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Abstract: In the Es inspired extension of the minimal supersymmetric standard model with an extra
U(1)n gauge symmetry under which right-handed neutrinos have zero charge, a single discrete Zn
symmetry permits suppressing rapid proton decay and non-diagonal flavor transitions. Our analy-
sis demonstrates that in this model (SEs<SSM) the appropriate amount of the baryon asymmetry can
be induced even for relatively low reheating temperatures Tp < 10577GeV. We argue that within
the variant of the SE«SSM, in which the cold dark matter density is formed by two stable states, there
are some regions of the parameter space that are safe from all current constraints.
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1. Introduction

It is well known that in Grand Unified Theories (GUTs) Es gauge group can be broken
down to SU@3)c x SU2)w x U(1)y x U(1)n at very high energies where

U1 Ux +S2u. ()

Here SU3)c x SU@2)w x U(1)y is the gauge group of standard model (SM), while
U(1)y and U(1)x are associated with the subgroups Es > SO(10) x U(1)y and SO(10) >
SU() x U(1)x. The exceptional supersymmetric (SUSY) standard model (EsSSM) [1,2]
(for recent review, see [3]) implies that around the GUT scale Mo the gauge symmetries
U(1)y and U(1)x are broken so that the matter parity Zm = (=1)3®1) is also preserved.

In the E¢ inspired U(1)x extensions of the minimal supersymmetric standard model
(MSSM) the right-handed neutrinos do not participate in the gauge interactions and may
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violating operators as well as non-diagonal flavor transitions. In the next section we spec-
ify the SEsSSM. In Section 3 the leptogenesis within this model is considered. The depend-
ence of the dark matter-nucleon scattering cross section on the parameters of the SE«<SSM
is examined in Section 4. Section 5 concludes the paper.

2. The SEsSSM

The SE«SSM implies that below the scale Mo three complete 27-plets are accompanied
by SM singlet superfield ¢, which does not participate in the Es interactions, and a set of
pairs of supermultiplets Miand Mi, which belong to additional 27" and 271 representa-
tions respectively. Because Miand Mi carry opposite SUB)c x SUQ2)w x U(1)y x U(I)n
quantum numbers gauge anomalies still cancel. In the simplest case the set of Miand Mi
involves three pairs of SU(2)w doublets, i.e., L+ and Ls, Huand Hu, Ha and Hq, as well as
a pair of superfields S and S. The field content of the SE¢SSM may originate from the Ee
orbifold GUT model in six dimensions in which the appropriate splitting of the bulk 27
supermultiplets can be achieved [6].

The supermultiplets ¢, S, S, Hu, H4, Lsand Lsare required to be even under the Zu
symmetry whereas all other supermultiplets are odd [7]. Hu, and Ha get combined with
the superposition of the corresponding components from the 27i, forming vectorlike states
with masses of order Mo. The components of the supermultiplets Ls and L4, as well as S
and S are expected to gain the TeV scale masses. The presence of Ls and L, at low ener-
gies permits the lightest exotic quarks to decay within a reasonable time and facilitates the
gauge coupling unification in the model under consideration [6].

In the simplest phenomenologically viable scenario the lightest SUSY particles that
are linear superpositions of the fermion components of the superfields Si, have masses
which are much smaller than 1 eV. These lightest exotic fermions form hot dark matter in
our Universe. Nevertheless they give only a minor contribution to the total density of dark
matter. The existence of neutral fermions with tiny masses may lead to very interesting
implications for the neutrino physics [8].

To avoid the appearance of the lightest exotic fermions with tiny masses in the parti-
cle spectrum here we assume that at least three Es singlet superfields ¢isurvive below the
scale Mo [9]. These three superfields should be odd under the Zu symmetry. The part of
the superpotential Wi that describes the interactions of ¢i, Si, Hux and Hda with the Zu
even supermultiplets ¢, S, S, Huand Ha can be presented in the following form

Wi = Migij + kippipj + AiS¢piSj + AapS(HaoaHup) + fia Si(Hao Hu) +

fiaSi(Hd Hua), (2)

where i, j=1, 2, 3 and &, =1, 2. In this variant of the SE«SSM the sector responsible for the
breakdown of the gauge symmetry is formed by the scalar components of ¢, S, S, Hu
and Ha. If superfields S and § develop vacuum expectation values (VEVs) along the D-
flat direction, i.e., < S >~ < §> = S, then the value of So can be much larger than the
sparticle mass scale Ms resulting in an extremely heavy Z’ boson. All extra exotic states
may be also rather heavy in this limit.

The conservation of Zm and Zu symmetries implies that R-parity and Zr symmetry
are also conserved where Zu = ZmxZe [6]. Here we focus on the scenarios in which
gravitino is the lightest R-parity odd state. Therefore it has to be stable and potentially
contributes to the density of dark matter. Since gravitino is the lightest SUSY particle with
Zk = +1 the lightest exotic state with Ze = =1 must be absolutely stable as well [6]. In this
paper we restrict our consideration to the scenarios when the lightest stable exotic state is
predominantly formed by the fermion components of Hux and Hda.

In order to find a viable cosmological scenarios with stable gravitino one has to en-
sure that the decay products of the lightest unstable R-parity odd (or exotic) particle Y do
not alter the abundances of light elements induced by the Big Bang Nucleosynthesis
(BBN). The decays of state Y change the abundances of light elements the more the longer
its lifetime t is. This problem can be evaded if particle Y decays before BBN, i.e., t<1s.
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The lifetime of state Y decaying into its SM partner (or lightest exotic fermion) and
gravitino can be estimated as [10]
2
© ~ 48 LR 3)
My

where My isits mass, ms, isa gravitino mass and Mp=(8m Gy)™*/?=2.4 - 10'® GeV is the
reduced Planck mass. To get t <1 sec. for My = 1 TeV one needs m3,, <1 GeV.

If gravitinos mostly originate from scattering processes of particles in the thermal
bath then their abundance is approximately proportional to the reheating temperature Ty
after inflation. In the leading approximation one finds [11,12]

"Q3/2h2~ 0.27 (10:29V) <1n63j:> (1A;zv)2' )

Here M, is a gluino mass. Since .(23/2h2 < 0.12 [13], for My =3 TeV and m3),, =
1 GeV one obtains an upper bound on the reheating temperature, i.e., Ty < 1077 GeV
[14].

3. Leptogenesis

Even for so low reheating temperatures the appropriate amount of the baryon asym-
metry can be induced within the SEs<SSM via the decays of the lightest right-handed neu-
trino/sneutrino. In this SUSY model the part of the superpotential Wn that describes the
interactions of the right-handed neutrino superfields N; is given by

1 ~
Wn = —=M;N;N; + hyjNi(H,Lj) + higN;(HyqLa). )

Here L; are the left-handed lepton doublets whereas 7, j =1, 2, 3 and «a =1, 2. After
inflation lightest right-handed neutrino/sneutrino with mass M; may be produced by
thermal scattering if T > M;. To guarantee that thermal leptogenesis can take place we
fix M; = 10° GeV. We also assume that two other right-handed neutrino states and their
superpartners have masses M,3;~10%"7GeV so that M; < M, < M; while the sparticle
mass scale Ms is lower than 10 TeV. For so low M; the absolute values of the Yukawa
couplings h;; must be rather small to reproduce the left-handed neutrino mass scale
m, < 0.1eV, ie., |h;|?«1078. So small Yukawa couplings can be ignored in the leading
approximation

Then the process of generation of lepton asymmetry is controlled by the set of CP
(decay) asymmetries induced by the last term in W~. In particular, the CP asymmetries
associated with the decays of the lightest right-handed neutrino N; are defined as

_ _ hgThg rig—Tia

T Xp(TiptTip)’ f12 = (6)

& —
la ZB(F1'3+F1'B),

where [1,([;,) are partial widths of the decays of N, into fermion components of Ls and
scalar components of H,, (into their antiparticles) and I}5([7y) are partial widths of the
decays of N; into scalar components of Ls: and fermion components of H,, (into their
antiparticles). Similarly, one can define decay asymmetries €3, and &35 that correspond
to the decays of the lightest right-handed neutrino N; [5].

At the tree level all CP asymmetries vanish. The non-zero values of the decay asym-
metries arise after the inclusion of one-loop vertex and self-energy corrections to the decay
amplitudes of N; and N;. In this context it is worth noting that the supermultiplets
H,, can be redefined so that only one doublet H,; interacts with Lsand N;. Therefore hy,
in Wn may be set to zero. In this limit &,, = ;5 = €7, = £73 =0. When sparticle mass scale
Ms is negligibly small as compared with My, hj; = |h}-1|¢2i"’f1 and M; are real, the non-
zero CP asymmetries are given by

2

1 M .
€11 T 8T = €11 = &1 [Zj:2,3 |hj1|2f (M_]) sin 2A§0j1]/ )

2
1
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where A¢;; = ;3 — @15 and f(2) = i—f - \/Elnlzi.
The evolution of the U(1)sL asymmetries is described by the system of Boltzmann
equations. The induced baryon asymmetry can be estimated as follows

np—ng

YAB~10_3£1,177/ Y'AB = |0 = (8.75 i 0.23) . 10_11, (8)

where Y, is the baryon asymmetry relative to the entropy density and 1) is an efficiency
factor that varies from 0 to 1. In the strong washout scenario 1) is given by

H(T=M;) T2 _
=T1’ H=1.66g.7—. n=n+h=

h 2
e, )

Here Mp;=1.22:10'° GeV, H is the Hubble expansion rate, g, = n;, + gnf is the number of
relativistic degrees of freedom. In the SE«SSM g, = 360.

As follows from Equation (7) the values of the CP asymmetries are determined by
the CP-violating phases 4¢;; and the absolute values of the Yukawa couplings | h,;| and
lhz,| but do not depend on | hy4|. To simplify our analysis we set | hz;| =0 and M, =
10 - M;. Then for A<p21=”/4 we find that &, ; changes from 107¢ to 107* if | hy,| varies
from 0.01 to 0.1. At the same time the efficiency factor nis setby M; and |h,,|. We restrict
our consideration here by the values of |h;;]|?21078 » |h;;|2. In this case for M; = 100

TeV n varies from 6.5 x 10™* t06.5x 107® when | hy;| increases from 107* to 1073. Thus

the observed baryon asymmetry can be reproduced if Pl C0.01.

|
|h21l

4. Dark Matter-Nucleon Scattering cross Section

The scalar components of the supermultiplets ¢, Si, Hux and Hdaa do not develop
VEVs. Their fermion components compose the exotic chargino and neutralino states. In
the limit, when all components of ¢i are considerably heavier than the bosons and fermi-
ons from the supermultiplets Si, Hua and Hda the superfields ¢i can be integrated out so
that the part of the SE«SSM superpotential (2) reduces to

Wi> Wiy = [1;;Si Sj + AqpS(HaaHwp) + fia Si(Hda Hu) + fiaSi(Hda Hua). (10)

One can always choose the field basis in which f;; = [I;6;; and Aqp = Agq Gqp- Here
it is expected that the lightest exotic state with Ze = -1 is predominantly composed of the
fermion components of the supermultiplets Hw and Ha1 while all sparticles except
gravitino and all other exotic states have masses which are much larger than 1 TeV. We
also assume that Hui and Ha1 mostly interact with Hu, Ha and S1, whereas all other cou-
plings of Hu and Hai are negligibly small. In this case the mass of the charged fermion
components of Hu and Hai is determined by u;; = 15, <S>, ie, mys = |tt11]. The

neutral fermion components of these supermultiplets form two Majorana states with

masses m,, and m,, . When | fi;| is much larger than u4]|, < Hy >=v; and <H,> = v,

the masses m,, and m,, are rather close to |u;; | and the mass of the lightest exotic state

is given by
= 2

=| -4 A~ (F1vz+f1301)” 11

M=l =4y, ST ()

Because in the scenarios under consideration the lightest neutral exotic fermion is

stable its contribution to the cold dark matter relic density can be estimated using the
approximate formula

_h2 ~ lpn1al 2 12

Ngh? ~ 0.1 (£2) (12)

1TeV.

which was derived in the case of the Higgsino dark matter within the MSSM (see
[15]). On the hand the Planck observations lead to (2h%),,, = 0.1188 £ 0.0010 [13]. Thus
in the phenomenologically viable scenarios |u;; | is expected to be lower than 1.1 TeV. If
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Os; =

|11 | < 1.1 TeV then gravitino may account for some or major part of the observed cold
dark matter density.

Since the couplings of gravitino to the SM particles are negligibly small, in the sce-
narios under consideration the interactions of the cold dark matter with the baryons are
determined by the couplings of the lightest neutral exotic fermion y;. In both the MSSM
and SE«SSM the dominant contribution to the spin-independent (SI) dark matter-nucleon
scattering cross section os; comes from the t-channel exchange of the lightest CP-even
Higgs boson h;. Therefore in the leading approximation og; takes the form

2(mympy)*

m, my 2
ot Irar PN, me = R PN = B fig + 57 Bo=cbit fo (13)
1

7
my, tmy

where m;,, and my are the mass of the lightest Higgs scalar and nucleon mass respec-
tively, v = \Juf + vZ=174 GeV, gp, 5,4, is the coupling of h; to x;

— A
meTI"\c’; =< NlmqqqlN >, fTI"VQ =1- Zq:u,d,sfij"\(lp ghlxl)ﬁz\/—TlU' (14)

From Equation (13) one can see that o5; depends rather strongly on the hadronic
matrix elements, i.e., ff,. Here we set ffj, = 0.0153, f}; =~ 0.0191 and f#i = 0.0447.
These values of the hadronic matrix elements are the default values used in micrOMEGAs
[16].

oy ® . v . .
Instead of v;and v, it is more convenient to use tanff = v_2 and v. To simplify our
1

analysis we set tan§ = 2 and [i; = 2 TeV. In order to avoid the experimental lower limit
on the mass of the lightest exotic chargino and to ensure that y; gives rise to the phenom-
enologically acceptable dark matter density the interval of variation of p,,is chosen so
that u;; = 200 GeVand py; < 1TeV. The results of our analysis are presented in Figure
1. The values of g5, shown in Figure 1 remain always smaller than 60 yb for m, =~u;; =
200 GeV and 300 yb for m,, ~u,,=1 TeV which are the values of the experimental bounds
on os; obtained by the LUX-ZEPLIN (LZ) experiment [17].

The values of g, presented in Figure 1 are substantially smaller than its maximal
possible value in the SEsSSM. In the part of the parameter space examined in Figure 1 the
suppression of og; is caused by large fi;,which is associated with the sparticle mass scale,
as well as by the partial cancellations of different contributions to gy, 4, ,- The maximal
possible value of ag, is attained when @;~u;; and fi ~fi1~1. In this case a5, can reach
20-30 zb which is two orders of magnitude larger than the present experimental limit [17].

Fnxx Tilyb]
0.014 200 -
0.012 [~ ]
0.010[ " ] 150
0.008 [ ]
] 100
0.006 ]
0.004 T TSl : sol—
0.002| e ] )
0.000 & | | | | 1 ol .. P e
0.0 0.1 0.2 0.3 04 0.5 0.0 0.1 0.2 0.3 0.4 05
iy fia
(a) (b)

Figure 1. (a) The coupling gp_,,,, and (b) the cross-section og; as a function of fu for fu=-05,
tanf =2, j; =2TeV, uy; = 200 GeV (solid lines) and p;; = 1 TeV (dashed lines).



Phys. Sci. Forum 2023, 3, x 6 of 7

5. Conclusions

In this paper we argued that the appropriate value of the baryon asymmetry can be
induced within the U(1)x extensions of the MSSM, in which single discrete Zu symmetry
forbids flavor-changing transitions and the most dangerous baryon and lepton number
violating operators, ie., SEsSSM, even if the reheating temperature T, < 1077 GeV.
Here we explored the variant of the SEsSSM with two stable neutral states that form cold
dark matter density. Since no firm indication of the presence of dark matter has been ob-
served at the direct detection experiments we assumed that one of these stable states is
gravitino with mass m3,, < 1 GeV. Another stable state tends to be the lightest exotic neu-
tralino which is mostly composed of the neutral fermion components of the SU(2)w dou-
blets. In this case the lightest and second lightest exotic neutralino states (y;and y;) as
well as the the lightest exotic chargino x; are almost degenerate. If these exotic fermions
are lighter than 1.1 TeV they can lead to the phenomenologically acceptable density of the
cold dark matter. Several collider experiments have searched for such particles. However
because the mass splitting between these states is small the decay products of y, and y;
are too soft so that they escape detection if m,, ~ m,, = m,+ = 200 GeV. Our analysis

indicates that there is a part of the SEsSSM parameter space in which the SI dark matter-
nucleon scattering cross section gs; can be considerably smaller than the experimental
limits. In the near future the experiments XENONNT [18] and LZ [19] may set even more
stringent bounds on gs; constraining further the SEs<SSM parameter space.
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