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Abstract

New solutions in supersymmetry breaking through gravity mediation have been recently
discovered. Such solutions have interesting properties regarding renormalisation and
introduce new contributions in the scalar potential that may help to resolve some issues
of the Standard Model. The purpose of this article is to investigate the consequences of
these new structures. We construct a model related to these new solutions, the S2MSSM,
and present some preliminary results on the effects of these new contributions, especially
on the Standard Model’s Higgs boson mass.

Copyright R. Ducrocq. Received 16-12-2022 )
This work is licensed under the Creative Commons Accepted 11-08-2023 ok o
Attribution 4.0 International License. Published 24-11-2023 updates
Published by the SciPost Foundation. doi:10.21468/SciPostPhysProc.14.027

1 Introduction

The Standard Model of particle physics provides a robust framework to describe the behaviour
of particles and fundamental interactions. However, several issues still remain in this model.
Some of these problems may be solved by embedding the Standard Model in a more funda-
mental theory. There exist several possibilities. Two of them are supersymmetry and its local
version, supergravity. Such theories are defined within the framework of Lie superalgebras
in the line of the Haag-Lopuszanski-Sohnius theorem [1]. This theorem strongly constrains
the possible symmetries of the spacetime. In the simplest case (N = 1 supersymmetry and
supergravity), this theorem restricts the symmetry to be:

0=g09¢g, with gy=7s50(1,3)xgs, & =S, ®Sg,

with Jso(1, 3) the Poincaré algebra, g a compact Lie algebra related to internal symmetries
and S; (resp. Sg), the left-(right-)handed spinor representation where S; = {Q,, a = 1,2}
(Sg = {Q% a=1,2}) and (Q,)" = Q. The subspace g, is called even whereas g, is called
odd.

However, the spectrum of such theory is incompatible with the actual measurements. Su-
persymmetry and supergravity must then be broken. Several consistent mechanisms exist in
supergravity. We focus on one of them, namely, gravity-mediated supersymmetry breaking. In
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such scenarios, supergravity is assumed to be broken in a hidden sector. Such a configuration
induces, through gravitational effects, supersymmetry breaking in the usual field sector. Solu-
tions to this mechanism were first classified in the 80s [2]. Recently, new solutions have been
discovered [3] with new supersymmetry breaking terms and a new field sector with specific
properties.

After a general presentation of the gravity-mediated supersymmetry breaking mechanism,
we present the new solutions. A particular model, the S2MSSM, is then constructed. The mass
matrix of the scalar sector is finally analysed.

2 Supersymmetry breaking through gravitational interactions

To construct a model in supergravity, we choose a gauge group G. In our case, we consider
G =SU(3).xSU(2); xU(1)y. Vector superfields associated to the strong SU(3), and the elec-
troweak SU(2); x U(1)y interactions are naturally introduced in the adjoint representation of
G. We also include a matter sector with chiral superfields subdivided into two subsectors. The
first is the visible (or observable) sector {®%, a = 1,...,n,} where ¢ = (qba,)(;‘b,F;),l con-
taining the usual fields of the Standard Model with their associated supersymmetric partners.
The second is the hidden sector {Z!, i = 1,...,n;} with Z' = (gi,xé,Fé). Finally, two gauge
invariant functions of the chiral superfields are introduced: a real function called the Kahler
potential K which leads to the kinetic term of chiral superfields and a holomorphic function,
the superpotential W, which generates the Yukawa couplings of the Standard Model. Super-
gravity is then assumed to be broken in the hidden sector with (%) = O(m,) where m,, is the
Planck mass (we also have (¢“) < m,). The F-term of the scalar potential of supergravity can
then be computed:

Vi = exp (K/mﬁ)(DAW(K_l)AB*DB*W—%|W|2), (1)
p

with:

2 -1
DAW:aAW'i‘EZaAK, (K_l)AB* == (aa—K) 5

-
m? XADX,

({X4} = {Z%,8%}). Considering the low energy limit (i.e., taking m, — 00), we obtain the
classical potential of supersymmetry Vg;;gy With additional terms Vgyey- which explicitly break
supersymmetry:

Vi = Vsusy *+ Vsysy - 2

Note that the form of the superpotential and the Kahler potential must not induce dangerous
couplings in Eq. 1. Indeed, at low energy, couplings proportional to the Planck mass m,, gen-
erate instabilities in the matter sector. We must therefore impose that the interactions in the
visible sector must be proportional in the potential to mg with n < 0.

We are interested in solutions for which the Kihler potential K and the superpotential W
can be expanded as power of the Planck mass:

r S
K(z,z",@,8") = > K,(2,2",@,8")m", W(Z,8)=) W,(Z,&)m", 3)
n=0 n=0

(we thus exclude no-scale solutions). Under these assumptions, one obtain two solutions us-
ing a canonical Kahler potential. The first one is the historical solution discovered by Soni &

'We denote the components of a chiral superfield X* by X* = (x*, 2, F#) with x* a scalar field, x# a left-handed
Weyl spinor and F;? an auxiliary field.
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Weldon [2], which is the cornerstone for all the studies involving gravity-mediated supersym-
metry breaking up to now. The second is a new structure that will be described in the next
section.

3 New solutions in gravity-mediated supersymmetry breaking

We briefly present the new solutions [3] associated to a canonical Kéhler potential:
T Ty — 7iof +
K(Z,Z2",2,9")=2Z'Z] +2°®].

Following Eq. 3, two possible forms for the superpotential have been identified. The first
corresponds to the known solution developed in [2]. The second has a new structure and
introduces a new singlet superfield sector {SP, p=1,...,n,} (with S? = (S?, y%,F{)):

W(Z)CD;S): mpWI(Zas)+WO(Zaq))8)a (4)
with:
Wi(Z,8) =Wy o(Z) + Wy ,(Z)u, S, Wo(Z,®) =Wy ,(Z)SP + Wo(Z,U, @), (5)

and
UPl = uPSI — ISP . (6)

The functions W, o, W; ,, W, , and W, are holomorphic functions of chiral superfields. The
form of W(Z,®,S) in Egs. 4 & 5 and U/ in Eq. 6 is dictated to avoids dangerous couplings
between the visible and the hidden sector in the low energy limit. The new singlet superfield
sector {SP} is called “hybrid”. It involves in W;(Z,S) a term proportional to the Planck mass
m,, (see Eq. 4), but still produces a divergent-free low energy potential. The low energy scalar
potential Eq. 7 associated with Egs. 4 and 5 is:

V = Vsysy +Am5 + Vsopr + Viarp » ™)

where A is the cosmological constant. The two remaining terms break supersymmetry explic-
itly. The terms Vsopp are soft supersymmetric breaking terms, i.e., terms that lead to loga-
rithmic divergences through loop corrections. Such contributions are already present in the
historical classification. The general form of V5,7 has been classified [4] and takes the form:

01 e 1 e s
Vsorr = (Q‘d’l + EBijqbld)] + gAijk¢l¢]¢k +h~C~) + mj;¢l¢i' , (8

with {(ﬁi} = {¢*,S5P}. The first terms are holomorphic while the last term is real and corre-
spond to the mass term to each chiral fields ¢'. Note that the parameters C;, B; ; and A;j are
not arbitrary but are related to the form of the superpotential W, in Eq. 5 (which is polynomial
of degree three).

The specific structure of the S-sector generates the last term in Eq. 7. Such couplings are
hard breaking terms, i.e., induce quadratic loop divergences. The general form of the hard
breaking terms takes the form:

Vian = (DF @' + SEL9'67 + ZFF, ' 01 )S] + Gl 9197 9% 9] + Hijp ¢ 9757 ] + hic.)
+Qip 0 P SPS] +T;,98PSIS7S!.

The presence of hard breaking terms in the potential is new. Such terms differ from soft break-
ing terms since couplings between holomorphic and anti-holomorphic superfields are present.
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These couplings allow to close S-loops and induce new contributions to the mass of fields ¢.
Since such hard terms are suppressed by an intermediate scale, the quadratic divergences are
reduced and may be sizeable to solve some actual issues of the Standard Model. The hard pa-
rameters Dip . Efj and F iP;'k are also correlated with the holomorphic soft breaking terms through

the hybrid fields couplings.

4 Hybrid extension of the MSSM: The S2MSSM

In the previous section, we have presented new solutions obtained from a canonical Kahler
potential. It is desirable to extend the analysis to the non-canonical case to get a richer mass
spectrum. Thus, along the lines of the results of Brignole, Ibanez & Munoz [5] and Guidicce
& Masiero [6], we have considered a solution assuming a non-canonical Kihler metric. This
enables us to identify a possible extension of the Minimal Supersymmetric Standard Model
(MSSM) [7] involving hybrid fields SP.

4.1 Definition of the model

We assume a hidden sector containing one superfield Z = ({, y,, F;) and the observable sector
of the MSSM {®“} = {$®?}5sm- This model is the simplest supersymmetric extension of the
Standard Model. The visible sector contains superfields associated to quarks, leptons and
the two SU(2) superfields Higgs doublets H;; and Hp. We also introduce a hybrid sector
{SP} (p=1,...,n,). Following the results above, the superfield { is the only superfield that
couples to the observable sector. Among these n, hybrid superfields, we assume that only two
superfields S and S? interact with {®¢} via U:

uzulsz_MZSl.

The n, — 2 other fields {s3,...,8™} will play an important role as we will see later. The
superpotential and the Kahler potential are:

wW(e,8,Z)= mp(Wl,O(Z) + SPM:WLP(Z)) + SPW, ,(Z2) + Wy(@,U, Z),
K(2,0",8,8",2,2") =m2K(2,2") + SisP + > A, (z,2")0}e°,
a

where: 1
Wo(®,U,Z) = AM(Z)UHy -Hp + 6;<(Z)L{3 + Wirssulu=o»

with Wygsu|u—o, the superpotential of the MSSM (not given here) where the quadratic Higgs
doublets coupling is not present. Such a superpotential contains then only Yukawa couplings,
i.e., cubic terms. The matrix A,(Z,Z") leads to a non-universality of the breaking terms in
the usual matter sector. Since the hybrid superfields SP are gauge invariant, quadratic and
linear contributions can be added. However, we restrict ourselves to a Zs-invariant W, (®,U, Z)
superpotential (only cubic couplings) assuming superconformal invariance.

As seen previously, such solutions generate soft and hard terms that affect the mass spec-
trum of particles at the tree level and through loop corrections. We now investigate the mass
matrix of such a model.

4.2 A simple case

This theory contains many fields. It is then difficult to determine the set of parameters leading
to interesting results. In order to find the optimal configuration, we first analyse a simplified
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model. We assume that only the scalar field from the hidden sector gets a nonzero vacuum
expectation value (or v.e.v.) with ({) = (’)(mp).2 We also assume:

WO((I)J Z/{, Z) = WO((I)J Z) .

The S-sector then only contributes through the two components W; ,, and W, , of the super-
potential Eq. 5.

We compute the scalar potential Eq. 1 following these hypotheses. Such a potential can
be written as Eq. 7. The vanishing of the cosmological constant and the minimisation of the
potential are also imposed:

av ov
(v)=o0, <@>=0, <ﬁ>:0, ©
A*

(with X4 = {z, ¢4, SP}, the scalar part of the chiral superfields and we introduce z = {/ m,).
These relations highly constrain the parameter space.

The mass matrix of this model is a (n, +n, + 1) x (n, + n, + 1) matrix mixing the three
different sectors. It can be shown that it decouples into two submatrices related to the two
sectors {®“} and {SP,z} at first order of 1/ mi, and so can be diagonalised separately. The

mass matrix M’? in the sector X4 = {SP, 2} reads:

92V 5,9 bZ,70 I 1
"= <?>:( P Cdp)’ with iy, = =5 W), (10)
XX M

where 7, = < u; Wy p(2)m, + Wy, (z)), b,c and d are some constants related to the parameters
of the superpotential, and mj, is the gravitino mass. Performing a change of basis, we rewrite
the mass matrix M'? in the form:

mz ol 0 0 oo
M2 = 0 my+BIZP clZ] |, with > 7,77 =|T]2. (11)
0 ¢IZ| d =1

We then obtain one S-field mixing in a non-trivial way with the hidden field z and the n, —1
remaining S fields with a mass equal to the gravitino mass ms/,. Proving inductively that
Tr[(M"?)"] (with n € N) is only a function of |Z|2, one can show that the eigenvalues do not
depend on 7, thanks to the vanishing of the cosmological constant:

2 2 . 1 2
(V) =l @ (12124 D (8 Wo) ") + m2(Ims o 2 — 3Imsyo|2) = 0 with mf , = Ee<K>/mp 0,W),
a p

where 0,W = a,W +z'W.

To understand the effects of the hybrid sector {S”} on the Standard Model, we have inves-
tigated the consequences of this new sector on the Higgs boson mass. Several points can be
mentioned:

* Since there are no interactions between the hybrid and the observable sector in W, the
only contributions of the S-sector on the Higgs boson mass are obtained through the
hard breaking terms and thus through loop-corrections.

2Note that fields from the observable sector can develop a nonzero v.e.vs but much smaller than the Planck
mass, Le., (S?) < (¢) and (¢*) = My < ({) (with My = My, ~ 10* GeV or Mgy ~ 10'® GeV). The effect of these
nonzero v.e.vs. are taken in account in Section 4.3.
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* The order of magnitude of the one loop-correction is proportional to the energy scale of
the visible sector. In order to increase such contributions, we embed the Standard Model
in a GUT model such that (¢?) ~ Mgy7.

* A quantitative study on the order of magnitude of the one S-loop contribution to the
Higgs boson mass has been done. With such hypotheses, we have highlighted several
configurations leading to a Higgs boson mass of 125 GeV. Nevertheless, such configura-
tions require a certain level of fine-tuning in the hidden sector.

This study enables us to put in evidence the correct strategy for analysing the S2MSSM without
the simplifying assumptions imposed previously.

4.3 Towards the general S2MSSM

We now reintroduce the dependence of I/ in the superpotential W,(®,U,Z) Eq. 5. Non-null
vacuum expectation values for the hybrid fields (SP) # 0 and the visible sector {(¢?) # 0
are also assumed. The energy scale of the ®-sector corresponds to the electroweak scale
(Mg, ~ 102 GeV) or a GUT scale (Mgt ~ 10'° GeV).
The complete form of the scalar potential of the S2MSSM is given in Appendix A. The mass
matrix in the sub-sector {S?,z} can be written in the following form:
M2 = (5pqa’_+_e’ + lz’jqu T +f,
T+ f d

witha’, b’,¢’,d’, e’ and f; some constants. Note thate’, f” and d’ depend on the parameter

), with 7, =7, +(3,Wp), (12)

J,- Due to these new contributions, the simple structure prfq in the {SP}-sector (see Eq. 10)
is lost. Consequently, the spectrum is not degenerate with a mass equal to mg 5.

Mention again that a complete qualitative analysis is tedious due to the number of new
contributions in the scalar potential (see Appendix A). A numerical computation of the mass
matrix is necessary to find configurations that reduce the mass matrix to a form equivalent to
Eq. 11. Such a study is in progress [8]. Such new terms may also help to resolve two actual
issues in the Standard Model and in supersymmetry, i.e.:

* reduce the fine-tuning on the Higgs boson mass through tree-level and loop corrections
and help to naturally obtain a mass near 125 GeV,

* push the squark masses to higher energy which may explain the non-detection of super-
symmetry in particle physics experiments.

Note also that this model can have an interesting relationship with a model called NMSSM [9]
(extension of the MSSM with one singlet superfield). The relation between these two models
is also under investigation [8].

5 Conclusion

New solutions where supersymmetry is broken through gravitational mediation involving hard
breaking terms have been investigated. The contributions of hard breaking terms have been
studied in this paper through the construction of a model related to these new solutions, the
S2MSSM. The mass spectrum of this new model has been calculated assuming the vanishing of
the cosmological constant, i.e., (V) = 0. Following some simplifying assumptions, we obtain
in the particle spectrum several degenerated states with a mass equal to the gravitino mass.
However, such structure is lost when assuming all the contributions in the S2MSSM.

A complete numerical analysis through a spectrum generator may be useful to investigate
all the (tree-level and loop-level) contributions of the new field sector {S?}.
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A Scalar potential of the S2MSSM

The purpose of this appendix is to give the scalar potential of the S2MSSM in the low energy
limit. We define W, = Mjcoo and ¢% = Myup® with My = Mgy, or Mgyr. We also introduce
the notation

Af(Z,S,cb) :f(<Z>,S + (S),(ID-I- <‘b>)—f(<2'>, (S), <(I>>)

The definition of Z,, is given in Eq. 10. The complete form of the scalar potential is:

v =mZ[my,| (| ’ —3)+e (Z|Z + M28,w0|” + M28,000% @o((A)%.))
3/2

(((SP)+SP)(( R ))(|m3/2{ T+mipez‘< | [ms/zszr+h.c.]+mige|<Z>1 sfszfs)

2
+ #e{(”‘ 575 (0,7,0°71 — 37,77) + e? @l m3/2Sp( —,7,—37,+h.c.)

p 3/
¥ mige%|<z>| {(Mf(«p;z) F LI + AT )+ (S)) +SDS™) +57)((57) +597,

_ 1 : (z) 2
X (m3/2 + ﬁez
p
2 2
x (|majal* S + #e%|<2>| (17325 (S,)" o +hoc.]+ $e|<2>| SPS!(S1,)7 )
p p

s;"ff)+h.c.}+Mj(((so )+ eD(el) +l)

+ el (M200%) + 92400 ) + 9L A" )+ (i57) +57)(s]) + )
p

x(D|L] + M2T 8o + MT,876°) + ((57S]) + (M20] AT "))

1
x (3] maya|* —|my | — 2mze5|<2’>| (17 ,ST0° T, + ity 5T, ((S7) — 259) + h.c.) )
p
2 M3 2 '
+ e%|<z>| {ms/zMija(«Pa) + @)y wo + m_:e%\@\ (RP)’,((9*) + <Pa)S;3bwo
p

M} oL -
+|:m3/2+mi62\ \ STIQ](( )+Sp)[Ip+Mjapwo]+m_‘z‘eé|(2>| ((S;)+S;)IPAwO+h.c.}
p p
+e%|<z>| Mf(ADzwo[nj?’/z +i26%|<z>| Sgbziq] 3Aw0[m3/2+ _62| | SrIq]+hC)
my

32 My

+ o | el (m2000%) + 09l + 0120 ) + (15 +5)Us]) + 5))
p

(=)

1 1 ; _ 1 1) s
—Mf((mé/ﬁ@ez Ol 50,7, )0 8° ) (s + —e? s;zq)+h.c.),

p p
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where we define &3/, = m3/2/m;/2 and
. 1 . o ey 1
S = —— (" AT (AT B AY = 878,A7 ) ) + (AT )(—— —2),
€312 €32
* 1 * * * * 1
(Sp)a a= __(<azAa b(A_l)bb*azAb a _azazAa a))azzp + <Aa a)(—_azIp _ZIp),
€3/2 €3/2

(87 ¢ = (2" AT (A4 B AY = 7 ,AT ) 0, T,0° 17 + (A ) (0,T,0° 17 — 22,77).

and
T—1 2T—1IZI TP =0,7 0°79—27 119 Al
=T g% L= 0uh—2dh, q = 0:4q0 L7 =20, 17, (a.D
|<§3/2| €372
1 . _ _ .
R =680 ——((A™)"%.8,A" ), (RP)' =T7P5% —0"IP((A1)%.07A"}).
32
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