much higher than the EW
scale, so that the heavy SUSY particle can be integrated out at Mg, leaving as an imprint
threshold corrections to the Higgs quartic coupling. The MSSM threshold corrections are well
studied in the literature [83, 84], where the full one-loop and dominant two-loop expressions
are computed. For a given generic model, supersymmetric or not, the formulae for one-loop
threshold corrections are available in [85], and are readily applicable to the FSSM. On the
other hand, the quartic coupling is extracted at the EW scale (chosen to be the top mass)
from the measured Higgs mass then evolved up to Mg using the two-loop renormalization
group equations (RGEs) of the SM. Finally, the matching of the quartic coupling at the scale
Mg yields a constraint on the model parameters. While a brief summary of the FSSM and
the main results are given in Sec. 4.3, details of this approach will be illustrated in Sec. 4.4.

4.3 FSSM model content and constraints from the Higgs mass
The FSSM comprises four Higgs doublets, with the superpotential
W =puaHuHy + pop g L H) + pugaHl Hy + poe Hy H) (4.13)
— (Yully + YJH,) QU + (Yola + YiH}) QD + (YoHy + Y/ ) LE® '

The first line generalizes the p-term in the MSSM, and the second line gives new contributions
to the Yukawa Lagrangian. We also add the following two simplifications:

e We will not consider flavor-violating processes and therefore the Yukawa couplings Yu(,),

Yd(,), Yl(/) are diagonal.

e As we mentioned earlier, the Higgs doublets H,,, H; provide masses to the third gen-
eration fermions, whereas both the first and second generation fermion masses are
provided by H),, H). The Yukawa couplings of the first generation are suppressed with
respect to the second generation ones, hence we can reasonably ignore the former.

We denote the vev’s of the neutral components of H,, Hy, H,, H} by vy, vg, v, v}. It is
convenient to define
2 2\ 1/2
~ vy, + v v v
tanff = | 5—5 , tanfg, = —}“, tan 8y = —fl (4.14)
vy + vy Uy vy

so the tree-level Higgs mass, generated by the D-term, is (M, ,3)“66 = M% cos? 25. The first
constraint on the parameters arises from the matching of the Higgs quartic coupling. At the
EW scale, it is extracted from the Higgs mass using the public code mr [86], then we evolve
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this quartic coupling up to the SUSY scale (Mg) using SM RGEs. The result is matched to
the FSSM prediction, which at tree-level is analogous to the MSSM prediction up to replacing
B — B: Atee(Q) = 1 [6%(Q) + ¢"™*(Q)] cos® 23, where @ denotes the renormalization scale.
The one-loop threshold corrections are composed of:

ANE 4+ AN 4 ANF 4 ANX (4.15)

where AN'8 accounts for the difference of the renormalization schemes, and AN, AN,
AMNX are respectively the contributions from sfermions, heavy Higgses, higgsinos as well as
EW gauginos. In practice, the threshold corrections are obtained using the general formulae
in [85]. Next, we employ the FSSM prediction of a, in [80], but with the simplification of
identical masses My, = My, = My, n = My = M, so the expression reduces to

FSSM 1 M7 tanptanfy ) 2 /272 2 2 /272
T Mg 1 + € tan 3 tan g (o 50 (M/ME) + 50 2 (MY/AME)| (4.36)
The precise form of f1, fa, ¢ will be given in the next section. We can see that compared
to the MSSM prediction (4.2), the FSSM has an additional enhancement tan (4, assuming
that tan 84 > 1. The second constraint corresponds to AaESSM = 251 x 10~ — that the
FSSM reproduces the experimental value of a,,.

Combining the two constraints, we are able to determine qualitatively the parameter
space of the FSSM, for example, the stop mass Mz, smuon mass Mj, muon Yukawa coupling
and the tan § factors. In the particular case of the FSSM, and a chosen smuon mass range
[1 TeV,5 TeV], we notice that the smuon Yukawa coupling increases with Mj; but stays
O(1). On the other hand, the stop mass ranges from several TeV to approximately 100 TeV
depending on the benchmark, exhibiting in certain cases a strongly hierarchical scenario.
The plots are shown in Figure 1 and Figure 2 of the next section. The goal of this study
is not simply constraining the FSSM but rather the application of a more general concept,
that one can extract useful information from the Higgs mass in the case of high-scale SUSY
models, and experimental anomalies, such as a,, help to constrain the parameter space in
conjunction with the Higgs mass.

4.4 Publication
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1 Introduction

The discovery of a Higgs boson with mass around 125 GeV and properties compatible with the
predictions of the Standard Model (SM) [1-4], combined with the negative (so far) results of the
searches for additional new particles at the LHC, point to scenarios with at least a mild hierarchy
between the electroweak (EW) scale and the scale of beyond-the-SM (BSM) physics. In this case, the
SM plays the role of an effective field theory (EFT) valid between the two scales. The requirement
that a given BSM model include a a state that can be identified with the observed Higgs boson can
translate into important constraints on the model’s parameter space.

One of the prime candidates for BSM physics is supersymmetry (SUSY), which predicts scalar
partners for all SM fermions, as well as fermionic partners for all bosons. A remarkable feature of
SUSY extensions of the SM is the requirement of an extended Higgs sector, with additional neutral
and charged bosons. In contrast to the case of the SM, the masses of the Higgs bosons are not free
parameters, as SUSY requires all quartic scalar couplings to be related to the gauge and Yukawa
couplings. Moreover, radiative corrections to the tree-level predictions for the quartic scalar couplings
introduce a dependence on all of the SUSY-particle masses and couplings.! In a hierarchical scenario
such as the one described above, the prediction of the SUSY model for the quartic self-coupling of its
lightest Higgs scalar, which plays the role of the SM Higgs boson, must coincide with the SM coupling
Asu extracted at the EW scale from the measured value of the Higgs mass and evolved up to the
SUSY scale with appropriate renormalization group equations (RGEs). This condition can be used to
constrain some yet-unmeasured parameters of the SUSY model, such as, e.g., the masses of the scalar
partners of the top quarks, the stops.

While the new particles predicted by SUSY models — or, for that matter, those predicted by any
other BSM model — have yet to show up at the LHC, precision experiments have seen tantalizing
deviations from the predictions of the SM, particularly in measurements involving muons. Over the
past few years the LHCb collaboration reported hints of lepton flavor violation in rare B decays [6-9],
and earlier in 2021 the Muon g-2 Collaboration at Fermilab reported a new measurement [10] of the
muon anomalous magnetic moment a, = (g —2),/2, consistent with the previous measurement by the
E821 experiment at BNL [11]. In what might be considered currently the most striking deviation from
the predictions of the SM, the combination of the two experimental results for the muon anomalous
magnetic moment, a;* = 116592061(41) x 107! differs by 4.20 from the state-of-the-art SM
prediction given in ref. [12], aS™ = 116591 810(43) x 10~'!, which is based on refs. [13-32].

Supersymmetric extensions of the SM can accommodate an explanation for the observed discrep-
ancy Aay, = a,;" —a5M = (251£59) x 1071, In the minimal of such extensions, the MSSM, a suitable
contribution to a, can arise from one-loop diagrams involving smuons, higgsinos and EW gauginos
(namely, the SUSY partners of muons, Higgs bosons and EW gauge bosons). This contribution is
suppressed by the ratio M 3 /M 52‘ — where M), is the muon mass and Mg represents the mass scale of

'We point the reader to ref. [5] for a recent review of Higgs-mass predictions in SUSY models.



the relevant SUSY particles — but it can be enhanced by a large value of the parameter tan § = v, /vg,
i.e. the ratio of the vacuum expectation values (vevs) of the Higgs doublets H,, and H,, which give
mass to the up-type and down-type fermions, respectively. However, since the Yukawa couplings of
the down-type fermions f; in the MSSM are related to their SM counterparts by y;\é;SSM = gjscgl / cos 3,
the requirement that the bottom and tau couplings remain perturbative up to the GUT scale sets an
upper limit on the acceptable values of tan 3, see e.g. ref. [33]. When such limit is taken into account,
the masses of the SUSY particles entering the diagrams that provide the required contribution to a,
are typically restricted to the few-hundred-GeV range. This results in some tension with the direct
searches for SUSY particles at the LHC, although specific regions of the MSSM parameter space —
typically, those with a “compressed” SUSY mass spectrum — remain still viable.?

Recently, a new SUSY model in which a suitable contribution to a, can be obtained even with
smuon, higgsino and gaugino masses in the multi-TeV range was proposed in ref. [37]. The Higgs sector
of the “Flavorful Supersymmetric Standard Model” (FSSM)? consists of four doublets, two of which,
H, and Hy, couple only to quarks and leptons of the third generation, whereas the other two, H,, and

H),, have much smaller vevs and provide masses to the fermions of the first and second generation.

FSSM
I

Higgs—smuon-smuon couplings entering the diagrams that contribute to a,, can be of O(1) without

FSSMoand yp %M. Indeed, the SUSY contribution to a, in the

In this model the muon Yukawa coupling y , which determines the higgsino-muon—-smuon and
implying non-perturbative values for y
FSSM is enhanced by v,,/v/;, which can greatly exceed the enhancement achievable in the MSSM when
vl; < vg, in turn allowing for a stronger suppression by M, 3 /M g

Scenarios where all of the SUSY particles have masses in the multi-TeV range will be probed
directly only at future colliders. However, as discussed in ref. [37], the extended Higgs/higgsino sector
of the FSSM can accommodate interesting flavor-changing effects both in the lepton sector and in the
quark sector, leading to constraints on the flavor structure of the Yukawa couplings. As mentioned
earlier, a further constraint stems from the requirement that the lightest scalar in the Higgs sector be
identified with the SM-like Higgs boson discovered at the LHC. Compared with the case of the MSSM,
the presence of additional particles in the Higgs/higgsino sector and of additional O(1) couplings in
the superpotential can affect the FSSM prediction for the SM-like Higgs mass, leading to different

constraints on the parameter space of the model.

In this paper we study the Higgs-mass prediction of the FSSM and its interplay with the solution
of the (¢ — 2), anomaly. In the calculation of the Higgs mass we rely on the EFT approach, as
appropriate to a hierarchical scenario where the BSM physics is somewhat removed from the EW
scale. In section 2 we introduce the Higgs sector of the FSSM. In section 3 we obtain the one-loop
threshold correction to the quartic Higgs coupling, adapting to the model under consideration the

general formulas given in ref. [39]. Combined with two-loop RGEs for the SM couplings, this allows

2For recent surveys of explanations of the (g — 2),, anomaly in the MSSM see e.g. refs. [34,35]. For an earlier study
of (g — 2), in MSSM scenarios with TeV-scale SUSY masses and very large tan 8 see ref. [36].
3We remark that this acronym had already been used in ref. [38] to denote a model with “Fake” Split SUSY.



for the next-to-leading-logarithmic (NLL) resummation of the corrections to the Higgs mass enhanced
by powers of In(Mg /M) (where, as usual, we take M; as a proxy for the EW scale). We also point out
a potential issue stemming from large threshold corrections to the strange Yukawa coupling in case
the four-doublet construction of the FSSM is extended to the quark sector. In section 4 we discuss
the constraints on the parameter space of the FSSM that arise from the combined requirements of an
appropriate prediction for the Higgs mass and a solution to the (g — 2), anomaly. Section 5 contains
our conclusions. Finally, in the appendix we provide explicit formulas for the tree-level Higgs mass
matrices in the FSSM.

2 The Higgs sector of the FSSM

In this section we describe the Higgs and higgsino sectors of the FSSM, focusing on the hierarchical
scenario in which the lightest scalar plays the role of the SM Higgs boson, while the remaining physical
Higgs states are heavier.

The FSSM includes two SU(2) doublets of chiral superfields with positive hypercharge, qu and
ﬁq’u and two doublets with negative hypercharge, ﬁd and H /- The superpotential can be decomposed
as W =W, + Wy, where W, generalizes the “/ term” of the MSSM:

Wy = Hud I:qu{d + Huwar ﬁ;ﬁc/l + Hud f{;ﬁ[d + Hud’ I:qu{c/l ) (1)
whereas Wy contains the interactions of the Higgs doublets with the quark and lepton superfields:
Wy = —(YuH, + Y H,)QU® + (YyHa+ Y Hy) QD + (YoHy+ Y/H)) LE (2)

where all gauge and generation indices are understood. In ref. [37], where the focus is on the leptonic
sector, the coupling Yy is defined as a rank-1 matrix whose only non-zero element is (3, 3), providing
a tree-level mass to the tau lepton proportional to vq. The coupling Y} is instead defined as a rank-3
matrix which provides mass and mixing terms proportional to v}, to all of the charged leptons. In this
setup the muon Yukawa coupling can in principle be larger than the bottom and tau ones, as long as
v, < vg. As discussed in ref. [37], the current bounds on lepton-flavor violating processes give rise
to constraints on the off-diagonal elements of Y;, which anyway are not relevant to the prediction for
a,, at the considered level of accuracy. Finally, ref. [37] mentions that a similar construction can be
implemented in the quark sector.

In this work we do not consider flavor-violating processes in either the lepton or the quark sector,
but we rather focus on the interplay of the effects of O(1) flavor-diagonal couplings on the predictions
for the SM-like Higgs mass and for a,. We therefore adopt for simplicity a pared-down version of Wy,

in which we include only flavor-diagonal couplings for the second and third generations:
Wy = —yH,QU5 + yiH)QoD5 + y HyLoF
—y H, QU5 + yHiQsD5 + yi HyLsES
—yH.QsUS + yHyQsD§ + y-HyLsES . (3)



As to the first-generation couplings, they are necessarily suppressed with respect to those of the second
generation, because in the FSSM both generations receive their masses from v}, and v/

In addition to mass terms for gauginos and sfermions, which are the same as in the MSSM, the
soft SUSY-breaking Lagrangian of the FSSM contains mass terms and B-terms for all of the Higgs
doublets

~Low D m2, HIH, + m2 HHy + m2, HIH! + m%, HIH,
+ (i HH, + w3y H{H; + D)
+ (Bud H,Hy + Byg H,H} + BygH,H, + Byy H,H), +h.c.) , (4)
as well as trilinear interaction terms analogous to those in the superpotential

Lo D —Y AL H,Q2US + y AL HyQoDS + y, Al HyLo ES
—y Ay H,Q3US + y, Ay HyQ3Ds + y, AL HyL3ES
—y A H,Q3US + ypApy HiQ3D5 + yrAr HyL3Es5 . (5)

The tree-level Higgs mass spectrum of a model with three pairs of doublets has been discussed
in ref. [40], whose approach can be easily adapted to the case of two pairs of doublets. In order
to identify the state that plays the role of the SM-like Higgs boson, we rotate the four doublets to
the so-called “Higgs basis”, in which only one of the doublets acquires a non-zero vev defined by

v? = vg + U{f + v?l + v(’f . To this purpose, we first rotate the doublets with the same hypercharge:

®, \ [ sinfBy, cosfBy H, ®;\ [ sinfy cospy —eH) (6)
i ~ \ cosB, —sinp. H |’ P/, ~ \ cosBy —sin By —eH! |’

where the rotation angles are defined by tan 3, = v, /v;, and tan S = vg/v/;. The antisymmetric tensor
€, with €19 = 1, acts on the complex conjugates of Hy and H); so that all doublets in the new basis
have the same hypercharge. In this basis, the vevs of the neutral components of the four doublets
become () = (v2 + v2)1/2, (®Y) = (v2 + v/})Y/2, and (®.0) = (9/?) = 0. The two doublets that

acquire vevs are further rotated as

<<I>h>:< COSB: sinﬁi)(@d> ’ tanBE<U§+v§‘§>l/Q’ -
3% —sinf cospf d, vy + vy
so that (®9) = v and (®%) = 0, i.e., in the Higgs basis the doublet @, is entirely responsible for the
breaking of the EW symmetry (EWSB).

The mass matrices for the scalar, pseudoscalar and charged components of the four doublets in
the Higgs basis are given in the appendix. They depend on the p parameters defined in eq. (1) and

on the soft SUSY-breaking mass and B parameters defined in eq. (4), plus the EW gauge couplings,

the vev v and the angles (,, B4 and B . The minimum conditions of the scalar potential are used to



remove the dependence of the mass matrices on four combinations of the original parameters. Most
importantly, the terms that mix the components of ®; with the components of the remaining doublets
are either zero or proportional to v? (more specifically, to M2). In a hierarchical scenario in which
the masses of the BSM Higgs bosons are significantly higher than the EW scale, we can thus neglect
their mixing with @, and identify the latter directly with the Higgs boson of the SM. In contrast,
the scalar, pseudoscalar and charged components of the three remaining doublets ®, ®/, and ®/, do
mix with each other.* However, under the approximation of neglecting terms proportional to v2, the
respective 3 x 3 mass matrices are all the same. We can then combine the eigenstates of the scalar,
pseudoscalar and charged mass matrices into three heavy doublets H; (with ¢ = 1,2, 3), whose masses

we denote as Mp,. The condition for their decoupling from the lightest doublet is then My, > M,.

We now focus on the properties of the SM-like doublet ®;. The tree-level mass of its scalar
component is
(M) = M3 cos® 253 , (8)

which differs from the analogous result in the decoupling limit of the MSSM only via the replacement
of B with 8. In the scenarios of interest for the solution to the (9 — 2),, anomaly, one has v, < vg. If
the condition v, < v, also holds, tan 8 and tan 3 are numerically very close to each other, hence the
tree-level prediction for the SM-like Higgs mass in the FSSM is essentially the same as in the MSSM.

The SM-like couplings of ®;, to second-generation quarks and leptons are related at the tree level

to the superpotential couplings in eq. (3) by

ge = yLsinfBcosBy,  gsu = Y, cosBcos Py, (9)

while the couplings to third-generation fermions read

gt = Yt sin[g’sin Bu + i sinBcos Bu Gor = Ybr cosBsin Ba + y{,ﬁ cosBcos Ba - (10)

The relevant difference with the MSSM, in the context of the solution of the (g — 2),, anomaly, is the
additional suppression by cos 84 in the couplings of the SM-like Higgs to down-type fermions of the
second generation. Consequently, in the FSSM superpotential of eq. (3), the muon Yukawa coupling
can in principle be even larger the bottom and tau ones, as long as tan 84 > 1.

For what concerns the couplings of ®; to sfermions, the quartic couplings are proportional to the
squared Yukawa couplings g]% defined as in egs. (9) and (10). The main difference with respect to the
MSSM stems from the left-right mixing parameters entering the trilinear Higgs-sfermion couplings in

the combination gy X ;. Those for the second-generation sfermions read

Xe = A/c — cot 8 tan By (:uu’d + v cot ﬁd) ) XS,,u = Ag,u — tan 8 tan 5y (Mud’ + Hyar cot ﬂu) )
(11)

4Note that in this study we do not consider the possibility of CP violation in the Higgs sector, hence the scalar and

pseudoscalar components of the three heavy doublets mix separately.



while those for the third-generation sfermions read

A —cot 8 (uud + fyqr COb Bd) A} — cot 8 tan 3, (Mu'd + g ot ﬁd>

Xt = 7 + )
1+ % cot B, 1+ % tan 3,
Yt Yt
Ay = tan B (t,+ pwacot Bu) Ay~ tan B tan By (pua + pruw cot B, )
be-r = ” + ” . (12)
1+ 27 cot By 1+ 227 tan By
Yv,7 Yo,r

Again, the relevant aspect of egs. (11) and (12) in the context of the solution of the (g —2),, anomaly
is the enhancement of the Higgs-smuon trilinear coupling by a factor tan 8y with respect to the
MSSM case (note that, to facilitate the comparison, we expressed the trilinear couplings in terms of
tan § = tan 3 sin 8,/ sin Bq). If we also assume tan 8, > 1, the enhanced part of X, involves only
the superpotential parameter p,y. We note, on the other hand, that for tan 3,4 > 1 there are no
further enhancements with respect to the MSSM in the trilinear Higgs couplings to third-generation

sfermions, as long as the “primed” top, bottom and tau Yukawa couplings remain at most of O(1).

We finally comment on the higgsino masses. In the hierarchical scenario considered in our study,
we assume that both gaugino and higgsino masses are somewhat removed from the EW scale. In this
case, the mixing between EW gauginos and higgsinos induced by EWSB can be neglected, and the
four two-component fermions h,,, hq, h.,, and iz:i combine into two Dirac fermions. Following ref. [37],

we define the angles 6, and 8, that diagonalize the higgsino mass matrix as

( cos by sin9d> ( Hhaud uu/d> ( cos B, sin0u> _ (u 0) (13)
—sinf; cosfy Pd!  Had! —sinf, cosb, 0 [ ’

and we use the Dirac masses p and i and the two rotation angles as input parameters in our analysis.
We note that the numerical results in ref. [37] are obtained for the parameter choices 6, = 03 = 7/4
and i = p, which in terms of the original superpotential parameters correspond to fiyg = —flyig = f
and pyg = pyg = 0. While these choices might look ad hoc, they are in fact quite appropriate, because

they make the dependence of the numerical results on p,,y — the parameter that determines the leading

contributions from smuon loops to both a, and the Higgs-mass correction — more transparent.

3 Higgs-mass calculation in the EFT approach

For our calculation of the radiative corrections to the Higgs mass in the FSSM we adopt an EFT
approach in which the effective theory valid below the scale Mg that characterizes the SUSY-particle
masses is just the SM. Rather than computing the prediction for the Higgs mass from a full set of
high-energy FSSM parameters, and then comparing it with the value measured at the LHC, we follow

a more convenient procedure that uses the measured Higgs mass directly as an input parameter. From



the Higgs mass we extract the quartic Higgs coupling Agy at the EW scale, evolve it up to the SUSY
scale with the RGEs of the SM, and then require that Agy(Mg) coincide with the FSSM prediction
for the quartic coupling of the lightest Higgs scalar. This procedure allows us to determine one of the
FSSM parameters, such as, e.g., a common mass term for the stops.

We obtain a full one-loop prediction for the quartic coupling of the SM-like Higgs doublet @
in the FSSM. Combined with the one-loop determination of the MS-renormalized parameters of the
SM Lagrangian at the EW scale, and with the two-loop RGEs of the SM for the evolution up to
the SUSY scale, this allows for the NLL resummation of the corrections to the SM-like Higgs mass.
However, when they are available we use two-loop results for the determination of the SM parameters
and three-loop RGEs for their evolution. While in the absence of a full two-loop calculation of the
quartic coupling this cannot be claimed to improve the overall accuracy of the calculation, it does not
degrade it either. Indeed, in the EFT approach the EW-scale and SUSY-scale sides of the calculation
are separately free of large logarithmic corrections, and the inclusion of additional pieces in only one

side does not entail the risk of spoiling crucial cancellations between large corrections.

We use the public code mr [41], based on the two-loop calculation of ref. [42], to determine the
parameters of the SM Lagrangian — neglecting all Yukawa couplings except the top and bottom ones
~ in the MS renormalization scheme at the scale Qgw = M;. We take as input for the code a set of
seven physical observables that we fix to their current PDG values [43], namely Gp = 1.1663787 x
107° GeV~2, M;, = 125.25 GeV, M, = 91.1876 GeV, My, = 80.379 GeV, M; = 172.76 GeV, M, =
4.78 GeV and as(M,) = 0.1179. The remaining SM parameters that we need to determine are the
tau Yukawa coupling and the Yukawa couplings of the second generation. For the leptons we take
as input the physical masses M, = 1.776 GeV and M, = 105.66 MeV, and obtain the MS Yukawa,
couplings directly at the scale Quw = M; via the one-loop relation [44]

Q@
4r

#Qen) = /226 14 2 (31m ]‘ft;v 1) Qe| . =L a9

where the EW correction stemming from the renormalization of G reads®
Gp 1 M? M?

5"V = 3 M7 (—m t>+h : 15

Q) = s |32 (5w ) + % 15

For the second-generation quarks we take as input the MS-renormalized masses m.(m.) = 1.27 GeV
and ms(2 GeV) = 93 MeV [43], which we evolve up to the scale Qgw at the NLL level in QCD by
means of egs. (D4) and (D5) of ref. [45]. We then include the one-loop QED and EW corrections
according to:

2
94(Qew) = \/2V2Grmy(Qpw) [1+ifr‘Q§ In g;q Qe |, (= s), (16)

5We use here an approximate formula from ref. [44] which includes only the contributions from the top Yukawa

coupling and the quartic Higgs coupling. Anyway, the overall effect of this correction is only about 0.5%.



where @ is the electric charge of the quark ¢, and 0"V (Qrw) is given in eq. (15).

For the evolution of the SM couplings from the EW scale to the SUSY scale we use the set of
three-loop RGEs provided in refs. [46-48], which however include only the third-generation Yukawa
couplings. For the couplings of the second generation we use 2-loop RGEs from ref. [49], which are
sufficient to our aim of a NLL resummation of the large logarithmic effects. Following refs. [46-48],
we neglect the tiny contributions of the Yukawa couplings of the first two generations within the beta

functions, apart from the overall multiplicative factors.

Once the SM couplings are evolved up to the SUSY scale, they are matched to the corresponding
FSSM couplings, which enter the prediction for the quartic Higgs coupling. Since the Yukawa couplings
enter only from one loop onwards, the tree-level relations in egs. (9) and (10) are in principle sufficient
for the NLL calculation of the Higgs-mass prediction. It is nevertheless convenient to take into account
the one-loop “SUSY-QCD” corrections controlled by the strong gauge coupling g3 to the relation
between the quark Yukawa couplings of the SM and those of the FSSM. This amounts to redefining

the quark Yukawa couplings as

gq(Q)

W@ = A =thes), a7

where g,(Q) are given in egs. (9) and (10), and the correction Ag, reads

2 2
7 M2~ (M, ~ (M, X, ~ (M M;,
Agg = —-B_|14ms 4 R Iz _ e 1

Ja o [Pt T 6(M3>+ 6<M3 P\ )| (1)

where: M3 is the gluino mass; Mg, and Mg, are the soft SUSY-breaking mass parameters for the scalar
partners of the left- and right-handed quarks, respectively; X, are the left-right mixing parameters
given in eqs. (11) and (12); the functions Fg(z) and Fy(z,y) are defined in the appendix A of ref. [50].
As was recently discussed in a systematic way in refs. [51,52] for the case of the MSSM, the use of the
corrected Yukawa couplings g, absorbs (“resums”) in the one-loop contribution to the quartic Higgs
coupling a tower of higher-order corrections involving powers of g3 Xq/Ms, where Mg denotes the
scale of the squark and gluino masses. In case X,/Mg contains terms that are numerically enhanced
(e.g., by a large ratio of vevs), such “resummation” ensures a better convergence of the perturbative
expansion. We note that contributions to Ag, controlled by the Yukawa couplings and by the EW
gauge couplings also exist, but we do not consider them in our study as they are generally subdominant
to those controlled by the strong gauge coupling.%

For what concerns the Yukawa couplings of the leptons, the only one-loop corrections that can
be enhanced by a large ratio of vevs are those controlled by the EW gauge couplings. In particular,

in the FSSM the muon Yukawa coupling is subject to corrections enhanced by v, /v), = tan §tan g,

5This is not necessarily the case for the tan S-enhanced O(g?) contribution to Agy, but in the FSSM that contribution

depends on p,q, and vanishes in the scenarios considered in this paper.



which, following ref. [37], we absorb in the coupling via the redefinition

gu(Q)
1+ ¢ tanBtan By

Q) = (19)

where the explicit formula for €, is given in ref. [37]. Being controlled by the EW gauge couplings,
the term ¢ is itself of O(1073) only, but the overall correction in eq. (19) is not negligible for the
values of tan §tan By in the few-hundred range that — as will be seen in section 4 — are relevant to the
solution of the (¢ —2), anomaly. For the tau Yukawa coupling, on the other hand, the analogous EW
correction is enhanced at most by tan 3, still with an (’)(10’3) prefactor. We can thus neglect this
correction in our analysis and define §,(Q) = g-(Q).

At this stage, an issue with the SUSY-QCD correction to the strange Yukawa coupling might be
worth mentioning. Inspection of eq. (11) shows that the trilinear Higgs-squark coupling X entering
the correction Ags in eq. (18) includes the term i, tan 8 tan By, which is the same combination of
parameters entering the dominant higgsino-gaugino-smuon contribution to a,. Being controlled by the
strong gauge coupling, Ag, is of the order of 1072 x tan B tan 34, and can easily reach and even exceed
unity for the values of tan tan 4 relevant to the solution of the (g — 2), anomaly. A particularly
obnoxious situation occurs when Ags ~ 1, in which case the corrected coupling gs in eq. (17) blows up,
leading to unphysically large corrections and numerical instabilities. Since the higgsino-gaugino-smuon
contribution to a, takes the sign required to account for the observed anomaly when (f,q M) > 0,
the condition Ags ~ 1 requires (MaM3) < 0, as is the case in scenarios with anomaly mediated SUSY
breaking (AMSB).7 Even in scenarios where the SUSY-QCD correction suppresses §s rather than
enhancing it, the condition |Ags| > 1 means that the radiative correction to the strange quark mass
arising from squark-gluino diagrams exceeds, and possibly by far, the tree-level contribution. This
would complicate any attempt (which we do not make in this paper anyway) to obtain a realistic flavor
structure for the quark sector of the FSSM. We remark that a trivial way out from this complication
would consist in applying the four-doublet construction only to the lepton sector, and have all of the

quarks receive their masses from the doublets H, and Hy.

We now describe the one-loop matching condition for the quartic Higgs coupling in the FSSM. At

a renormalization scale ) of the order of the SUSY particle masses, it takes the form
1 _ -
Asu(@) = [%(Q) + ¢'%(Q)] cos?28 + AN + AN + ANT + ANX, (20)

where g and ¢’ are the EW gauge couplings. Again, we see that the tree-level matching condition
differs from the analogous result in the MSSM only via the replacement of 8 with 3. We assume that
the EW gauge couplings are SM parameters renormalized in the MS scheme, i.e. we use directly the

values obtained via RG evolution from the EW scale. Following ref. [50], we also assume that the

"In the case of the MSSM with AMSB, the interplay between contributions to (g — 2), and SUSY-QCD corrections

to the quark couplings was discussed earlier in ref. [53].



angle /3 is renormalized in such a way as to remove entirely the wave-function-renormalization (WFR)
contributions that mix the SM-like Higgs doublet with the heavy doublets.

The one-loop correction AA™® accounts for the fact that SUSY determines the quartic Higgs
coupling in the DR scheme, whereas Agy and the EW gauge couplings in eq. (20) are defined in the
MS scheme. It reads [50]

/4 2 12 22~

4 2 4 6

Concerning the remaining one-loop threshold corrections in eq. (20), AM arises from diagrams
that involve the sfermions, AA? from diagrams that involve the heavy Higgs doublets, and AAX from
diagrams that involve higgsinos and EW gauginos. Each of these three corrections can in turn be

decomposed as a sum of three terms:
AN = ANPPT 4 ANPWER o A \P>gause p=f,H,x) . (22)

The first term on the r.h.s. of the equation above denotes the contribution of one-particle-irreducible
(1PI) diagrams with particles of type p in the loop and four external Higgs fields; the second term
involves the contributions of particles of type p to the WFR of the Higgs field, which multiply the
tree-level quartic coupling; the third term contains additional corrections stemming from the fact that
the SUSY prediction for the quartic Higgs coupling involves the gauge couplings of the MSSM, whereas
we interpret the gauge couplings in the tree-level part of eq. (20) as SM parameters.

To obtain the four-Higgs diagrams entering AXP**! and the self-energy diagrams entering AP WER
we use the general results from ref. [39] (see sections B.3 and B.1.1, respectively, of that paper). This
saves us the trouble of actually calculating one-loop Feynman diagrams, but requires that we adapt
to the case of the FSSM the notation of ref. [39] for masses and interactions of scalars and fermions
in a general renormalizable theory. The additional corrections in AP 82 & can instead be obtained by
adapting the MSSM shifts of the gauge couplings, see egs. (19) and (20) of ref. [50], to the FSSM case
of two Dirac higgsinos with masses p and fi, and three heavy Higgs doublets with masses My, .

We find that the sfermion contribution to the quartic Higgs coupling, AN , has the same form as
the corresponding contribution in the MSSM, see eq. (A1) of ref. [54], trivially extended to the case
of non-zero Yukawa couplings for the second generation. However, in the FSSM case the angle (5 is
replaced by 3, and the trilinear Higgs-sfermion couplings X 7 are those given in our egs. (11) and (12).
In contrast, the heavy-Higgs and higgsino-gaugino contributions differ from the corresponding MSSM
contributions, due to the extended Higgs/higgsino sector of the FSSM. The full formulas for A\
and, especially, ANX for generic values of all relevant parameters are lengthy and not particularly
illuminating, therefore we make them available on request in electronic form. In the following we
provide instead explicit results for all three contributions in the simplified FSSM scenario that we will
use in section 4 to explore the interplay between the prediction for the Higgs mass and the solution

of the (g — 2),, anomaly.
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In the sfermion sector, we assume degenerate soft SUSY-breaking mass parameters M i for all first-
and second-generation sfermions and M 7 for all third-generation sfermions. The sfermion contribution

to the quartic Higgs coupling then becomes:

. 752 A N 2 5 N M
(4m)? AN = [2 (302 +39s +4u) + 97 (397 =392 — g) cos 2B + 3 (94 + 39’4> cos? 24 In —12

2
_ 1 5 . Mz
+ [2 34/ +33g; +97) +%(3g§—3g§—g2) coszﬁ+g <g4+3g’4> 008226] In —I3

2 XJ% i 2 XJZ“ g’ > A |
+ Z QJCNC]\/[—2 2 g5 1—m —1—12 cos 20 <36f—c0s2ﬂ>

f=c,s,n fiz f12 i
x2 [ X2 g2 _ N
~9 f ) f 9
+ th; gs Ne M—J% 2 g5 (1— 12]\/[2~> + 13 cos 203 <3Cf—00826) , (23)
=1,0,T7 3 L 3 .

where g7 are the loop-corrected Yukawa couplings defined in egs. (17)—(19), the trilinear Higgs-sfermion
couplings X are given in egs. (11) and (12), and we defined: 3> =g¢*>+¢'?; N. =3 for quarks and
N. =1 for leptons; ¢y = 1 for f =¢,t and ¢y = —1 for f = s,b, 1, 7.

In the Higgs sector, we assume that there is no mixing between the three doublets @5, ®,, and @/,
i.e. we take the 3x 3 matrix Ry that rotates the heavy doublets from the Higgs basis to the basis of
mass eigenstates to be the identity. We also assume a common mass Mg for all three of the doublets.

The heavy-Higgs contribution to the quartic Higgs coupling then becomes:

1 - - M? 3q* -
(4m)2 AN = i 169" +8¢g* +75" —4 (¢ —2¢'*) cos 4B — 35" cos 83 an—g - %sm%xﬁ.

(24)

Finally, for the higgsino sector we consider the same scenario as in ref. [37], namely 0, = 04 = 7/4
and i = u, so that our choices for p determine directly the relevant parameter p,q. We also assume
a common mass M, for the higgsinos and the EW gauginos, i.e. M, = M; = My = pu = ji. The
higgsino-gaugino contribution to the quartic Higgs coupling then becomes:

1 1. M2
(Um?AN = —— [47g4 +12¢%¢2 + 1394 + (11g* — 1242 + ¢'*) cos 45} In Q—g
1

I [9394 +500%g"2 +27g'* + (39" — 10g%¢'? — 3¢'*) cos4p

+2 (3 g +4¢%¢% + g’4) cos 43 sin 23 sin(Bq — Bu)
—2 (459" +28¢%¢'2 +15¢'*) sin 25 sin(By — Bu)

—2 (39" +24%¢'* + ¢'*) sin? 2B cos2(By — Bu)| - (25)
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The inspection of egs. (24) and (25) shows that the heavy-Higgs and higgsino-gaugino contributions
to the quartic Higgs coupling all involve four powers of the EW gauge couplings. Their numerical
impact is thus going to be modest, unless there is a significant hierarchy between the matching scale
@ and the mass scales My and M,. In contrast, the sfermion contributions include terms depending
on the top Yukawa coupling g;, which is of O(1), as well as terms involving other Yukawa couplings in
which the smallness of gy can be compensated by a large ratio X 7 /M 7 In particular, the contribution
that will be relevant to our discussion in section 4 is the one involving the muon Yukawa coupling,
which for tan B > 1 reads

. X2 X2 g°
AT AN ~ g2 2K 92 [1— 2 g 2%
(4) gMMg[gH )+ 2] (26)

2
m

where g, and X, are defined in egs. (19) and (11), respectively, and by Mj; we denote a common mass
parameter for the scalar partners of the left- and right-handed muons (note that M; = M i in our
simplified scenario). We recall that X, contains a term enhanced by tan Stan 84, and indeed when
the combination (p,qa/Mj)tan §tan g is large enough to overcome the smallness of g, the smuon
contribution to the quartic Higgs coupling becomes large and negative. As will be discussed in the
next section, an increased positive contribution from a different SUSY sector is then necessary to
maintain the correct prediction for the SM-like Higgs mass. In particular, the stop contribution to

the quartic Higgs coupling is dominated by the terms involving four powers of g, which read

- 2 2 4
(4n)? AN ~ 64} <ln ]g; + ]\)22 - 15@) : (27)
where by M; we denote a common mass parameter for the scalar partners of the left- and right-handed
top (with M; = M in our simplified scenario) and X; is defined in eq. (12). The non-logarithmic
terms in eq. (27) are maximized for X; = v/6 M;, and a further increase in AX’ can arise from the
logarithmic term when the stop mass is pushed to higher values.

Finally, we note that in the FSSM the strange-squark contribution to the quartic Higgs coupling
is subject to the same enhancement by tan 3 tan 54 as the smuon contribution. However, the strange-
squark contribution is generally subdominant, because the strange Yukawa coupling is smaller than
the muon one at the matching scale. A possible exception is the pathological case discussed earlier,

in which a SUSY correction Ags ~ 1 in eq. (17) causes the strange coupling §s to blow up.

4 Higgs-mass constraints and (g — 2),

We now investigate the interplay between the constraints on the FSSM parameter space arising from
the solution to the (g—2), anomaly and those arising from the prediction for the quartic Higgs coupling.
To keep the number of independent parameters manageable, we employ the simplifying assumptions
for the SUSY mass spectrum described in the previous section. Namely, we adopt common mass scales

M Fia? M o Mpy and M, for first /second-generation sfermions, third-generation sfermions, heavy Higgs
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bosons and higgsinos/EW-gauginos, respectively. Note that we will henceforth refer to the common
mass parameters for the sfermions as My and Mj, because those are the masses of the first/second
and third generation, respectively, that are most relevant to our discussion of (¢ — 2), and of the
Higgs mass constraint. We will also keep referring to the collective scale of the SUSY particle masses
as Mg. A further simplifying assumption consists in neglecting all contributions from the “primed”
Yukawa couplings for the third generation, namely y;, y;, and v, in eq. (3), as they do not give
rise to contributions enhanced by large ratios of vevs. Finally, we take directly as input the stop
mixing parameter X;, which enters the stop contribution to AN , thereby fixing via eq. (12) the
soft SUSY-breaking trilinear coupling A; as a function of the other parameters.® For the remaining

trilinear couplings in eq. (5), which are not involved in any enhanced contributions to AN , We assume

AL=AL= A, =0and Ay = A, = A,.

In the FSSM, (g — 2), receives contributions from one-loop diagrams involving smuons, higgsinos
and EW gauginos that are enhanced by v, /v/, = tan f tan 84. Explicit formulas for these contributions
with full dependence on the relevant FSSM parameters — but under the assumption Mg > v, i.e. ne-
glecting the effects of EWSB on the SUSY-particle masses and mixing — are given ref. [37]. In the
simplified scenario considered here, where in particular My, = My, = My, p = ji = My = My = M,
and 6, = 04 = /4, they reduce to

1 M 3 tan Btan By

. 2 2 2 2 2 2
Aars = G T g% fr (M/ME) + 59% f2 (MX/M,])} ; (28)
I

where
filz) = (1§Z)4[7+4$—11x2+2(1+6x—|—2x2)lnx], filly=1, (29)
folz) = M[4+11x—16x2+x3+2x(7+2x) lnx}, fo()=1, (30)

and €, represents the correction to the muon Yukawa coupling introduced in eq. (19). In our simplified

scenario, the formula given in ref. [37] for this correction reduces to

€ = 9 g1 (M2/M?) — 39’ g2 (M2/M?) (31)
6472 XETTH 6472 XPTTRI
where
(x) S P +(1+22)1 (z) S (1) =ga(1) =1
xr) = —o T) Inx xr) = — r—inwx = = 1.
(51 (1 — $)2 ) g2 (1 — $)2 3 g1 g2
(32)

The requirement that the smuon-higgsino-gaugino contribution in eq. (28) provide the solution of
the (g—2), anomaly corresponds to Aa,*** = 251 x 107!, For a given choice of values of M} and M,

this can be solved for the product tan £ tan 84, which in turn determines the enhancement of the mixing

8Qur assumption y; = yj, = . = 0 implies that the second term on the r.h.s. of each line of eq. (12) vanishes.
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Figure 1: Left: Values of the product tan tan 34 that result in Aa,*>" = 251 x 1071, as a function
of the smuon mass and for different values of a common mass for higgsinos and EW gauginos. Right:
Values of the loop-corrected muon Yukawa coupling of the FSSM that correspond to the solution for
tan S tan By shown in the left plot. The meaning of the lines is the same as in the left plot.

parameter X, entering the smuon contribution to AN, The requirement that the FSSM prediction
for the quartic Higgs coupling agree with the value obtained by evolving Agy; from the EW scale up to
the SUSY scale can then be used to determine one of the remaining FSSM parameters. In particular,
it seems reasonable to determine one of the parameters that enter the dominant contribution to AN ,

i.e. the one involving the stops.

To set the stage for our discussion, in the left plot of figure 1 we show the values of tan 8 tan 84 =
vy/vg that result in the desired smuon-higgsino-gaugino contribution to a,, as a function of the
common smuon mass My and for different values of M,. In particular, the blue, yellow, green and
red solid lines correspond to gaugino and higgsino masses of 1,2,3 and 4 TeV, respectively, while the
black dashed line corresponds to the choice M, = M;. The EW gauge couplings entering egs. (28)
and (31) are evaluated at the scale QQ = M}, but we found qualitatively similar results for any choice
of scale in the few-TeV range. The plot shows that the values of tan S tan ; necessary to obtain
Aaps™ = 251 x 107! are typically in the few-hundreds range, and can reach as much as 940 for the
largest considered value of Mj.

In the right plot of figure 1 we show instead the values of the loop-corrected muon Yukawa coupling
of the FSSM at the scale Q) = M,

9u(Mp)/(cos 3 cos Ba)
Hl —|—Z4 tan S tan By (33)

9u(Mp) =

that correspond to the solutions for tan §tan 8y shown in the left plot. The FSSM coupling l% con-

trols the higgsino-muon-smuon and Higgs-smuon-smuon interactions involved in the smuon-higgsino-
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gaugino contributions to a,, as well as the Higgs-smuon-smuon interaction involved in the smuon
contribution to the quartic Higgs coupling. The solid and dashed lines have the same meaning as in
the left plot. We set tan 8, = 100 in order to determine the angle B entering eq. (33), but the results
are essentially independent of this choice as long as tan 3, > 1. The plot shows that larger values of yfl@
are required to obtain the desired contribution to a, when the smuon mass increases, due to the M i 2
suppression in eq. (28). Also, for a fixed value of the smuon mass, larger values of g)L are required when
M, increases. We remark that, while the considered values of ZQL(M@) are all perturbative, further
constraints on this scenario could arise if we required that g; remain perturbative all the way up to
the GUT scale.

In the presence of a large muon Yukawa coupling, the smuon contribution to the quartic Higgs

coupling in eq. (26) is dominated by a negative term

~14 4
2 AN~ My
(47)2 AX & ( Mﬁ) : (34)

and can become substantial. An increased positive contribution from loops involving the remaining
SUSY particles is then needed to satisfy the constraint arising from the measured value of the Higgs
mass. As mentioned in the previous section, such positive contribution can most easily come from the
stops, which themselves have generally large couplings to the SM-like Higgs boson.

In figure 2 we plot the values of the common stop mass M; that are required to obtain the correct
prediction for the quartic Higgs coupling in FSSM scenarios where the smuon-higgsino-gaugino loops
provide the desired contribution to (¢ —2),. We set the matching scale @ in eqs. (20) and (23)—(25)
equal to the stop mass, as this ensures a full NNL resummation of the large logarithmic corrections
controlled by the top Yukawa coupling. All of the running couplings entering our calculation are then
computed at the scale Q = M;. The common mass parameters for the smuons, M}, and for higgsinos
and EW gauginos, M,, are varied as in figure 1 (note that we add a purple solid line for M, = 3.5 TeV).
We fix tan B = 20, thus ensuring that the tree-level prediction for Agy in eq. (20) is essentially
saturated, and tan 8, = 100 (the latter choice has little impact on our results as long as tan 3, > 1).
In contrast, tan 3y is computed in each point from the requirement that Aa;*** = 251 x 10~ The
stop mixing parameter is fixed to the value X; = v/6 M; that maximizes the one-loop stop contribution
to the quartic Higgs coupling, see eq. (27). Our choices for tan B and X, ensure that the values of the
stop mass shown in figure 2 are about the minimal ones that provide the correct prediction for the Higgs
mass (in other words, different choices for these parameters would result in an overall upward shift of
all lines in the figure). For the remaining free parameters of our simplified FSSM scenario we choose
My = M3z = M,. The choice of the common mass parameter for the heavy Higgs doublets has only
a small impact on our results, because the corresponding contributions to the quartic Higgs coupling,
see eq. (24), all involve four powers of the EW gauge couplings. The choice of the gluino mass affects
our calculation only through the corrections to the quark Yukawa couplings in egs. (17) and (18),

and its qualitative impact on our results is generally not substantial. Our choice of a positive value
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Figure 2: Values of the stop mass Mj that result in the correct prediction for the Higgs mass when tan 54
is fized by the requirement that the smuon-higgsino-gaugino contribution solve the (g—2),, anomaly, as
a function of the smuon mass My and for different values of the common higgsino/gaugino mass M.
The remaining free parameters of our simplified FSSM scenario are fized as tan 3 = 20, tan 8, = 100,
Xi =6 M; and My = Ms = M,.

for the ratio X;/Mj enhances the loop-corrected top Yukawa coupling ¢, whereas a negative value
would suppress it and require somewhat heavier stops in order to satisfy the Higgs-mass constraint.
However, we recall that, for positive values of X;/Mjs (i.e., negative values of 4 /Ms), a fine-tuned
choice of parameters such that Ags ~ 1 might lead the strange Yukawa coupling to blow up, resulting
in a large negative strange-squark contribution to the quartic Higgs coupling.

Figure 2 shows that there are regions of the FSSM parameter space in which the interplay between
the requirements of a suitable contribution to a, and of a correct prediction for the quartic Higgs
coupling implies a strongly hierarchical SUSY spectrum, with the stops being significantly heavier
than smuons, higgsinos and EW gauginos. Unsurprisingly, in the scenario with M, = M} (the black
dashed line) this happens for the largest values of M, when a large muon Yukawa coupling @L is needed
to counteract the M i 2 suppression of the smuon-higgsino-gaugino contribution to a,, see eq. (28),
and results in a large negative contribution to the quartic Higgs coupling, see eq. (34). Moreover, the
left ends of the red, purple and (to a lesser extent) green lines show that very heavy stops may be
needed also at lower values of My — where figure 1 shows that g, < 1 is sufficient for the solution of
the (g —2),, anomaly — if the smuon contribution to the quartic Higgs coupling in eq. (34) is enhanced
by a large ratio M, /Mj. Even in regions of the parameter space where the SUSY spectrum is not
strongly hierarchical, such as the right end of the red line in figure 2, the minimal value of M; required
to obtain the correct Higgs-mass prediction can be significantly higher than the 2—3 TeV typically
found in the MSSM. Finally, we find that for M, < 2 TeV (the yellow and blue lines) the smuon

contribution to the quartic Higgs coupling never becomes substantial in our simplified scenario: at
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low M} — where the desired contribution to (¢ — 2), is obtained with % < 0.5 — there is little or no
enhancement from the (M, /M;)? term in eq. (34), whereas at high M} the corresponding suppression
wins over the enhancement of 3)/; The mild residual dependence of the yellow and blue lines on M
and M, stems from the terms controlled by the EW gauge couplings in egs. (23)—(25).

We remark that in our simplified FSSM scenario, where M, = My = My = p = [i, the condition
M, /M > 1 implies that the LSP is a heavy sneutrino, which is generally disfavored by Dark Matter
considerations [55,56]. While a detailed study of Dark Matter constraints on the FSSM parameter
space is beyond the scope of our paper, using the general formula for AXX we verified that very heavy
stops may be required even in scenarios where the LSP is always an EW gaugino. In particular, if we
fix My =1 TeV and M, = My = pu = i we still find a rise in the stop mass similar to the black dashed
line in figure 2 for My = M, 2 4 TeV. However, we no longer see the rise at low M in the lines
corresponding to larger M, , because in this region the desired contribution to (g — 2), is obtained

with lower values of QI’L than in the case of degenerate gaugino masses.

It is interesting to note that, in contrast to what we find for the FSSM, in the MSSM the combi-
nation of the constraints from the Higgs-mass prediction and from (g — 2),, can yield upper bounds
on the stop masses, see e.g. ref. [57]. Indeed, in the absence of large and negative contributions from
other sectors, a large and positive contribution from heavy-stop loops to the prediction for Agy must
be compensated for by a suppression of the tree-level prediction via a lower value of tan 5. However,
in the MSSM this would also suppress the smuon-higgsino-gaugino contribution to a,, jeopardizing
the solution of the (¢ — 2), anomaly. The interplay of the two constraints is different in the FSSM,
because in this model the ratio of vevs that determines the tree-level prediction for Agy can be varied

independently of the ratio of vevs that enhances the smuon-higgsino-gaugino contribution to a,.

Finally, we remark that, when the stops are an order of magnitude (or more) heavier than the
other SUSY particles, our calculation of the Higgs mass loses accuracy, and we would need to build a
two-step EFT setup in which the stops are separately integrated out of the FSSM at a scale comparable
with their mass. However, the aim of our study is not a precise determination of masses that, for the
time being, are beyond experimental reach, but rather a qualitative insight on the structure of this
heavy-SUSY model.? The possibility of a hierarchical mass spectrum has obvious implications for the
prospects of probing the FSSM at future colliders, and from the model-building point of view it might

also complicate any attempt to devise a suitable mechanism of SUSY breaking.

9For the same reason we do not take into account the theoretical uncertainties of our predictions for Asy and ay,.
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5 Conclusions

A scenario for particle physics that is now looking increasingly plausible is the one where new physics
manifests itself in one or more deviations from the SM predictions for rare processes or precision
observables, but the BSM particles responsible for those deviations are too heavy to be discovered at
the LHC. In this case, all possible clues should be exploited to unravel the structure of the heavy BSM
sector, also to guide the searches for the new particles at future colliders. If a model that aims to
explain the observed anomalies is supersymmetric, it will generally involve a prediction for the quartic
coupling Agy of the SM-like Higgs boson. Since all of the new particles in the SUSY model affect \gy
through radiative corrections, its prediction can reveal correlations between the sectors of the model
that are involved in the observed anomalies and those that are not.

In this paper we studied the Higgs-mass constraints on the parameter space of a supersymmetric
four-Higgs-doublet model, the FSSM [37], which was recently proposed as a solution of the (g —2),
anomaly [10,11] with SUSY particle masses beyond the current reach of the LHC. We followed the
modern approach of taking M}, as an input rather than an output of our calculation, and we relied on
an EFT setup to account at the NLL order for the large logarithmic corrections to the relation between
the measured value of M}, and the value of gy at the SUSY scale. In our one-loop calculation of the
prediction for Agy we adapted to the case of the FSSM the results derived in ref. [39] for a general
renormalizable theory. We provided explicit formulas for the one-loop correction to the quartic Higgs
coupling in a simplified FSSM scenario, but we make the result for the general FSSM available on
request in electronic form.

We found that the prediction for \gy; establishes interesting relations between the parameters that
contribute to (g —2),, namely the masses of smuons, higgsinos and EW gauginos, and the parameters
in the stop sector. In particular, there are scenarios with a suitable SUSY contribution to (g —2), in
which the stops need to be considerably heavier than smuons, higgsinos and EW gauginos, in order
to compensate for a large and negative smuon contribution to the prediction for Agy. The possibility
of a hierarchical SUSY mass spectrum should be taken into account when assessing the prospects of
probing the FSSM at future colliders.

As mentioned in ref. [37], further investigations of the FSSM could address the flavor structure
of the quark sector, in which case the large corrections to the strange Yukawa coupling discussed in
section 3 of our paper would need to be taken into account. Other directions of investigation could
address the extended Higgs sector of the FSSM, exploring e.g. the collider phenomenology of the heavy
Higgs bosons, or the stability of the scalar potential. With the present study, we aimed to provide
a proof of concept — applicable also to other models and other anomalies — of how the Higgs-mass
prediction can be used, in combination with other observables, to shed some light on the hidden

structure of a SUSY model with heavy superparticles.
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Appendix

We provide here explicit formulas for the tree-level mass matrices of the Higgs bosons in the FSSM.

In the Higgs basis, we decompose the four SU(2) doublets (all with positive hypercharge) as

Gt Ht ¢/+
o, = . . By = . . o, = du . (A1)
<v+\}§(h+zG0)) (\}i(H—l—zA)) " %(qbél’u—i-za’d’u)
In this basis the mass matrices for the scalar (h, H, ¢/;, ¢,,), pseudoscalar (G, A, al;, a;,) and charged
(G, HT, qbiﬁ, @.7) components of the four doublets read

M?2 cos? 23 —%Mg sin4/3 0 0
M2 —%Mg sin4ﬁ~ M% sin? 25~—|—2b12/sin26~ —bgg/COSB b14/sinB
S J— - ~ 9
0 —bsa/ cos 8 M‘%Q + %Mg cos 2[3 —b3y
0 b14/Sinﬁ~ —b3y M(%/ — %Mg cos 28
(A2)
0 0 0 0
0 2ba/sin 283 —b32/cos3 b14/sin6~
M} = e , (43
0 —bsa/cosB Mg, + 5 Mz cos2p —bsy
d
0  bua/ sin 3 —b34 M(%, — %Mg cos 23
0 0 0 0
e 0 M2 +2b1y/sin 23 —bgg/cos,é 614/sin5
+ = ~ ~ 3
0 —bsa/ cos 8 M‘%& — (MVQV — %Mg) cos2f3 —b34
0 b14/sinﬁ~ —bay Mq%g‘ + (M‘?V - %M%) cos 23
(A4)

10b

where the mass parameters M (12)/ and the mixing parameters ;j are combinations of the original

d,u
mass parameters and B-terms as defined in eqgs. (1) and (4):

00ur notation for the mixing parameters b;; follows ref. [40]. Note however that the upper-left 4x4 blocks of the mass
matrices shown in egs. (31), (34) and (35) of that paper correspond to a different basis, namely (e®}, ®., e®}*, ®,).
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M2/d = (mZd + ,uid + ‘U,i/d) COS2 /Bd + (m?l/d/ + ‘U,z/d/ + M’IZAd/) Sin2 Bd

— (Mg + Hudbud + P Pova) SID 284 (A5)

Mg, = (mpy+ pig+ pag) €o8” Bu + (Mins + poy + fayg) Sin° By
— (M + Pudbrd + frvd ) S 2By (A6)
b1 = sinfy (Bygsin By + Bygcos By) + cosBq (Bya sin By, + By cos By) (A7)
bsz = cosfBq (Bugsin By + Byacos Bu) — sinfBq (Bua sin By + By cos Bu) (A8)
biy = sinfy (Bygcos By — Bygsin8y) + cos By (Byg cos By, — By sin 8y) (A9)
b3y = cosfBy (Byuacos By — BygsinBy,) — sin By (Byg cos By, — By sin 5y) . (A10)

The minimum conditions of the Higgs potential have been used to remove four combinations of
the original parameters from eqs. (A2)-(A4). In the limit of unbroken EW symmetry (i.e., v — 0),
which we adopt in the calculation of the matching condition for the quartic coupling of the SM-like
Higgs, the mixing between the SM-like scalar h and the three heavy scalars vanishes, and the 3x3
sub-matrices for the masses of the scalar, pseudoscalar and charged components of the heavy doublets
Qp, @, and @), all reduce to:

2b12/sin23 —bsa/ cos 3 b4/ sin 3
M2 = —bgg/COSB~ M(%, —1734 . (All)
d
bia/sin —bay M2,

We can then introduce a 3x3 orthogonal matrix Ry that rotates the three heavy doublets of the Higgs

basis into a basis of mass eigenstates:

H, Dy
Hy | =Ry | @, |, diag (M3, M}, M%) = Ry M} R . (A12)
H; P,
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Chapter 5

Higgs alighment and W boson mass in
Dirac gaugino models

Extensions of the SM often involve an enlarged scalar sector, and examples are the MSSM
which contains two Higgs doublets and the FSSM including four Higgs doublets. While only
one fundamental scalar has been discovered, one must address an important question: how
do these models incorporate the SM-like Higgs boson? This question finds one trivial answer
in the previous Chapter, where we considered high-scale SUSY models, in other words, the
non SM-like Higgs bosons are much heavier than the SM-like one, so they decouple from the
latter in the low-energy limit. A different, and phenomenologically interesting scenario is
that the BSM particles are within reach of the current (or at least the near future) collider,
but their mixing with the SM Higgs are suppressed by some underlying symmetries of the
model. This is conventionally called alignment without decoupling, see for example [87-91].

Such possibility is realized, for example, in Dirac gaugino models [24, 92-99] — supersym-
metric models where gauginos have Dirac masses. At tree level, alignment without decou-
pling is automatic [100], in addition, it is relatively stable under quantum corrections [101].
Beyond their favorable properties regarding alignment without decoupling, Dirac gaugino
models also account for the recently measured W boson mass thanks to the presence of a
triplet scalar. In this Chapter, we examine several Dirac gaugino models, beginning with
their alignment properties and subsequently assessing their ability to enhance the W boson
mass. In Section 5.1, we recall relevant notions and properties of Higgs alignment. In Section
5.2, we present the basic construction of Dirac gaugino models, as well as its implications in
Higgs alignment and the W boson mass.

5.1 Higgs alignment

The main idea of Higgs alignment is that, in the presence of multiple scalars, the eigen-
state of the scalar mixing matrix that acquires a non-zero vev is aligned with the observed
Higgs boson and its properties turn out to be SM-like. To give a basic illustration, let us
consider one of the simplest extensions of the scalar sector: the two-Higgs doublet model
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(2HDM). We put the two doublets in the form
HY HF
Hy= 4 , H,= u (5.1)
( Hy ) ( H, )

H3£<vd+h2+ia2> /V2, HY)= (vu+h2+ia2) /V2 (5.2)

where

We assume that U(1)en and CP symmetries are not spontaneously broken by the vacuum,
therefore only neutral components acquire non-zero vev and all the vevs (here denoted by
Vu, vq) are real. In addition, they obey the relation v2 + 1)3 = 02, with v ~ 246 GeV. The
most general renormalizable and SU(2)-invariant scalar potential of this model is given by

A A
V =miy, \Hal* + miy, \Hal* + (my Hy - Ha o+ hee) + 5 [Hal* + 52 H 4+ s | HJ | Hol?

A
+ Ay |H, - Hal* + [25 (Hy - Hy)® = (s | Hal* + Ar [Hu|*) Hy - Hy + h.c.]

(5.3)
where the dot product is defined as:

H,-Hy=e;H.H) = HFH; — H HY (5.4)

H, and H, have opposite hypercharges. One can also redefine the basis in order to have
two hypercharge +1 doublets:

D4 = ey Hy', @ =H) (5.5)

A rotation of ®J and CI% yields the so-called Higgs basis, where only one of the doublets
acquires a non-zero vev:

H, = vg®g + 'Uuq)u’ Hy = —0, Pyg + 3Py, (56)
v v
with
+ +
%) H
H = Hoy = )
) ( (0 + HM 4 ix)/v/2 ) 2 < (HNSM 1 4)/\/3 ) (5:7)

The neutral CP-even component of Hj is identified with the SM-like Higgs boson H5M and
the Goldstone bosons ¢*, y all lie in H;. The non-SM particles sit in the other doublet
H,. This procedure can be readily applied to an arbitrary number of doublets, as we have
already seen in the case of the FSSM, Eq. (6)-(7) of Section 4.4. In the Higgs basis, the
scalar potential (5.3) is rewritten as

V =YiH|Hy + Yo H{Hy + [YsH{H; + h.c.]
+ %Zl (mm)2 + %ZQ (H§H2)2 + Zs (H{Hy) (HiH,) + Zy (H{Hy ) (HJH)) (5.8)
+ {;Zg) (B{H)" + [Zo (HIH) + 27 (H}H)] H]Hy + h.c.}
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The new coefficients are related to the old ones by the rotation angle 3, with tan 8 = v, /vg4.
Finally, we infer from (5.8) the CP-even squared mass matrix in the basis {HSM, HNSM}:

Z1v? Zv?
2 1 6
M= ( Zev? m124+Z51)2 ) (5.9)

mi,
85CH
now rephrase the requirement for Higgs alignment as: one of the mass eigenstates of M? —
conventionally considered to be the lightest one — is the SM-like Higgs boson HM. In terms

of the matrix elements, it amounts to the conditions

— X502 is the squared mass of the CP-odd neutral Higgs field. We can

where m124 = —

Zg =0 and Zv® =m? ~ (125 GeV)? (5.10)

which correspond to the scenario of exact alignment. Nevertheless, a moderate amount of
deviations from (5.10), typically due to quantum corrections, is tolerated as long as they are
not in conflict with precision measurements.

When the non-SM scalars contain an electroweak singlet, with decomposition S = vs +
(H%+ia2)/+/2, the alignment conditions are very similar. Let us extend the 2HDM to include
S, then same as before, one must rotate the two doublets { H,,, Hyq} to the Higgs basis, while
the singlet vev is unaffected by this change of basis. In the scalar potential, there are new
singlet self-interactions and singlet-doublet couplings. We write the subsequent CP-even
squared-mass matrix in the Higgs basis {H"M, HNSM 5 as:

Mi M3y, Mig
M? = M3, M%S (5.11)
M33

Again, Higgs alignment requires that the SM-like scalar be decoupled from the others:
My =mj, Mi =0, Mi;=0 (5.12)

While the above discussions involve the general 2HDM and 2HDM plus a singlet, what
is the situation in some simple supersymmetric models? As we have presented in the last
Chapter, the MSSM is a supersymmetric 2HDM, whose scalar potential is determined by the
F- and D- terms at tree level. Higgs alignment in the MSSM is extensively studied in the
literature [91, 102-106], which points to a possible alignment without decoupling, but this
requires a specific choice of parameter regions where the tree-level and loop contributions
to Zg approximately cancel. A priori, no symmetry of the model implies this cancellation,
so alignment without decoupling in this case necessitates some amount of tuning. Similar
analyses have also been performed on the NMSSM [107, 108] which is the singlet extension
of the MSSM, yielding various constraints on the scalar potential, but exact alignment is
again not automatically satisfied.

5.2 Dirac gaugino models

Gauginos are the superpartners of the gauge bosons that can acquire mass through
SUSY breaking. They are the fermionic component of the vector multiplet, which in the
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four-component notation is represented by a Majorana fermion. Whether gauginos have a
Majorana (MM + h.c.) or Dirac (MM + h.c.) mass is an important question because a
Majorana mass term explicitly breaks R-symmetry, while a Dirac mass term preserves it.

In the MSSM, the gauginos have Majorana masses that reside in the soft SUSY-breaking
Lagrangian, hence R-symmetry is broken. There are also viable models where gauginos have
Dirac masses, and this class of models is called Dirac gaugino models. First introduced in
[24] in order to provide mass to gluinos while preserving R-symmetry, Dirac gauginos have
been, since then, substantially studied in non-minimal extensions of the SM. The simplest
content comprises three chiral superfields that supplement the MSSM. Each chiral multiplet
is associated with a gauge group, and transforms under the adjoint representation. We
denote the singlet, SU(2) triplet and SU(3) color octet by S, T, Og respectively. The chiral
multiplets enlarge the field content, with new complex scalars:

_ Sr+1iS5r _ 1 To V2T, 0@ — Og;% + iO;IL)
NO I 2\ V2T Ty )’ g V2

where Ty = % (Tr +1iTy), Ty = % (Tyr +iTyr). The fermionic components pair with

S (5.13)

gauginos to form a Dirac mass term. Details about the superpotential and the Lagrangian
will be presented in Section 5.4. For the following discussions, we restrict to the couplings
between the adjoint superfields and the MSSM Higgs superfields in the superpotential:

W S AsSHy, - Hq + 2A7Hg - TH,, (5.14)

In the first studies of Higgs alignment in Dirac gaugino models, one often assumed that

the adjoint scalars S and T are very heavy, and consequently can be integrated out (see for
example [97]). Since the color octet is not coupled to the scalars S and T, the resulting
effective theory is a 2HDM. In the superpotential, Ag, Ar are not completely arbitrary. If
one considers an underlying /' = 2 SUSY in the gauge sector at a high energy scale, which
contains an SU(2)g symmetry [96, 100, 109], these coupling constants are actually fixed by
the gauge couplings:
T A= % (5.15)
Interestingly, (5.15) will imply that alignment without decoupling at tree level is automatic,
i.e. the off-diagonal element of the mass matrix is vanishing (Zg = 0). In addition, including
quantum corrections, the alignment condition is shown to be radiatively stable [101].

The above discussion is based on the effective theory where S and T are integrated out.
Revisiting this assumption, one may be wondering how light can the singlet and triplet be.
Note that the triplet vev in this model is constrained by electroweak precision measurements
of the “p parameter”, to which the triplet vev gives a tree-level contribution. Recall that p
is related to the W boson mass through:

As =

M3, = pcos 03, M3 (5.16)

with Oy the Weinberg angle. According to [97], this vev is bounded by vy < 3 GeV. Small
triplet vevs are conventionally ensured by a large triplet mass', so in this case the triplet
mass is bounded from below, mp 2 1 TeV.

! As we will see in Section 5.4, the squared mass of the triplet is, approximately, proportional to the inverse
of its vev.
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On the other hand, it has not been sufficiently investigated to what extent the singlet
can be light. The constraint mainly comes from the mixing between the singlet and the light
Higgs, because the larger the mixing is, the stronger the direct search bound will be. One
may choose to keep, or integrate out the triplet scalar, then investigate how the resulting
model is restricted by approximate alignment. These scenarios will be examined in Section
5.4.

Recently, hints of new physics appeared in the direct measurement of the W boson mass
by the CDF Collaboration [25], with a better precision than the previous LEP, Tevatron and
LHC results. The reported value is:

MGPY = 80.4335 & 0.0094 GeV (5.17)
and from the SM prediction [110, 111]:
MEM = 80.357 + 0.006 GeV (5.18)

the deviation is as large as 7o. While waiting for confirmation from other experiments, it
is interesting scrutinize how Dirac gaugino models accommodate this discrepancy. As we
mentioned before, the triplet vev has a tree-level contribution to the p parameter, in the
form:

2
p =14 Apiree + Ap = 1+4Z—€+Ap (5.19)

where Ap stands for higher order corrections. The tree-level enhancement of myy from a
triplet is well-known. It arises from the kinetic term of the triplet that includes a quartic
coupling between two W bosons and two triplet scalars that acquire a vev vp. Therefore,
Dirac gaugino models provide an intriguing explanation to the new CDF result, thanks to
the adjoint triplet naturally present in these models. As a first approximation, we take
the observed values of Mz and cosfy, so the tree-level deviation of the p parameter is
ACPF e = 0.0012, implying vy ~ 4 GeV, which is around the upper bound given previ-
ously.

For a more detailed analysis, the tree-level estimation is far from being sufficient. In
fact, Dirac gaugino models also give rise to important quantum corrections to myy, and the
latter may even compete with tree-level contributions for some specific parameter regions.
To take into account these corrections, we will not restrict to Dirac gaugino models with an
underlying SU(2)gr symmetry, so the couplings Ag and Ap are arbitrary, and we will start
from a general set of parameters that also allows for some R-symmetry breaking. In the
meantime, we will compare different variants of Dirac gaugino models (with specific choices
of parameters), involving both alignment properties and the predictions of the W boson
mass. This work will be presented in Section 5.4.

5.3 The setup and main results

The superpotential of the Dirac gaugino model under consideration is, for the Higgs
sector:

W = uHy - Hqg + AsSHy - Hyq + 2A\7Hg - THy, (520)
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where Ag and Ay will be taken as independent parameters. The Yukawa superpotential is
same as in the MSSM, given by

Wkawa = Y,/ U%Q; - H, — Y,/D%Q; - Hy — YIEL; - Hy (5.21)
The effective superpotential for the Dirac gaugino masses is:
Wpa = \/5004 [mDstla + 2mpatr (TWaqa) + 2mpstr (0W3a)] (5.22)

with O = %)\“O“ and W, denote the chiral gauge-strength superfields. We also take into
account U(1)r R-symmetry breaking effects, encoded in the superpotential:

M
Wn €58 + =28 + §s3 + AgrStr(TT) + AsoS tr(00)

+ M7 tr(TT) + Mo tr(0OO) + )\?O tr(0O00)

(5.23)

The soft SUSY-breaking Lagrangian contains R-symmetry preserving and breaking terms,
that can be found in the next section. The above information enables us to derive the
tree-level mass matrix (M?)__ in the basis {h, H, S, T}}. In particular, if we insert the
conditions (5.15), then (M3,), .. = MZ. For a more complete analysis, we must also include
radiative corrections to the entries of the mass matrix, as well as to Eq. (5.15), which will
partially spoil the alignment. Some specific choices of parameters — depending for example
on whether R-symmetry is broken — will result in different alignment properties, and these
cases will be listed in Sec. 2.4 in the next section. One of them which is of particular interest
is referred to as the aligned DGNMSSM?, where the triplet is decoupled, and the light Higgs
does not mix with the heavy Higgs or with the singlet, while allowing for a possible R-
symmetry violation. Tree-level alignment can be achieved in this model through a specific
set of parameters.

The second aspect we consider is the W boson mass prediction in Dirac gaugino models.
In view of the recent CDF result, an enhancement of My can be achieved in two ways: the
vev of the triplet scalar and the quantum corrections. The latter receive a significant contri-
bution from the triplet scalar interactions. As is mentioned before, the tree-level triplet vev
is estimated to be vy ~ 4 GeV in order to match AMZ, = 11 (GeV)?. On the other hand, an
evaluation of quantum corrections is carried out numerically. The different models are then
compared in terms of their compatibility with collider constraints, and the aforementioned
aligned DGNMSSM, for example, agrees with the experimental bounds. In particular, we
observe the importance of quantum corrections to the W boson mass, which are at least as
large as the tree-level contribution from the triplet expectation value vy and therefore, a
sensible analysis of W boson mass must go beyond tree level.

5.4 Publication

2This acronym originates from the fact that in this model, we have two Higgs doublets and one singlet,
same as in the NMSSM.
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1 Introduction

While constraints on heavy Higgs bosons in supersymmetric models are rather stringent
at large tan 5, excluding masses above a TeV, at small to moderate tan 8 direct searches
do not place significant limits; only indirect constraints from B — s7v limit a heavy
charged Higgs boson to be above 568 GeV, roughly independent of tan 3 [1]. On the
other hand, in the Minimal Supersymmetric Standard Model (MSSM), this region is
likely excluded for an additional neutral Higgs boson below a few hundred GeV due to
modifications to the SM-like Higgs boson couplings. This has led to a lot of interest in
extensions of the MSSM (or variants of the Two Higgs Doublet Model) where alignment
without decoupling is possible [2-9], that is where the mixing between the SM-like Higgs
boson and other scalars is minimised so that it aligns with the expectation values and
has SM-like couplings.

Dirac Gaugino models [10-18], (see also, for example, [19-65]) accommodate sce-
narios where alignment without decoupling is automatic at tree-level [15,66-70]. Under
the assumption of an N = 2 supersymmetry in the gauge sector at some scale, these
models contain an approximate SU(2)r R-symmetry which guarantees the tree-level
alignment [67]. An investigation of the effects of quantum corrections showed that it
is even radiatively stable [66], with competing effects partially cancelling.

These models have many interesting phenomenological properties, and have been
extensively studied in the literature. They involve, at a minimum, an extension of the
MSSM by three adjoint chiral superfields, one for each gauge group; the fermions from
these pair with the gauginos to give them a Dirac mass. This means the presence of
new scalar fields, in singlet, triplet and octet representations.

Actually, it has not adequately been investigated to what extent the singlet could
be light in such models. One condition for this to be the case is that it should not



disturb the couplings of the light Higgs — in other words, we should have some amount
of alignments without decoupling. ATLAS and CMS both give constraints on the
overall signal strength of the Higgs boson p to be [71,72]:

1 =1.06 +0.07 (ATLAS),  p= 102397 (CMS). (1.1)

If the Higgs boson h mixes with an inert singlet s, then we can write the mass eigen-

states B,S as
h\_( Su S h
()=(Z ) (8) 12

p=|S* < 1. (1.3)

then we will find that

Hence if we allow a 30 deviation from the ATLAS result, we require
1 — S| = [S12)* < 0.15 — |S1a| < 0.39. (1.4)

While this still allows a moderate amount of mixing, the larger the mixing between
the flavour eigenstates, the stronger the direct search bounds on the singlet will be.
Therefore in this work we will consider the conditions for an approximate alignment
in which the light Higgs mixes neither with the Heavy Higgs nor with the singlet (the
triplet being decoupled). This will lead to a scenario that we refer to as the aligned
DGNMSSM.

Recently, the CDF experiment reported a new measurement of the mass of the W
boson [73]. Compared to the SM prediction [73-75], this gives as averages (combined
Tevatron+LEP [73,76-83]):

M%‘EvatrokaEP =80424 + 9 MeV, MI§VM = 80356 &= 6 MeV. (15>

If we take the central value of the top quark mass to be 172.89 GeV then the central SM
prediction becomes 80352 MeV [84]. These differ by 7 standard deviations, although
measurements at the LHC [85,86] also differ from the combination of Tevatron+LEP
by 4 standard deviations, so at this stage confirmation is required by other experiments.
Nevertheless, a modification to the W boson mass is one of the most generic effects of
new light particles coupling to the electroweak sector, so such a hint is tantalising.

It has generally been assumed in Dirac Gaugino models that the adjoint scalars
should be heavy; indeed, the requirement that the triplet scalar vacuum expectation
value (vev) must be very small compared to the Standard Model Higgs one — otherwise
it would generate a large p parameter - is usually ensured by giving the triplet a heavy
mass. Amusingly, following the new measurement, the simplest explanation for the
enhanced W boson mass is exactly an expectation value for the neutral component
of such a triplet. In this work we shall investigate that possibility in minimal Dirac
Gaugino models.

Such a triplet scalar also comes along with electroweak fermions, which can modify
the quantum corrections too. Therefore a precise computation is required. While a



preliminary such computation was performed for the MRSSM [87] using an update to
FlexibleSUSY [88,89], and a related computation was performed for the same model
in [90], that model lacks a natural enhancement to the W boson quantum corrections.
In this work we introduce a similarly precise computation in the package SARAH-4.15.0
and use it to examine the compatibility of our aligned DGNMSSM, along with four
other scenarios — the “MSSM without p term,” the MDGSSM, the aligned MDGSSM
and the general DGNMSSM — with the new measurement of the W boson mass, or a
naive world average value of Myvorld AVETAEe — 80411 4 15 MeV.

This work is organised as follows. In section 2 we summarise the essential details of
the class of Dirac Gaugino models, including the vacuum minimisation conditions and
mass matrices. The conditions for alignment are reviewed and a comparison is made
with the cases of the MSSM and NMSSM. We also introduce the different variants
we shall consider: the MSSM without p-term; the MDGSSM, the DGNMSSM and
the aligned DGNMSSM. In Section 3 we will study the predictions for all of these
classes of models for the W boson mass, examining in particular the effects of a precise
computation of the quantum effects. We present our conclusions in section 4.

2 Dirac Gaugino Models with Automatic Tree-
level Alignment

2.1 Field content and interactions

We shall consider in this work the extension of the MSSM by a minimal matter con-
tent to allow Dirac Gaugino masses, as in [18,35]. The additional superfields consist
of three chiral multiplets, in adjoint representations of the SM gauge group factors
(DG-adjoints): a singlet S, an SU(2)w triplet T?, and an SU(3)¢c octet O%. If we
require gauge-coupling unification, even more states should be added to the model.
For instance, for an (SU(3))? Grand Unification, the minimal set of chiral multiplets
includes also extra Higgs-like doublets R, 4 as well as two pairs of vector-like right-
handed electron E'; 2 in (1,1); and E/LQ in (1,1)_;. We will not consider these states
here.

In order to develop an intuition for the different interactions involved, it is helpful
to consider a simple picture where the model descends from a supersymmetric theory
in D dimensions. The different states can appear in different sectors: some live in
the whole D-dimensional bulk, others are localised on four-dimensional hyper-surfaces
(branes) at points of the extra dimensions of coordinates z; = {z?},a =5,---,D. The
corresponding Lagrangian can be written as

/dDa: L= /de {Lyuir + Z5<D_4)(ac — ;) Eé?mdames} , (2.1)

where we have not explicitly written the metric factors. The four-dimensional theory
arises after a truncation keeping only the compactification zero modes:



£4d = ﬁ;)lglk + ﬁboundaries 5 (22)

Lo = /dD_43? Ltk (2.3)

ﬁboundaries = /dD4x 25(D74)(x_mi) 'Cl(;'))undaries . (24)

A tree-level alignment in the Higgs sector appears in a class of models where the
bulk theory leads to a four-dimensional Lagrangian with interactions governed by an
N = 2 extended SUSY. In particular, the SM gauge fields and the DG-adjoint fields
arise as N = 2 vector supermultiplets, and the two Higgs chiral superfields H; and Hy
form an N = 2 hypermultiplet, interacting through the superpotential

Lot D / d*0 {p Hy, - Hy+ \s S H, - Hy+ 2\ Hy - TH,} (2.5)

where T = %a“ T¢, and the dot product is defined as

H, H,;=¢H B, =HH, - HOH] . (2.6)

The N = 2 SUSY has a global SU(2)r R-symmetry that rotates between the
generators of the two N = 1 supercharges. The scalar components S, T% of S and
T®, respectively, are singlets of SU(2)r. This R-symmetry rotates then between the
auxiliary fields F¢ of the adjoint superfields 3¢ € {S, T*} and the auxiliary component
D*® of the corresponding chiral gauge superfields WY, for U(1)y and SU(2)w. This
implies that

( Re(F%) , D* | Im(Fy) ) (2.7)

form a triplet of SU(2)r. As a consequence, in order that the interactions (2.5) of S
and T® with the two Higgs doublets preserve SU(2)g, the couplings Ag and Ay must

be related through!

Ag = gy g2

ﬁ7 and )\T = ﬁ (2.8)
to the couplings gy and g2 of the U(1)y and SU(2)w gauge groups, respectively. Below
the scale where the N = 2 SUSY is broken to N = 1, these relationships are spoiled
by a small amount through renormalisation group running, so in numerical evaluations
we must treat the couplings Ag and Ar as independent parameters.

In addition to the SU(2)r R-symmetry which is broken in N = 1 (chiral) sectors,
there is a global U(1)g R-symmetry under which the superspace coordinates 8% carry
a —1 charge. The U(1)gr charges of the H, and Hy superfields are Ry, and Rp,,

In the discussion of the W boson mass, we shall relax this condition and study also generic Minimal
Dirac Gaugino models with arbitrary values for Ag and Ap. All of the description of the models presented
in this section holds for these models except for the N = 2 SUSY and SU(2)g global R-symmetry that are
broken.



respectively. They are arbitrary but subject to the constraint Ry, + Ry, = 2. The DG-

adjoint superfields S, T, and O% are R-neutral. Below, we shall classify the different

N =1 interactions following whether they preserve or break the U(1)r symmetry.
The boundary Lagrangian can be split into different contributions:

Eggundaries = C?gclclflised + /d29 {WY’ukawa + WDG + WNR} + Aﬁsoﬁ . (29)

Here, we denote by E?gclfhsed kinetic and interaction terms already present in the bulk

theory L’ﬁzl . but appearing with relative coefficients that violate N = 2 supersymmetry.
Such terms can a priori be present because the boundary theory preserves only N = 1
SUSY, thus the coefficients of these terms are less constrained. Here, for simplicity,
we assume such terms to vanish at tree level, to be only generated by quantum loops
after supersymmetry breaking, and will therefore be accounted for in our analysis, at
least in part, through the radiative corrections.

Also in (2.9), we have the usual MSSM Yukawa superpotential Wy yxqwe With the
couplings responsible for the quark and lepton masses:

Wywkawa = YJU%Q;-H, - Y,/ D%Q; -Hy— YIESL;-Hyq, (2.10)

which arises on the brane where the matter field supermultiplets are localised.

In this work, we consider a typical scale for the soft terms, for example squarks or
gaugino masses, to be in the phenomenologically interesting range mg,p; ~ TeV. If we
denote by A a higher scale, for instance related to supersymmetry breaking messenger
mass scale or to the Planck scale, then we can consider the relative strength of the
diverse SUSY-breaking terms as an expansion in powers of % We will assume that
SUSY-breaking terms in the gauge sector preserve the U(1)r R-symmetry, giving rise
to Dirac gaugino masses, while Majorana masses might be generated only by higher-
order interaction terms, therefore suppressed by additional powers of hidden-sector
couplings and/or mj{’f £ where A could be the Planck scale (for gravity-induced effects).
The effective superpotential for the Dirac gaugino masses reads

Wpe = V20%|mpySWia + 2mpatr(TWa o) + 2mpstr(OWso)| . (2.11)

where O = %)\“Oa, and W;, are the chiral gauge-strength superfields. Finally, the
superpotential W g contains terms that break explicitly the U(1)g R-symmetry:

M.
Wnr = &sS+ TSSQ Jrgs?’ + Asr Str(TT) + Aso Str (00)

A
+ My tr(TT) + Mo tr (00) + ?0 tr (000) . (2.12)

The soft SUSY-breaking Lagrangian AL%°ft can in turn be split in two parts.
The first contains the scalar mass and interaction terms that preserve the U(1)r R-



Symmetry:

ALY = w3y [H P mdy, [Hal? + m3[S o+ 2mtre (TTT> +2md tr (OTO)
+ (m)YQIQs + () UL Uf + (mp) D Df 4 ()Y LIL; + () VB¢ B
+ <tSS + %BSSQ + %THS?’ + TspStr(TT) + TsoS tr(00)

1
+ Br tr(TT) + Bo tr (OO) + gTOtr(OOO) + h.c.) . (2.13)

The second part of AL%°f contains the scalar mass and interaction terms that break
the U(1)r R-symmetry:

_Aﬁi?{zt D> ByH, -Hi+TsSH, -Hq+2TprHy-TH,
+ Tij UCin -H, —T(;j Dcin -Hy _Teij ECiL]’ "H; + hec. , (2.14)

as well as the Majorana mass terms M; (with ¢ = 1,2, 3) for the gauginos. In general,
the mechanisms that break R-symmetry and SUSY could be independent of each other,
hence in egs. (2.13) and (2.14) we refrained from defining the soft SUSY-breaking
trilinear couplings as proportional to the corresponding superpotential couplings. In
this work we assume that the soft SUSY-breaking Higgs-sfermion-sfermion interactions
in the second line of eq. (2.14) are suppressed with respect to the R-conserving sfermion
mass terms in eq. (2.13). This can be realised in our D-dimensional picture if the
quark and lepton superfields are localised on a brane that differs from the one where
the breaking of the R-symmetry takes place.

Since our study focuses on the electroweak sector of Dirac Gaugino models, we
assume for simplicity that the scalar octet O® is heavy and can be integrated out
of the theory. To insulate the singlet sector from threshold corrections involving the
heavy octet, we also neglect the singlet-octet interaction term proportional to Agp in
the R-violating part of the superpotential, eq. (2.12), as well as the analogous term
proportional to Tso in the R-conserving part of the soft SUSY-breaking Lagrangian,
eq. (2.13). Similarly, since they cannot appear in some of our scenarios, for simplicity
in the following we shall also neglect Agy, T'sp and the tadpole terms tg,&g.

2.2 The electroweak scalar sector and alignment

We can now discuss the neutral scalar sector of this class of models. The vacuum
expectation values? (vevs) of the neutral components of the doublets Hy and H,
are related by 1}3 + v?l = v%, where v ~ 246 GeV is the electroweak scale, and we
define tan 8 = v,/vg. The neutral singlet and triplet scalars S and T obtain vevs
(S) = vg/V2 and (T°) = vy/V/2, respectively. These lead to effective u and B,

%It should be emphasised that, throughout this work, we assume that CP symmetry is not spontaneously
broken by the vacuum. Therefore, all vevs are real.



parameters:

1
Hef = U+ 7()\5”03 + )\T’UT), (215)

1 1
B'u7eﬂ‘ = B + — ()\SMS + Ts)US + 7()\TMT + TT)UT + Aslivs (2.16)

V2 V2

The vevs vg and vp are then determined as a solution for the coupled cubic equations:

1
/ﬂ)zvg + E(TH + 3f§}MS)’U§' + ﬁl?sR’US
v 1 1
— A - T — Mg M, A = 0,(2.17
+3 [\f SHeff — gy MDY C28 — (\/§ 5+ 5 s Ms + SUSF&)Szﬁ] ,(2.17)
1
mTR’UT + — [WATﬂeH + gompacog — E(TT + )\TMT)825:| = 0, (2.18)
where
minp = M2 +m%+ Bs +4mby,
magp = M#+m% + By +4mb,, (2.19)

are effective mass-squared parameters (at zero expectation value) for the real compo-
nents Sp and T' ]% of the neutral singlet and triplet scalars (the analogous masses for the
imaginary components S; and TIO are m%l = Mé—f—m%—Bs and ﬁz?pl = M%—i—m?p—BT,
respectively). We know that vy must be small — namely, less than a few GeV — to avoid
an overlarge tree-level Ap, so to a good approximation we can set vy = 0 in the vac-
uum minimisation equation for vg, eq. (2.17), and decouple it from the one for vy,
eq. (2.18); this would allow the cubic equation for vg to be solved using standard
techniques. However, the current state of technology for the computation of loop cor-
rections assumes that we take expectation values as being valid for the true minimum of
the full quantum-corrected potential, so in our numerical studies we must take them as
inputs. Especially for vr this can lead to complications; see [91] for a recent discussion
of this issue.

To discuss the alignment in the Higgs sector, it is now convenient to introduce the
so-called Higgs basis for the two doublets,

oy = WPt 0Pu g UuPat vl (2.20)
v v

where we defined for convenience two doublets with positive hypercharge, ®), = H
and @fi = emH In the Higgs basis the two doublets can be decomposed as

1= ( (v—i—hf:GO)/\/? ) 2 = < (H +§A+)/\/§ ) ! (2.21)

i.e., only the neutral component of ®; has a non-zero vev, and the would-be-Goldstone
bosons, G* and G, all lie in ®;. In general, the neutral CP-even fields h and H



mix with the neutral CP-even components of the singlet and the triplet. In the basis
{h,H, Sk, TR}, the tree-level mass matrix reads

M% + Ahsgg AhSQBCQB A Apt
Apsogc M2 — Aps2 A A
(MQ)tree _ hS2B8€C2p3 A h528 ~h2ls Htﬁ 7 (2.22)
Aps Aps my ASAT %
Apy Apy AsAry
where
v? 2 2 2

I 1

Aps = v|V2Xsper — gympycop — (E(TS + AsMg) + USKAS)SQﬂ} (2.24)
i 1

Ags = vl — (E(TS + AsMg) + vskAs)cap + gymDyS%} , (2.25)
i 1

A = 0|V2Arperr + g2mpacas — E(TT + /\TMT)52B:| , (2.26)
1

Ay = —v E(TT —|—)\TMT)CQB + gampasag |, (2.27)

2B

M3 = el (2.28)

825
2 2 v? v? 2 2
my = kg + N — mAs s + 3670F + V20s(T}; + 36 Msg), (2.29)
2 2 v?

Exact alignment in the Higgs sector is obtained when one of the eigenstates of the
CP-even mass matrix — in this work, we take it to be the lightest one — is aligned in
field space with the direction of the SM Higgs vev, and thus has SM-like couplings
to gauge bosons and matter fermions. This is equivalent to requiring that h itself be
an eigenstate of M?, or in other words that M%j = 0 with j = 2,3,4. If we make
the reasonable assumption that the triplet is heavy, then this can be relaxed to just
7 =2,3. In addition, we will also refer in this work to cases where the singlet can be
light without being potentially ruled out by direct searches. In this case we will require
the supplementary condition that M%S = 0.

We start our discussion by focusing on the alignment between the two doublets.
The use in eq. (2.23) of the N = 2 condition for the singlet and triplet superpotential
couplings, see eq. (2.8), implies Ay, = 0 and M), = My, i.e. alignment is automatically
realised at the tree level in this class of models, and the tree-level mass of the SM-like
Higgs boson is independent of tan 5 but well below the value observed at the LHC. It
is however well known that, in SUSY models, the radiative corrections to the Higgs
mass matrix play a crucial role in lifting the prediction for the mass of the SM-like
Higgs boson up to the observed value. Moreover, the radiative corrections to the
condition in eq. (2.8) for the superpotential couplings of the adjoint superfields can



become relevant if the scale My—s where the N = 2 SUSY is broken to N = 1 is
much larger than the scale where the Higgs mass matrix is computed. All of these
corrections inevitably affect also the condition for alignment in the Higgs sector. As
was discussed in ref. [66], in DG models the element that mixes the two doublets in
the loop-corrected mass matrix can be recast as

2 _ L oy o1 vitanf [(, g 2 9
M12 = tanﬂ [Mll — MZ] — 1 —f—tanQﬁ )\S — 9 + )\T — 9 + () s
(2.31)

where M3, contains the dominant one-loop contribution from top and stops. The latter
consists in a term enhanced by y} In(M2,.,/m?), where y; is the top Yukawa coupling
and Mgygy denotes for simplicity a common soft SUSY-breaking mass parameter for
the stops. The second term in eq. (2.31) accounts for the deviation of the superpoten-
tial couplings from the SU(2)g condition in eq. (2.8), and the ellipses denote one-loop
top/stop contributions that are suppressed by small ratios of parameters, one-loop con-
tributions that involve couplings other than y;, and higher-loop contributions. Close to
alignment, the loop-corrected mass-matrix element M%l can be empirically identified
with the observed mass of the SM-like Higgs boson, M,% 2 M% Therefore, eq. (2.31)
shows that the radiative corrections included in M?; tend to destroy the tree-level
alignment in the Higgs sector of DG models. However, when My_s is large the evolu-
tion of Ag and Ar down to the scale where the Higgs mass matrix is computed makes
the second term in eq. (2.31) negative, and partially compensates for the misalignment
induced by the top/stop contributions.

It is instructive to compare the condition for doublet alignment in DG models with
the analogous conditions in the MSSM and in the NMSSM. In the case of the MSSM,
discussed e.g. in refs. [6,92], one finds

1

M3y =
12 tan (8

iyt S (8

1672 M2,y 6M82U8Y> T (2.82)
where A; = T33 /y, is the soft SUSY-breaking Higgs-stop-stop interaction parameter,
and again the ellipses denote sub-dominant terms. It appears that, in the MSSM, the
alignment condition M?, = 0 can be realised radiatively when a large value of tan 3
suppresses the first term in eq. (2.32), while the parameters Msysy, A; and p combine
in such a way that the second term is large and negative. In contrast, in DG models
the contributions to M%Q analogous to the second term in eq. (2.32) are suppressed
by the assumption that A; < Msysy, see the comments after eq. (2.14), thus doublet
alignment cannot be realised in this way. We remark however that, even with the
N = 2 condition for the superpotential couplings, in DG models M?, is smaller by a
factor between 2 and 3 — depending on tan 3, which we assume to be greater than 1 —
with respect to the case of the MSSM with small A;.

In the case of the NMSSM, discussed e.g. in refs. [7,9], the mixing between h and
H is given by

1 6yZm? i Ay A?
M2 :7/\/12 _M2 _)\2 2.2 t t 1— t )
12 tanﬁ [ 1 Z 28 SY 85] * 1672 MSQUSY 6M52USY - ( )
(2.33)
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where i = u+Agvs/v/2. Comparing with the case of the MSSM, eq. (2.32), we see that
the condition M2, = 0 can be realised even in the absence of a large contribution from
the terms proportional to pegAr/M2,sy, as long as the singlet-doublet superpotential
coupling takes values in the range /\g ~ (3—4) M%/v?, where the exact numerical
coefficient depends on the value of tan 5. As first pointed out in ref. [7], this condition
singles out the region of the NMSSM parameter space where Ag =~ 0.7 = 0.05, a much
larger value than would be implied by the SU(2)g condition in DG models.

To summarise, the SU(2)r R-symmetry implies exact alignment at the tree level
in the Higgs-doublet sector of the DG models, but the alignment is partially spoiled
by the radiative corrections that are necessary to obtain a realistic value for the SM-
like mass. Alignment in the MSSM can be realised only through radiative corrections,
for large tan 8 and for specific choices of the parameters in the stop sector. Finally,
doublet alignment in the NMSSM can be realised even without the help of radiative
corrections for an appropriate choice of Ag, which — differently from the DG case with
SU(2)r R-symmetry — is treated as a free parameter.

The second condition for Higgs alignment in DG models is M?2; = 0, i.e. vanishing
mixing between h and Sg. Including the dominant contributions from stop loops, we

find:

6y AgC M2
My = Ahs—%mt@éxt—ueﬁcotmln% + () (2.34)

where the tree-level mixing term Ay is given in eq. (2.24), peg is given in eq. (2.15),
and @ is the renormalisation scale at which the parameters entering Ay, are expressed.
We assumed again a common soft SUSY-breaking mass term Mgysy for the stops,
and we neglected terms suppressed by powers of m?/M2,.,. The various terms that
contribute to Ay, arise from different sectors of the D-dimensional picture discussed
earlier in this section: namely, 1 and Ag enter the bulk superpotential in eq. (2.5);
myp enters the R-conserving boundary superpotential in eq. (2.11); Mg and k enter
the R-violating boundary superpotential in eq. (2.12); Ts enters the R-violating SUSY-
breaking Lagrangian in eq. (2.14). Therefore, even if we assume the N = 2 SUSY
relation of eq. (2.8) between A\g and gy, a vanishing M?; can only result from an
accidental cancellation between unrelated terms. We also note that, in contrast to the
case of M?,, the radiative correction to M3, is not enhanced by tan 3 with respect
to the tree-level part. Thus, its qualitative impact on our discussion of the alignment
conditions is limited, as long as the scale @) is not too far from Mgygy.

The minimum conditions of the scalar potential can be exploited to express the
mass parameters for the doublets and the singlet in terms of the other Lagrangian
parameters and of the vevs vy, v, and vg. In particular, we obtain a relation between
the mass parameter mQS  for the real component of the singlet, see eq. (2.19), and the
matrix element M3, given in eq. (2.34):

P2, = — 2—”—S<T 242 3M) 2.35
mgp 21}5M13 7 o+ V2k%0s + 3k Mg ) (2.35)

Eq. (2.35) above shows that the condition of vanishing mixing between h and Sk,
however realised, carries implications for the mass of the singlet. The diagonal element
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for the singlet in the scalar mass matrix is
1
M3, = mip + 5)\%112 + V2T,vg + & (3/@1}% + 3v2Mgvg — /\553051)2)

3y?)\~296%3 2 MSQUSY
o U+ () (2.36)

where we applied the same approximations as in eq. (2.34) for the one-loop correction
in the second line.

We now discuss the simplest case in which the global U(1)g R-symmetry is pre-
served in the superpotential but broken by soft SUSY-breaking terms, in which case
we can set x to zero. Since this implies a vanishing quartic self-coupling for the singlet,
the stability of the scalar potential requires that we also assume T,, = 0, even if the
trilinear self-coupling of the singlet resides in the R-conserving part of the soft SUSY-
breaking Lagrangian. In this scenario, which we shall refer to as the aligned MDGSSM,
eq. (2.35) shows that the alignment condition M3, & 0 requires m%p ~ 0 or vg < v.
The first of these two options implies that the CP-even mass eigenstate that is mostly
singlet is relatively light: setting Mm%, = 0 and k = T, = 0 in eq. (2.36), and neglecting
the small effect of the one-loop correction, we find that the value Ag ~ 0.7 favored by
the alignment condition for the Higgs doublets in the NMSSM, see eq. (2.34), leads to
M, ~ (122 GeV)?, whereas the value Ag ~ 0.25 implied in our Dirac-gaugino model
by the N = 2 SUSY relation of eq. (2.8) leads to M2; ~ (44 GeV)?. We remark that
the mixing between Sk and the heavier, non-SM-like scalar H, which is controlled by
M3, is suppressed when M3 > M%;, and would in any case lower the mass of the
singlet-like eigenstate.

The definition in eq. (2.19) shows that even the vanishing of Mm% p requires a cancel-
lation between terms that arise from different sectors of our D-dimensional construc-
tion: mqp from the R-conserving boundary superpotential in eq. (2.11), Mg from the
R-violating boundary superpotential in eq. (2.12), m% and Bg from the R-conserving
soft SUSY-breaking Lagrangian in eq. (2.13). If such cancellation is not realised, the
alternative requirement for alignment implied by eq. (2.35) when x = 0 is that vg < v.
This is not problematic as long as a suitable higgsino mass is provided by the p term
in the bulk superpotential, see eq. (2.5).

Finally, the third condition for Higgs alignment in DG models is M?, = 0, i.e. van-
ishing mixing between h and T}%. The formulas for the relevant mass-matrix elements
and for the minimum condition, including the dominant one-loop corrections from top
and stop loops, are similar to eqs. (2.34)—(2.36), with the obvious singlet-to-triplet
replacements but without terms analogous to those controlled by « in the singlet case:

6y Arc M?
My = Apy— 22T 0, (Ay — prege cot ) In =0 4 (L) (2.37)
167 Q
i 1 3yiNCh o M2
M2, = mip+ 5)\%@2 n 32772%2 In 5ng + (), (2.38)
2 v 2
mpp = ——— Mi, . (2.39)

2UT

12



The discussion of the constraints on the triplet mass induced by the condition of
doublet-triplet alignment follows the lines of the discussion of singlet-triplet alignment
for k = 0, with the important difference that the condition vy < v must in any
case be satisfied to avoid an excessive contribution to Ap. As a consequence, it is
not necessary to require m%R ~ 0 to obtain approximate alignment. Nevertheless,
we remark that the condition of exact alignment M%, = 0 would imply M3, ~ ME,
through egs. (2.37)-(2.39).

2.3 The electroweak fermion sector

We now outline the mass spectrum of the electroweak fermions, which will be relevant
for our discussion examining the W boson mass. The neutralino mass matrix, in the
basis S,B,TO,WO,Hg,HS reads:

\/5)\5

Mg + V2kvg mpy 0 0 —%Mzswsﬁ oy Mzswecg
mpy My 0 0 —Mzsweg Mzswsg
0 0 Mt mpa _%MZCWSB —\/Z‘T Mzceweg
0 0 mp2 Mo Mzcweg —Mzcwsg
—\/3;‘5 Mzswsg —Mzsweg —\/ijT Mzewsg  Mgeweg 0 — Heff
_VY2As Myzsweg  Mgzswsa —‘/E;T Mzeweg —Mzewsg — Heff 0

gy

(2.40)
The chargino masses, —3((v")" M, zv" + h.c.) in the basis v™ = (T, W, HJ),
vT = (T‘,W‘,fld_), are given by

M mp2 + gaUT )\TUCﬂ
M,z = | MD2 = g2vr M, okl (2.41)
—ATvsg %CB feff — V2Apur

and do not depend on k, but we have written for completeness the Majorana gaugino
masses M o for the bino and wino respectively.

2.4 Scenarios

We have described the general features of minimal Dirac Gaugino models, and ex-
plained how some values of the couplings allow Higgs alignment to automatically occur
at tree-level. Below, we shall consider the following different scenarios corresponding
to specific choices of the model parameters:

e General MDGSSM

In the general MDGSSM, the only source of R-symmetry violation comes from
a small B, term, which is a radiatively stable condition (the renormalisation
group running will not generate other R-symmetry violating terms from a B,
term). This excludes all of Wy g; the only supersymmetric parameters beyond
those of the MSSM retained are Ag, Ay, but those are allowed to have any value.
Supersoft masses [13] are allowed, and soft supersymmetry-breaking masses are
allowed, but squark/sfermion trilinears and T, T are not. On the other hand,
trilinears involving the adjoint scalars may be allowed (so Tk, Ts7, Tso) but may
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be argued to be small in typical models. The couplings Ag, A7 enhance the Higgs
mass and W mass at the same time; while large values of Ay were previously
deemed problematic for the p parameter, they are now a virtue.

MSSM without u term (RIP)

This model, described in [14], is identical to the general MDGSSM execpt that
the u-term is set to zero (although a small vg generates a tiny effective u). In
the MSSM this would yield massless higgsinos, but here the higgsinos obtain a
mass through Ap which causes them to mix with the triplet fermion. Thus the p
problem of the MSSM is solved, at the expense of an upper bound on the chargino
masses, which, as we shall see, leads to the model being ruled out.

Aligned MDGSSM

By taking Ag, A to their their N = 2 values given in Eq. (2.8) in the general
MDGSSM we guarantee alignment with the heavy Higgs at tree level. If we fur-
ther impose that Aps = 0, as described above, then the singlet also has negligible
mixing with the SM-like Higgs. We shall refer to this scenario as the aligned
MDGSSM.

DGNMSSM

If we instead allow R-symmetry violation in the superpotential and the associated
soft-breaking trilinears — in particular for x,7T, and Ts — we can generate p and
B,, terms through a substantial expectation value for the singlet. The model
thus resembles the NMSSM, especially if we set the u, B, terms (and Mg, Mr)
to zero; this was proposed in [18]. We shall therefore refer to this scenario as the

DGNMSSM.

Aligned DGNMSSM

We can achieve aligment in the DGNMSSM by setting Ag, Ar to their N =
2 values and taking Aps = 0. We shall refer to this scenario as the aligned
DGNMSSM; in this work, when we consider the W boson mass, we shall also
enforce Ay = 0 which guarantees that the singlet couplings to SM fields are
small, rendering light singlets safe from collider searches.

3 W mass in Dirac Gaugino models

Dirac gaugino models offer two methods of explaining an enhancement of the W boson
mass with respect to the SM: either quantum corrections or a tree-level expectation
value for the triplet scalar. In the case of quantum corrections, there are new contribu-
tions to the W mass compared to the MSSM, again coming from interactions related
to the adjoint triplet; in particular the coupling Ar.

Recall the definition of the p parameter is M%V = pc%,VM %; through the presence

of the adjoint triplet, DG models contain a tree-level modification to this relation
compared to the SM:

2
v
p;1+Aptree+Ap:1+4v—§+Ap. (3.1)
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One could consider a modification to cy instead of p as an explanation of an enhanced
W mass, but this is discounted based on electroweak precision tests (see e.g. [93]); on
the other hand, a triplet expectation value is one of the most generic and acceptable
ways of enhancing the W mass at tree level. Naively we could then take the observed
value of Mz and the standard value of ¢y and infer the value of Ap to obtain a given
value of My,. However, in the SM and in any BSM theory it is necessary to take certain
electroweak observables as input, and in our setup we will take the conventional choice
of the Z mass, Gr and a. When we modifiy p this gives both a modification to My
and a small modification to sin?@y. At tree-level this is

2
C
AtreeMI%V :%(MI%V)SMA,OH@&

“w — Sw
2 2
2 Sww
AtreeSiy = — ﬁAptreev (3.2)
Cw — Sw

so if we want to obtain My = 80.424 MeV we need AM3, = 11(GeV)?2. Taking
st = 0.23121 this gives

ACPE i ee =0.0012
ACDF2 — 4 %1074, (3.3)

tree

Interpreted as a tree-level expectation value for the triplet, this yields
vy ~4 GeV, (3.4)

which was previously at the upper bound of what was acceptable.
In the minimal Dirac gaugino model, we have from equation (2.39)

kg = ——Apy = __Bne
TH 2vp Vv Aptree

For a small vy, if we do not tune Ap; ~ 0, then triplets must be heavy. However,
we also need heavy winos to evade collider bounds and this implies large mpso: the
connection between electroweakino masses and the expectation value of the triplet is
a novel feature of this class of models. In [64] the conclusion was that for winos above
700 GeV there were essentially no constraints on the higgsinos beyond LEP. If the
contribution from mpo dominates Ay this implies

.0012
m2 ~ — g2vmpacas (1.8 TeV)? <700 GeV> y <625> y 0.00 , (3.6)
V Aptree mpa2 -1 Ap

which is a natural scale for supersymmetric scalars. Of course, we can have lighter
winos provided that the neutralino is not too light, above around 200 to 300 GeV [64].

However, the model also contains ample room for quantum corrections to also en-
hance the W mass. In the following, we shall investigate this for the different scenarios
described in section 2.4.

(3.5)
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3.1 Numerical setup

In order to accurately compute the quantum corrections to the W mass, we use a new
EFT approach, closely related to that of [87], implemented in the spectrum-generator-
generator SARAH. We use the expression:

s? cd
M, =(M3)sm (1 + T [?(Aptree + Ap) — Ary — AO&}) (3.7)
& — st sk

where (M‘%V) sn is the full two-loop W mass in the SM, as computed in [75], depending
on the pole masses of the Higgs boson, top quark, as and Aaffa)d. We use the interpo-
lating function from that paper. When we use the average values of the Higgs mass of
125.09 GeV and the top quark mass of 172.89 GeV this function gives us My = 80.354
GeV, just 2 MeV higher than the current world average for the W boson mass in the
SM. The expressions computed in the square brackets are the differences between the
high-energy theory (HET) and the SM:

sp e[ IO L) [0 DO
T M, I M,
s =[O O ] [0 I ]
ME Mg MM
(3.8)

A« are now the gauge threshold corrections between the HET and the SM for the
electromagnetic gauge coupling divided by « (so they do not now depend on Aa}(i)d .

In SARAH, we compute the expression in square brackets at the matching scale, which
is the mass of the heavy particles. We are therefore ignoring the running from that scale
down to the electroweak scale, which is of controllable size, but will nevertheless be
included in a future development of the code. One could argue that we should instead
perform the matching at the electroweak scale, but then all of the loop functions will
contain large logarithms and there can be larger, spurious, running of the couplings of
the high-energy theory which can spoil the results.

In order to be a strict one-loop matching between the HET and the SM, the weak
mixing angle in the above must be the MS or DR value at the matching scale Q:

2 — 912/(@)
VU BQ) + i (Q)

To extract this, we match the calculations of the Z-boson mass, a(Q) — and we also
compute the decay of the muon at the matching scale. In practice, this means that we
extract the couplings in the SM at the top mass scale without including the effects of
new physics, then run them up to the matching scale. The threshold corrections to «
between the two theories are simple to compute since it is unbroken and yield Aq; the
coupings gy (@), g2(Q) in the high-energy theory are chosen to solve the equation

(3.9)

(1+ Aa + A?)

2 2 ( 2 2
1+ Aptree

CWSW - CWsw)SM X (310)
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where

+ 007 |,

(3.11)

Af = (1 + Aptroc)

MET)  MEETOMZ) | er] [0 IEY(M3)
M7, 77 B R 7 A

which is done iteratively by progressively running up and down and updating at each
step, along with all the other quantities in the high-energy theory. The value for
(c3,s%,)sm includes a compensatory term for corrections from MS to DR if needed.

In the SARAH model file, the couplings Ag, Ay, Ts, Tr are defined differently to the
above: we have lam = —\g,LT = v/2\p, T[lam| = —Ts, T[LT] = +/2Tr. Hence in our
plots and benchmark points we list the values in terms of —\g, v2Ar, =T, which
makes the correspondence with the numerical codes exact.

3.2 MSSM without i term

The “MSSM without p term” proposed in [14] was an intriguing solution to the p
problem. It was however challenged by the requirement of having a high enough Higgs
mass, chargino mass and not too large p; indeed the lack of intersection of points
satisfying the latter two was demonstrated in [35]. It might therefore be tempting
to revisit this model in light of the new data about the W mass. However, we shall
demonstrate here that it is conclusively ruled out.

Putting aside the Higgs mass constraint, the see-saw effect on the charginos is a
problem. LEP put a lower limit on the mass of the lightest chargino of 94 GeV [94-96].
In that model the chargino mass is

0 mpo QQ‘TTMZCWCB
Mz — mpso 0 V2Mzewss (3.12)
v X
g —QATTMZchﬁ \/iMZch[g 0

It is known that it is possible to fulfil the LEP bound by a careful choice of Ay and
mpo: a large value of Ay as well as mps around 107 GeV is needed to maximize
the mass of the lightest chargino. It would then be made of a higgsino-wino mixture
with two charginos that are light and one (wino-like) somewhat heavier. Unfortunately,
subsequent LHC searches are especially sensitive to winos up to about 800 GeV, see [64].
It might be possible to evade this constraint if the light wino and neutralino are close
enough in mass so that decays such as Y* — ¥° + W are not possible. Most likely
this is difficult or impossible to achieve, but without a detailed investigation we cannot
exclude the possibility that some region of parameter space might evade direct LHC
searches; we can only apply the LEP constraint as a hard lower bound on the chargino
mass.

In [35] it was demonstrated that that the corrections to Ap were correlated with
the lightest chargino mass; in order to evade the LEP bound, A7 has to be large and
this drives large Ap. Here we can give a striking confirmation of this observation
by plotting the W mass against the lightest chargino mass for a sample of O(70000)
spectra generated using SARAH. We fix the octet scalar, and all squark and slepton

soft masses via mQO = m% = mlg = 10 TeV?, and fix the gluino mass to 3 TeV; this
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Figure 1: W boson mass vs lightest chargino mass for points generated in the ‘MSSM
without p-term.” The horizontal bands show the SM, Tevatron and world average
masses for the W boson mass; the vertical green band shows the LEP constraint on
the lightest chargino.

ensures that they are beyond all current and near-future bounds. Then we scan over
the ranges:

mpy € [100,500] GeV, mpsy € [100,250] GeV, wvg € [-50,50] GeV, wvr € [-5,5]
B, € [10%,10°7( GeV)?, My € [-1,1], Mg €[-1.5,1.5], tanp € [2,50]. (3.13)

We use a Markov Chain Monte-Carlo (MCMC) algorithm to generate points (this helps
to obtain points with non-tachyonic spectra with Higgs mass close to the observed
value compared to a random scan). There is not intended to be a genuine statistical
interpretation of the distribution of the points, but the overall envelope should show
where valid sets of parameters exist. The results are shown in figure 1, where the
LEP constraint is shown as a vertical green band. It can be clearly seen that it is not
possible to both satisfy the LEP constraint and have an acceptable value for the W
boson mass; from the W boson mass alone we would predict a chargino of mass below

65 GeV.

3.3 W mass in the MDGSSM

In the minimal Dirac Gaugino extension of the Standard Model (MDGSSM) the most
typical scenario is to assume that R-symmetry is broken only via a B, term, i.e. the
Higgs sector is special. It is identical to the previous model except that we allow a
p-term. This, however, makes all the difference: now the higgsino mass is not bounded
from below, not requiring a large mixing with the winos; and further the enhancement
to the Higgs mass is under control.

18
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We perform a new MCMC scan with parameters allowed to vary within the ranges:

mpy € [100,700] GeV, mpsy € [100,1200] GeV, wvg € [-50,50] GeV, wvp € [-5,5] GeV
p € [0,1000] GeV, B, € [10*10°] ( GeV)?,
V2Ar € [-1.5,1.5], Ag€[-1.5,1.5], tanp € [2,50]. (3.14)

We fix the octet scalar, and all squark and slepton soft masses via mQO = mg = ml2 =10
TeV?, and fix the gluino mass to 3 TeV. We choose a likelihood function to be a product
of a gaussian in the Higgs mass with mean 125 GeV and standard deviation 3 GeV,
a gaussian in the W mass with mean 80.413 GeV and standard deviation 20 MeV,
and a sigmoid on the constraints (given as the maximum ratio of predicted cross-
section to observed, across all channels) from HiggsBounds5 [97-100], which strongly
suppresses the likelihood when the observed cross-section ratio is greater than one,
but is otherwise close to unity. This choice of likelihood function is merely a device
to select desirable points, and the distribution of the points is not meant to have a
statistical interpretation in terms of their Bayesian likelihood; in particular, the theory
uncertainty on the Higgs mass does not have a statistical interpretation, and a window
of 3 GeV is a conservative estimate of the average error, since we use the latest two-
loop corrections in the generalised effective potential and gaugeless limit [60,101-103]
with pole-mass matching onto the SM [104] (see [105] for a recent review). Such a
conservative window of 3 GeV is employed because only a relatively small proportion
of points actually generate a spectrum, and in principle a two-stage procedure pre-
filtering points along those suggested in [64,106] would probably be more efficient —
or in addition the ability to invert the vacuum minimisation relations and compute
vg, v instead of treating them as inputs, but this is not yet automatically possible in
the code in a way that would correctly incorporate the loop corrections to the Higgs
masses [91].

We show plots in figure 2 for My, against vp (left plot), and then for My, against
Ar (right plot), to show the points that benefit from large quantum corrections as the
means of enhancing the W mass: the tree-level expectation just from modifying vy is
shown as a solid red curve on the left plot. We also show as a dashed red curve the
value of My, that would be obtained by insisting that the shift in Ap only modifies My
without changing sin 0y (if a different method of matching onto the SM parameters
were used, for example).

All points shown satisfy all Higgs bounds; have a charged Higgs heavier than 600
GeV (so are safe from B — s7v constraints [1]); have charginos heavier than the LEP
limit and winos heavier than 600 GeV. These baseline selections are marked as blue
points in the plots; there are about 36000, of which about 10000 have |vr| < 1 GeV.
Points shown in yellow further have charginos heavier than 200 GeV, mpy > 700 GeV;
while those marked in green have charginos heavier than 250 GeV and mps > 800 GeV
(about 1600 points in our sample survive these cuts). The green points are thus almost
certainly guaranteed to be safe from current collider bounds (although they may yet be
probed in future). The requirement of heavy charged Higgs scalars sets the MSSM-like
neutral and pseudoscalar masses to be heavy, and essentially guarantees the safety of
all selected points from constraints on the couplings of the SM-like Higgs. Nevertheless,
we also filtered the green points with constraints from HiggsSignals [107,108]. The
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Figure 2: Left: W boson mass vs vy in the MDGSSM, with the red curve showing the
tree-level prediction. Right: W boson mass vs v/2A7 in the MDGSSM. Colours of the
points are described in the text, with those obeying the strictest cuts shown in green.
The colourful horizontal bands show the SM range in light orange; the Tevatron+LEP
average in purple, and a conservative world average in green.

| | MDG1 | MDG2 | MDGS3 |
mpy (GeV) | 280 285 245
mpy (GeV) | 983 941 940

1 (GeV) 276 255 353

tan 3 48 46 47

—As 1.179 | 1.074 | 1.112

NI -0.487 | 0.502 | 0.099
B, (GeV)? | 828838 | 794477 | 938787
vs (GeV) 5.0 4.3 14

v (GeV) 2.3 2.7 2.8
mn, (GeV) | 1254 | 1247 | 124.7
ma, (GeV) | 3120.9 | 2274.3 | 2405.8
ma, (GeV) | 2394.2 | 1221.4 | 1456.5
Mg (GeV) | 2400.2 | 1213.0 | 1455.3
mgo (GeV) | 217.9 | 2315 | 233.0
me= (GeV) | 255.0 | 275.9 | 362.0
mw (GeV) | 80.425 | 80.420 | 80.421

Table 1: Benchmark points for the MDGSSM. Input parameters are given above the
double line, and masses of the most important particles below.
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different categories of points show the expected wider range of enhancements to the
W mass as the charginos become lighter. We provide a selection of benchmark points,
with the input parameters and crucial data, in table 1.

The first clear observation is that the quantum corrections to the W mass are at
least as important as the tree-level contribution from the expectation value vy, and
the generic contribution to the W mass is positive with no points below the red curve.
The asymmetry of the plot with vr is due to the fact that we only take positive Dirac
gaugino masses. It is important to note that in the red curves we take the SM value of
the W boson mass to be 80.352 GeV, whereas the fitting function of [75] as employed
in SARAH gives a value of 80.354 GeV for the central values; and gives 80.356 for a
Higgs mass at the lower bound of our permitted range of 122 GeV. However, it is clear
that the quantum corrections in our sample are generally more important than Apgee-
Indeed, with the parameter ranges we have chosen, we are not within the range of
masses required for decoupling of the quantum corrections (we have checked that the
quantum corrections to My, smoothly drop to near zero as the masses of all particles
are raised to about 2 TeV or higher).

The second observation is that there is no clear correlation between the W mass and
the parameter A7. Due to our requirement of a large wino mass, the selected points have
light neutralinos/charginos of mixed bino/higgsino type. The mass splitings among the
higgsinos — and thus the contribution to the W mass — can be driven large by Ag and
Ar. These couplings also enhance the Higgs mass at tree-level, so large values are
favoured in the scans because we fixed the stop masses at /10 TeV. In this class of
model there is therefore no particular preference for one or the other coupling.

Since the selected points generally have a mixed bino/higgsino LSP, they have good
dark matter candidates, but it is expected that the relic density should be underdense.
A detailed investigation of the dark matter-collider complementarity for scenarios sat-
isfying the latest W mass data along the lines of [64] would be an interesting subject
for future work, provided that the latest LHC analyses can be recast. As mentioned
above, the possibility of a large Ay (and the presence of the singlet scalar/fermion)
distinguishes higgsinos in this scenario from those in the MSSM. It is clear that this
class of models provides a very natural explanation for an enhancement to the W mass
compared to the Standard Model.

3.4 W mass in the alighed MDGSSM

In the aligned MDGSSM (where the only source of R-symmetry breaking is the B,
term, and we take Tp = 0), we choose the parameters to induce alignment at tree-
level in the MDGSSM (so As = gy /V/2, A\t = g2/V/2 and mpy = coppier ) but taking
Ts = 0 (which means the mixing of the singlet with the heavy Higgs cannot vanish
unless it is heavy). To study this scenario we perform a scan with the same strategy as
before except that now, since Ag, A7 are fixed, it is necessary to vary the masses of the
stops/sbottoms to allow us to find the observed value of the Higgs mass; there is also
therefore a preference for models with larger tan 5 since the tree-level contributions to
the Higgs mass at low tan 8 are not sufficient. We therefore use a common mass for
the third generation squarks Mgysy; we set mé’33 = m2U733 = m2D733 = MSQUSY (the

other squarks and sleptons we retain fixed at /10 TeV). The remaining parameters

21



[ AMDG1 | AMDG2 | AMDG3 | AMDG4 [ AMDG5 | AMDGE |

Mgyusy (GeV) | 8636.2 4550.9 5181.9 8436.1 7357.2 5454.9

mps (GeV) 1037 1249 1149 1107 1219 994
tan 3 2 2 3 10 3 2
1 (GeV) 158.2 160.4 165.8 174.1 159.5 201.6
vs (GeV) -19.0 127 8.4 0.3 5.0 -13.7
vr (GeV) 1.5 1.5 1.1 0.3 1.9 1.1
mn, (GeV) | 1266 122.8 1232 123.6 127.4 122.2
mp, (GeV) | 4577 | 3123 | 3085 | 421.8 | 4658 | 4875
mp, (GeV) | 12822 | 799.7 | 9352 | 1251.6 | 11765 | 762.3
mp, (GeV) | 2667.0 | 2965.0 | 3350.8 | 71047 | 2847.1 | 2933.0

My (GeV) 1284.0 793.5 933.4 1257.7 1174.3 765.4
myo (GeV) 106.3 110.4 120.5 172.6 128.0 134.5
m.+ (GeV) 168.4 169.6 177.3 193.1 173.1 211.5
mw (GeV) 80.363 80.365 80.362 80.361 80.369 80.362

Table 2: Benchmark points with a light singlet in the Aligned MDGSSM

are scanned via the same MCMC algorithm in the ranges:

mpe € [400,1500] GeV, wvg € [-250,250] GeV, wvr € [-5,5] GeV
{1 € [—1000,1000] GeV, B, € [10*10%] ( GeV)?,
Mgysy € [2, 10] TeV, tanf € [2, 50]. (3.15)
We mostly find points with small u/mpy and very little enhancement to the W mass
because the electroweakinos tend to be light. We give benchmark points in table 2

and plots in figure 3 which demonstrate the lack of enhancement and scarcity of points
(790 survived from a scan for one million).

3.5 W mass in the aligned DGNMSSM

We turn now to the case of the aligned DGNMSSM described in section 2.4. We set
the couplings Ag, Ay to their N = 2 values and then choose mpy and Ts to make Ay,
and Ag, vanish. This leads to

mpy =CapMeff
Ts = — gy (kvs — V2s23Herr)- (3.16)

This has an interesting consequence because in this model

1 1 1
By, et ZETSUS + 5/\5/-%% = —Q\—ﬁgynvg + gy 528VS [eff - (3.17)

22



80.46 80.46

80.44 80.44

80.42

80.42

80.40 80.40

My (GeV)
My (GeV)

80.38 80.38

80.36 80.36 )

0 1 2 3 4 5 0 500 1000 1500 2000 2500 3000
vr (GeV) ms

Figure 3: Points in the aligned MDGSSM. Left: My, against triplet expectation
value. Right: My against singlet-like scalar mass. Colour coding as for previous
plots.

Then

KUg K
M3 =gy vs(2per — ———) = gy vé(gy — ). (3.18)
A € \/582ﬁ S \/582[.3

We perform a scan using the same strategy as the previous sections; we use a com-
: : ) 2 _ 02 2
mon mass for the third generation squarks Msusy; we set mg .33 = Mizgs = Mp 33 =

MZ;sy (the other squarks and sleptons we retain fixed at v/10 TeV). Then we scan
with the parameter ranges, using the same likelihood function as before:

Mgusy € [2000,10000] GeV,
mpa € [400,1500] GeV, wvg € [—1500,1500] GeV, wvp € [—5,5] GeV
k€ [=15,15], T, e [—2000,2000] GeV, tanp € [2,50]. (3.19)

In our scans we impose that all Higgs searches are satisfied using HiggsBounds and
HiggsSignals. We show the results for the W boson mass in figure 4 where the points
have the same colour coding as in the previous sections. It is apparent that in this
model it is complicated to enhance the W boson mass. This is because we have only a
small quantum effect from Ag, Ay, but also because the lightest neutralinos are typically
rather light: since peg = gyvs/2 we need a large vg =2 500 GeV (or 1 TeV for our
more stringent points) to have heavy enough higgsinos. Then we need s negative and
not too small to avoid a too-small pseudoscalar/charged Higgs mass (if we neglect x
then M4 is bounded by gyvg, so M4 > 600 GeV requires vg 2 1700 GeV, at the limit
of our search range). So this implies that the singlino is generally heavy compared to

mpy-:

Mmpy  gvyCap

ﬁmvs N 2\@/@'

(3.20)
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Figure 4: W boson mass in the aligned DGNMSSM. Left: W boson mass against
triplet expectation value. Right: W boson mass against singlet-like Higgs mass. Colour
coding of points is described in the text.

In figure 4 we show the scan results with the same colour coding as in previous
sections. It is clear that in this scenario, models which can explain a large W mass are
driven by a larger vy with some modest quantum corrections enhancing the mass by
O(10) MeV; there is very little spread due to the lack of variation in Ap. However, it
is difficult to find points with large enough vy that satisfy other bounds.

Another feature of the selected points is that in almost all cases vy > 0; considering
Tr = Mr = 0 in equation (2.18) means that in order for m%, > 0 (so that, at least,
the pseudoscalar triplet should be non-tachyonic, since we take By = 0) and vy < 0
we would need peg > [mpacag|. But we need large tan § to obtain the correct Higgs
mass, and therefore gyvg/2 2 mpe; for our selected points we require a minimum of
mpo > 600 GeV, and so vg would again be beyond our search range.

Since we are interested here in alignment, we may have a light singlet scalar without
falling foul of either light Higgs or heavy Higgs searches. In this limit we have

1
e -7 205 (V2T + 3V26Ms + dvgk?) +v2gy (gy — V2ks25) |- (3.21)

T} of opposite sign to vg allows the singlet to be made light while making M4 arbitrarily
heavy. In the scan, we do not impose any likelihood bias to search for points with a
light singlet, but we show benchmark points passing all constraints which have light
singlet masses in table 3. They show a W mass consistent with the SM prediction.

3.6 W mass in the general DGNMSSM

Finally we consider the general DGNMSSM, where we allow the values of Ag, Ar to
vary and do not fix the values of mpy or Ts to require alignment but scan over them.
This means that we will not focus on light singlet (or doublet) scalars. Similar to the
aligned case, there is still a see-saw effect on the lightest neutralino mass due to the
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| [ A-DGN1 | A-DGN2 [ A-DGN3 | A-DGN4 |
Msusy (GeV) | 63684 | 51865 | 82195 | 8702.9

mps (GeV) 802 991 932 923
tan 3 26 11 29 22
K 0418 | -0.332 | -0.446 | -0.418
vs (GeV) 14174 | 14024 | 1337.0 | 148838
vp (GeV) 0.2 0.1 0.1 0.8
T, (GeV) 595.6 | -267.5 | -648.0 | -639.4

) 124.1 122.9 125.2 123.4

(GeV) 353.5 417.6 347.2 353.9
mp, (GeV) | 18385 | 1284.5 | 1843.0 | 1803.0
(GeV) | 6710.7 | 12226.0 | 10817.9 | 4056.2
my= (GeV) | 18414 | 12885 | 1846.1 | 1806.2
my (GeV) 72.2 84.2 64.5 75.2
mg (GeV) | 280.1 274.6 265.1 291.9
mw (GeV) | 80.362 | 80.361 | 80.361 | 80.363

Table 3: Benchmark points for the “aligned DGNMSSM”. Input parameters are
given above the double line, and masses of the most important particles below.

non-zero singlino mass, which can drive down the quantum corrections to the W boson,
but a large |\r| can compensate for this and also help enhance the SM-like Higgs mass.

We perform a scan using the strategy as in sections 3.2 and 3.3, with the parameter
ranges:

mpy € [100,700] GeV, mps € [150,1200] GeV, wvg € [~700,700] GeV, wvp € [=5,5] GeV

ke[-1.5,1.5], T.e[-2000,2000] GeV,  Ts € [—4000,4000] GeV,
As € [-1.5,1.5],  V2\p €[-1.5,1.5],  tanf € [2,50]. (3.22)

We give plots in figure 5 with the same colour coding as in the previous sections; the
difference in the distribution to the previous examples is rather striking. It is clear that
in this scenario a large negative Ay and a positive vy is favoured; this gives a tree-level
enhancement to the Higgs mass and a loop-level enhancement to the W-boson mass.
The singlino component will mix less with the higgsinos than in the MDGSSM because
of the v/2kvg singlino mass, and thus the effect of A\g on the W mass is diminished.
The asymmetry in the signs of Ay and vy can be explained by the fact that we only
take positive Dirac gaugino masses in the scans.

4 Conclusions
We have shown that an aligned Dirac Gaugino NMSSM is possible and compatible

with current collider constraints; it can even lead to relatively light singlet scalars that
may be of interest to future searches (although would be rather difficult to find directly
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Figure 5: W boson mass in the general DGNMSSM. Left: W boson mass against

triplet expectation value. Right: W boson mass against Ap. Colour coding of points

as in previous figures.

\ | DGN1 | DGN2 | DGN3 | DGN4 | DGN5 |

mpy (GeV) 392 298 410 380 292
mpa (GeV) 927 971 841 1003 805

K 1.391 | -1.369 | -1.266 | -1.309 | -1.361
tan 9 23 21 30 30
—As 0.727 | -0.893 | -0.544 | 0.554 | -0.677
V2 -1.426 | 1.496 | 1.463 | -1.303 | -1.296

~Ts (GeV) | 3077 | 3747 | -2496 | -3002 | 1183
T, (GeV) | 1139 | 350 | -1292 | -571 | 728
vs (GeV) | -658.1 | -539.1 | 574.5 | 524.7 | -482.8
vp (GeV) | 27 2.3 1.7 2.5 2.2
mp, (GeV) | 125.1 | 125.3 | 125.8 | 124.6 | 124.7
mp, (GeV) | 1017.6 | 937.1 | 665.0 | 831.8 | 740.1
ma, (GeV) | 7576 | 93.7 | 778.1 | 115.1 | 502.2
my= (GeV) | 2793.1 | 3195.1 | 1281.7 | 7785 | 806.5
mg (GeV) | 115.0 | 87.2 | 123.6 | 110.9 | 90.7
mgx (GeV) | 278.8 | 273.6 | 265.5 | 254.8 | 268.8
my (GeV) | 80.421 | 80.421 | 80.424 | 80.420 | 80.422

Table 4: Benchmark points for the general DGNSSM. Input parameters are given
above the double line, and masses of the most important particles below.
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as they are difficult to produce). Such a model favours a W boson mass compatible
with or just above the SM prediction. We also showed how two different Dirac Gaugino
scenarios can easily be compatible with an enhanced W boson mass, including a precise
computation of the quantum corrections for the first time, which are now incorporated
automatically in the package SARAH. We also used this computation to add more nails
to the coffin of the “MSSM without y term.”

We have been conservative in our application of collider constraints and concluded
that the MDGSSM models would typically contain underdense dark matter densities.
However, it would be interesting to examine the issue of dark matter and collider
constraints again in all of these classes of models when all the latest searches for
electroweakinos have been recast; we have provided ample benchmark points for this
purpose. In the DGNMSSM or its aligned version, if we impose strict R-parity or
have a heavy gravitino (by no means entirely obvious assumptions), it may be that
we require a Higgs funnel to obtain the correct relic density, which would require a
sophisticated search strategy to find allowed parameter ranges, along e.g. the lines
of [106]. However, it is also likely that a light singlino in the aligned DGNMSSM could
fulfil the role of the Higgs funnel. We leave these questions to future work.
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Conclusions

The theory of spins s < 1 has been established for a long time. Meanwhile, the construc-
tion of a consistent action for higher spin particles, both in the massive and massless, charged
and uncharged cases, continues to be studied to this day. In particular, the propagation of
charged massive higher spins suffers from severe pathologies, historically known as the Velo-
Zwanziger problem. In Chapter 2, we addressed this issue and provided an answer in the
case of charged massive spin-3/2 and spin-2, in a constant electromagnetic background. In
the Lagrangians, the spin-3/2 and spin-2 are coupled to lower spins. Though we have not
found a way to decouple different states off shell, we were able to decouple them at the level
of equations of motion and constraints, through field redefinitions.

For spin-2, we recovered on shell the Fierz-Pauli system, same as that derived from the
Argyres-Nappi Lagrangian, but our Lagrangian is more complicated due to the presence of
more states on the mass level. For spin-3/2, we obtained equations of motion and constraints
that, as far as we know, do not exist in the literature. This on-shell system guarantees
causality, correct degrees of freedom and gyromagnetic ratio g = 2. It is interesting to
note that in [11], the y-trace constraint /1), = 0 was only enforced up to a certain order,
and it turned out that none of the proposed modifications to the Lagrangian escaped from
acausality. In [59], it was shown that causality is ensured if this trace constraint is exact to
all orders. In our case, we precisely find the constraint y#1),, = 0, whereas the divergence
constraint itself is shifted by electromagnetic coupling.

The higher spin studies are not only of field-theoretic interest, but also important phe-
nomenologically. Many authors have investigated the production of higher spin particles in
early universe, and particular attention has been paid to gravitinos in supergravity theo-
ries. In Chapter 3, we studied a pathological gravitino propagation pointed out in [20]: the
gravitino production becomes divergent when its sound speed vanishes. Our question was
whether such behavior exists is linear N' = 1, d = 4 supergravity. When the matter content
is one chiral multiplet, the sound speed is always equal to the speed of light [16-18]. In the
presence of more than one fermion, the definition of a physical sound speed needs more care,
which involves diagonalizing a coupled system of equations of motion. We have shown that,
both for two chiral multiplets and one chiral plus one vector multiplet, the sound speed never
vanishes and therefore no divergent production will happen.

In Chapter 4 and 5, we moved to SUSY candidates for experimental anomalies. First,
we have investigated in Chapter 4 the role of Higgs mass in constraining high-scale SUSY
models. Our starting points are that, on one hand, the Higgs quartic coupling receives
radiative corrections from all SUSY particles, and on the other, the Higgs mass is measured
with a high precision, and therefore can be used as an input. When the SUSY scale is much
higher than the EW scale, it is reasonable to adopt an EFT approach. For a proof of concept,
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we have taken the example of the FSSM, a supersymmetric four-Higgs-doublet model, which
was proposed in [80] as a solution to the muon (g — 2) anomaly with multi-TeV sleptons.
We have shown that, the Higgs mass in conjunction with the muon (g — 2) yields various
constraints on the parameters of the FSSM. The principle of our method is general, and can
be applied to other (high-scale SUSY) models, or other anomalies.

It is also phenomenologically interesting to consider SUSY models that are within the
reach of current colliders. As SUSY extensions of the SM feature an extended scalar sector,
the crucial point is that one of the scalars must be the SM-like Higgs, while its coupling to
other scalars should be sufficiently suppressed to have escaped detection. In Chapter 5, we
discussed the Dirac gaugino models that have good alignment properties compared to the
MSSM and the NMSSM. And intriguingly, thanks to the triplet scalar in the model, one
naturally obtains a tree-level enhancement to the W boson mass, so as to accommodate the
recent CDF measurement. A numerical analysis is performed, pointing out the importance
of quantum corrections to myy, that may become as large as the tree-level contribution.
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Appendix A

Conventions in Chapter 2

Spinor conventions

We have followed the conventions in [26], with mostly positive metric 7, ~ (=1,1,1,1),
and Levi-Civita tensor £g103 = —1. The hermitian o-matrices are

1 0 0 1
0o _ 1 _
7 = 0—1) "‘(1 0)
. (A1)
o2 — 0 —i o3 — 1 0
i o0 “\lo -1 )

The ~ matrices are defined as

0 o™ —i 0

m _ 5_ 01,23 _

’Y—((}m 0>7 ’Y—’Y’Y’Y’Y—(O i) (A.2)
The higher rank ~-matrices are defined as

1

,Ymn —— [,ij,yn] 7 ,Ymnk — 5 {,Ym,,ynk:} 7 . (A?))

The spinor indices are raised and lowered by the antisymmetric e-symbol, whose non-
vanishing components are

€91 = 612 = 1, €12 = 621 =-1 (A4)

Denoting o# = (¢, &), o and 6* are related by
—péa _ 6B aB, 1
ohet = eWeWal
59 = o0 (A.5)
~1,2,3 1,2,3

g0 = —0o

The conjugate of the spinor has dotted index and an overbar (xo)" = ¥4. The spinor indices
are contracted in the “northwest-southeast” (NW-SE) manner, namely, (Ax) = A% =

—XaX® = (s (AX) = AaX® = —x*Aa = (V).
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From two components to four components

The four-component notation can be restored by introducing the y-matrices (A.2) and
the four-component Dirac spinors are written as

wD=(§z> (A.6)

with the Dirac adjoint defined as

Up =iyl = —i( A Ya ) (A7)
Conversely, the Weyl spinors in Wp are selected by the chiral projectors Pr, = (1 + i7%)/2,
Pr=(1-i7)/2

Field redefinitions

The field redefinitions are written in the form
F — aF +bG (A.8)

which means that the field F' is replaced everywhere by aF’+bG, and the primes are dropped
in the subsequent Lagrangian. The new gauge transformations are

SF = é(ap _15G), 8G = oG (A.9)

Dual fields

A self-dual rank-2 tensor satisfies
EmmpgS T = —2iSpq (A.10)
Correspondingly, for an anti self-dual tensor, €,,,peS™" = 2iSp,. Out of a generic rank-2
tensor, one is able to construct a self-dual combination
1 i

This has been used to write gauge transformations of the self-dual fields .., Smn.
Shorthand notations

A summary of some shorthand notations used in this work:
(e-0) =0y =1 0mn, (€:0) =€ 0mn = —1€""Gmn

ce=e""emn, €= Emn

i 1. )1 (A.12)

Gmn = (nmn - ifmn)i1 ) Apin = (nmn - iemn - §€mk€ n

Yo = omon (€-0) —om (€-0) 0, — (6 0) oo
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Appendix B

Conventions in Chapter 3

Our notations follow mostly that in [19], where the flat space v-matrices are

o (ila 0O (0 —ioy (0 -1,

The Minkowski metric has the signature (—, +,+, +), and for cosmological applications,
we used the FLRW metric. The curved space y-matrices, noted 4, are then related to the
flat space y-matrices by v# = a~'HH.

The left and right projections are defined as

(1 =) (B.2)

N

1
PL:§(1+'YS) , Pr=
Note that for chiral fermions, Pry; = x; and Prx’ = x*. The charge conjugation matrix
in this convention is given by C' = 4%32. Some useful charge conjugates are

Xi =X ef =¢', PO=P, AT=2

toT A (B.3)
¥ =% s =—7, Pf =Pz

The covariant derivative of the scalar is 50 =0y — %A{)B ~5. In the cosmological context
considered, the spatial derivatives of the scalar vanish, and for real backgrounds we have
A{f =0, so 50 = 0.

Keeping the above simplifications, the covariant derivatives acting on the chiral fermions,
the gaugino and the gravitino are respectively

1 ; 1 .
D,xi = (BM + 4wzb’yab) Xi + F{’“Xjamk, D\ = <8M + 4wzb%b> A

1 X (B.4)
Dby = (0 + 0¥ + 314, ) 8 =T ) s

ab
Wi

nection I‘;}V differs from the Kéhler connection, where latter corresponds to FZ k= gfléaf' glk.
We used the notation Y, = [Ya, Vs /2
Introducing also the Kihler covariant derivative D?, the mass terms are

stands for the spin connection and A, is the U(1) gauge field. The Christoffel con-
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K

m' = Dim = dm+ —m, m
2M3

wzw@m:<y+

: 1 -1 L. 1
Mijo = —1 |0;P — Z(Re 7 Pli|, mMRas= _Zfigj

0K A iy
2M2> m’ — szmk
P (B.5)

ij

The subscript 4 in f denotes the derivative with respect to ¢.
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