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We explore the Higgs boson implications of a class of supersymmetric models, which extends the
MSSM gauge group by a U(1)" symmetry, which is broken at low energy scales by vacuum expectation
values of four MSSM singlet fields. These singlets also form a secluded sector, and one of them is allowed
to interact with the MSSM Higgs fields directly. After the U(1)" and electroweak symmetry breaking, the
low scale spectra include six CP-even and four CP-odd Higgs bosons, whose masses can lie from 80 GeV
to 2-3 TeV. We find that the heavy CP-even Higgs bosons can be probed through their decays into a pair of
SM gauge bosons currently up to about m,, ~ 1.5 TeV, while their probe can be extended to about
my, ~2.5 TeV in the near future. The most interesting feature of the low scale spectra in the class of
secluded U(1)’ models is to include two light CP-odd Higgs bosons whose masses are bounded at about
250 GeV by the current collider and DM experiments, when the LSP neutralino is mostly formed by the
MSSM singlets. These light CP-odd Higgs bosons should be formed by the MSSM singlet scalars to be
consistent with the current constraints. Despite their singlet nature, they can be traced through their
associated production with photons. In our work, we consider their productions at the collider experiments
together with photons, and we realize that these light Higgs bosons can potentially be probed during Run-3
experiments of LHC when they are lighter than about 100 GeV. We also show that Run-4 and HL-LHC

experiments will be able to probe these light scalars up to about 250 GeV.
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I. INTRODUCTION

Even though the Standard Model (SM) is undoubtedly
an effective theory, which can describe the physics pre-
cisely up to some energy levels at the order TeV scale, the
absence of any direct signal for new physics beyond SM
(BSM) leads to consider nonminimally constructed BSM
models. Despite the lack of a direct signal, these models
can still be confronted indirectly with some experimental
results such as those in semileptonic B-meson decays
[1-3], lepton anomalous magnetic moments [4—6] etc.,
which measure some deviations from the SM predictions.
These deviations also potentially indicate an enhanced

“yasarhicyilmaz @balikesir.edu.tr
Y.Hicyilmaz@soton.ac.uk

"selbuz@eng.ankara.edu.tr

*cemsalihun @uludag.edu. tr

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2023,/108(7)/075002(21)

075002-1

nonuniversality in the leptons, which may necessitate
to consider BSM models nontrivially distinguishing the
flavors [7—12]. In addition, the searches for the extra
Higgs bosons also take an important place to probe the
BSM models. The current analyses can exclude the extra
Higgs bosons up to about 2 TeV if such Higgs bosons are
allowed to decay into a pair of z-leptons [13]. There have
also been some excesses reported which might accom-
modate new scalars at low scale mass scales such as
around 30 GeV [14], 90 GeV [15], 130 GeV [16] etc.
These searches are also being strengthened by the
analyses considering the associated production of
Higgs bosons [17,18]. The associated productions of a
Higgs boson can play a crucial role especially when it is a
singlet under the SM gauge group and/or it is connected
to a dark matter (DM) candidate [19-22].

If there happens any observation and/or deviation from
the expected results in these Higgs searches, it definitely
indicates a new state, which can be accommodated in BSM
models. When formulating the BSM physics, among many
others, supersymmetry (SUSY) is one of the forefront
candidates. The main motivation behind the SUSY models
arises from stabilizing the Higgs mass against the quadratic
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divergencies [23-27] and the scalar potential [28-33]. In
addition, imposing R-parity conservation to avoid the fast
proton decay leads to pleasant DM candidates, whose
implications can be tested in the current experiments.
However, in the minimal supersymmetric extension of
SM (MSSM), the extra Higgs bosons receive a strong
negative impact from the current experiments. Apart from
the analyses over their 7z decay modes, the current
constraints on rare B-meson decays such as By — putu~
and B — X,y themselves can exclude the solutions when
my 4 S 400-500 GeV [34-36], and hence, they might be
subjected to the heavy Higgs boson searches. On the other
hand, a slight step away from MSSM by adding a singlet
and/or supplementing the MSSM gauge group with new
symmetries can accommodate light scalar states in the mass
spectrum, which are preferably singlets. One of the
simplest extensions of MSSM referred to next to MSSM
(NMSSM) involves a singlet superfield (3), whose scalar
component allows us to develop a nonzero vacuum expect-
ation value (VEV) and interact with the MSSM Higgs fields
at tree level. It also yields a nontrivial mixing between this
singlet state and the MSSM Higgs bosons, and possibly
yields some tracks at the low scales [37-39], and through
its radiative contributions to the SM-like Higgs boson mass,
it loosens the requirement of the heavy SUSY particles
and/or large trilinear couplings (see, for instance, [40,41]).
However, the NMSSM framework might become more
complicated to be the simplistic extension of MSSM due to
the existence of massless Goldstone boson, since it is
strongly constrained by the current cosmological observa-
tions [42]. Even though the massless states can be avoided
by adding a self interaction term of the singlet field (S°),
then there arises the domain-wall problem (for detailed
reviews, see Refs. [43-46]).

The domain-wall problem can be avoided if the singlet
field is connected to another U(1) symmetry. These models
form a class of U(1)’ extended SUSY models (UMSSM),
and they are also favored by the solution of the y-problem.
When the MSSM fields are nontrivially charged under the
U(1)" symmetry, the biliniear mixing term of the MSSM
Higgs fields is effectively generated by the VEV of the
Singlino field through ASH,H,. In addition, UMSSM
models extend the particle content further by adding Z’
and its superpartner associated with the local U(1)
symmetry, the right-handed neutrinos to cancel the anoma-
lies. One can also consider further extensions in the particle
content. For instance, if there exists only one singlet field
(S), then the heavy mass bounds on Z' [47-49] requires
very large VEV for S (vg) leading to heavy U(1)’ sector,
which decouples from MSSM, and its low scale implica-
tions cannot be distinguished from the MSSM [41,50,51].
Besides, the Higgs potential should be carefully analyzed,
since there exist some directions of symmetry breaking in
which either the VEVs of the MSSM Higgs fields vanish
(v, ~ vy ~0) or vg happens to be comparable with v, ,

(vg ~ vy ~ v,). The former case definitely contradicts with
the electroweak symmetry breaking, while the latter cancels
the hierarchy between Z' and Z [52]. These problems can
be avoided by adding three more MSSM singlet fields, and
the superpotential can be formed as follows:

KA A & AA - C A A 2
+35818:85 +Zh 80,0, + m3L;L;.

where the MSSM superfields of quarks and leptons
0.0.D.L, and E are included in Wssm, and H,, H,
denote the MSSM Higgs doublets. Note that we do not
assume Qy + Qy = 0 for the U(1)’ charges of H, and
H,, and thus, uH,H,; is not allowed by the gauge
invariance, which is indicated in the argument of
Wssm- The new fields required by the U(1)" extension
are assumed to be MSSM singlets, which are S, S, 3 and
the right-handed neutrino superfield N. We refer to this
class of UMSSM models with three additional MSSM
singlet fields (S;,3) to the secluded UMSSM [52-55].
Despite the existence of the right-handed neutrinos, the
anomaly cancellation in these models, in general, require
also the exotic quarks Q; and leptons L£;. One of the
simplest choices to satisfy the anomaly cancellation is to
include a color triplet exotic with Qg = 3,Yo = —1/3 and
a color singlet with O, =2,Y, = —1 [8,9,56-60]. Note
that these exotics are singlet under SU(2),, while their
charges under U(1)" and U(1), are given as Q and Y,
respectively.

In the presence of the additional MSSM singlet fields,
which are charged under the U(1)’ group and allowed to
develop VEVs, the heavy Z' mass can be realized even if
the U(1)" symmetry is broken at around TeV scale, since
all the U(1)" breaking VEVs contribute. In this case, the
secluded UMSSM sector does not have to be decoupled
from the MSSM sector, and it can significantly alter the low
scale implications. Moreover, the models in this class can
emerge from a larger symmetry that is broken at the grand
unified scale (Mgyt) such as Eg through the following
breaking chain:

Eo — SO(10) x U(1),,
- SU(5) x U(1), x U(1),

- SU3)exSUQ2), xU(1)y xU(1). (1.2)

In general treatments, the resulting U(1)" group in the
last line of Eq. (1.2) is considered as a linear combination
of U(1), and U(1), with the charge Q' = Q, cos @, +
0, sin0g . However, the models in the UMSSM class are
not limited to be a combination of these two groups, and
different charge assignments can be found as solutions
of the anomaly cancellations [12,54,59-61]. A recent
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study [62] (one of ours) has considered such a model,
which is constrained from Mgyt by imposing the universal
soft supersymmetry breaking (SSB) masses for both the
scalars and gauginos. The MSSM fields are assigned to
family-independent U(1)’ charges. The results for the DM
implications within this class of models are represented for
several distinct U(1)’ charge assignments, and it has been
shown that the MSSM singlets can play a crucial role by
forming the LSP neutralino at the mass scale below about
200 GeV. Since the gaugino masses at Mgy is assumed to
be universal, the MSSM gauginos exhibit the constrained
MSSM (CMSSM) mass relations at the low scale
(M: My:M5~1:2:4 [63]) and the neutral gauginos—
bino and wino—can form experimentally consistent
DM solutions of the LSP neutralino at about 600 GeV
or more. In these mass scales, their masses are comparable
with the Higgsino masses (due to lower values of p-term);
thus, the LSP happens to be a mixture of bino-Higgsino.
The presence of the Higgsinos in the LSP composition,
on the other hand, yield a large cross section in the DM
scatterings at the nuclei, and thus, they are excluded by
the current bounds from the direct detection experiments
[64-70]. Note that these results arise directly from the
universal gaugino masses imposed at Mgyt in our analyses.
In this case, the gluino mass bound (m; 2 2.1 TeV) [71]
imposes an impact also on the bino and wino masses, which
bounds their masses at about 600 GeV from below. This
tension can be removed if the nonuniversal gaugino masses
at Mgyr is considered [35,72,73].

It has been observed that in the light DM solutions
(m)?(]) 2 100 GeV), the DM relic density can be saturated

by the MSSM singlets. While the LSP neutralino can be
purely singlino when Mo <200 GeV, a singlino can still

determine the main nature of DM up to about 80% for
200 < Mo <500 GeV. Even though S;,5 interact only

among themselves, S can provide a weakly interacting DM
particle through the Higgs portal, since it has a tree-level
coupling to the MSSM Higgs fields. This connection
between the singlino and the MSSM Higgs fields leads
to a relatively large scattering cross section, which can be
tested in the XENON experiment in near future [66]. Apart
from the direct detection experiments, the current relic
density measurements by the Planck satellite [74] also
provide a strong constraint in the mass spectrum. The
correct relic density of thebsinglino-like DM can be
realized through the annihilations of two LSP into Higgs
bosons, which are lighter than 300 GeV. The typical spectra
of this class of UMSSM models involve four CP-odd Higgs
bosons, and as mentioned before, since the MSSM Higgs
bosons have a lower mass bound at about 400-500 GeV
due to several constraints, these light CP-odd Higgs bosons
are required to be mostly singlet under the MSSM gauge
group, though the MSSM Higgs field can be involved
through the mixing. This mixing can be constrained further
through the MSSM Higgs boson decays into these singlet

Higgs bosons and/or their decays into the SM gauge
bosons. Once a consistent mixing is obtained between
the singlet and MSSM Higgs fields, such light Higgs
bosons can be subjected to the mono Z/y signals and
confronted with the current analyses.

In our work, we will discuss the secluded UMSSM
models and possible signals that can probe/test the light
Higgs bosons, which is briefly described above. Even
though the low scale implications of the models in this
class can yield richer implications, we assume that these
models emerge from breaking of larger symmetries
proposed by grand unified theories (GUTs) at Mgyr. In
its construction, apart from the different charge assign-
ments, we follow its minimal construction by assuming
the universal masses for the scalar SUSY fields and
gauginos. In addition, we do not assume any fixed energy
scale for the U(1)’ symmetry breaking; thus, the VEVs of
the MSSM singlets are also included in the free parameter
set of this class of models. We will consider only the
solutions, which are consistent with the several constraints
such as the mass bounds, constraints from rare B-meson
decays, Planck measurements on the relic abundance of
LSP neutralino within 56, and the exclusion bounds from
the direct detection experiments. After confronting such
solutions with several analyses, we proceed to discuss
possible signal processes suitable with the light Higgs
bosons through their associated production with Z and
photons. In our work, on the other hand, we briefly
discuss the associated production of light Higgs bosons
with Z, while we consider those involving photons in
details. The rest of the paper is organized as follows: we
first briefly describe the model in Sec. II in terms of the
possible charge assignments, the Higgs bosons, and their
mixing in IT A, and their possible signals in Sec. II B.
After summarizing our scanning procedure, the employed
experimental constraints in Sec. III, we will compare the
light Higgs boson solutions with several analyses in
Sec. IV A and discuss the possible prospects to test/probe
such solutions through their associated productions with
photons in Sec. IV B. Finally, we conclude and summarize
our results in Sec. V.

II. MODEL DESCRIPTION

In this section, we will briefly describe the models in the
class of secluded UMSSM with an emphasize on its salient
features, which are relevant to our work. The general gauge
group of UMSSM can be written as SU(3), x SU(2), x
U(1)y x U(1)". Such models can arise from the symmetry
breaking in Eg and/or SO(10) models, as mentioned in
Eq. (1.2), but its character does not, in general, have to
follow this symmetry breaking chain. Indeed, the anomaly
cancellation can be satisfied with different charge assign-
ments. Table I exemplifies some sets of possible charge
assignments that are also of interest from phenomenology
point of view [62].
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TABLEL Sets of U(1)’ charges, which satisfy the conditions of
anomaly cancellation and gauge invariance in the secluded U(1)’
model.

u(1y

charges Set1 Set2 Set3 Set4 Set5 Set6 Set?7
0o 00 -005 -01 02 015 0.1 0.1
oy -045 045 -0.05 -035 0.15 -045 0.1
oh 09 -08 07 -05 00 055 00
o) 0.1 00 045 -075 -03 -02 -02
Oy -06 04 -06 06 06 —0.15 04
()8 075 -0.85 0.15 045 045 085 03
Oy, 045 -04 0.5 0.15 =03 035 -02
O, -09 08 -06 03 -0.15 -0.65 -0.1
0 045 -045 045 -045 045 03 0.3
05, 045 -045 045 -045 045 03 0.3
5 045 -045 045 -045 045 03 0.3
5 -09 09 -09 09 -09 -06 =06

These charge sets cannot be obtained through the mixing
of U(1), and U(1), through &g . Note that the exotics
are not included in Table I, but we consider the minimal
choice of the exotics, including three color triplets with
Yo = —1/3 and two color singlets with Y, = —1, where
Yo and Y, stand for their hypercharges. Since the MSSM
fields are nontrivially charged under U(1)’, the UMSSM
sector significantly interferes with the low scale phenomena
and considerably alters the implications. One of the
advantages of the presence of the secluded sector is

[x]

2
9

involving consistently heavy Z’ without shifting the masses
in this sector to the multi-TeV scales.

Even though the spectrum involves a heavy Z’, it can
still interfere in the low scale phenomenology through a
possible gauge kinetic mixing between U(1), and U(1)'. In
the case of the gauge mixing, the covariant derivative has a
noncanonical form, which enhances the mixing between
the MSSM Higgs fields and the singlets at tree level.
However, the current analyses have severely bounded the
gauge kinetic mixing from above as & <3 x 10~ from
searches over different decay modes of Z' [75-77]. In
addition, the DM direct detection experiments can provide
an upper bound through the photon and Z-boson abun-
dance in the DM scattering processes [78]. Considering
these strict bounds, we do assume the gauge kinetic mixing
to be zero in our work, since it does negligibly affect the
low scale implications.

A. The Higgs bosons in secluded UMSSM

The presence of the MSSM singlet fields (S and S,
where i =1, 2, 3) significantly extends the MSSM
Higgs sector in a way that the physical Higgs spectrum
includes six CP-even and four CP-odd Higgs bosons. The
electroweak symmetry breaking in these models is realized
in a similar way, but since the Higgs potential, in general,
involves mixing terms between the MSSM Higgs doublets
and singlets, the electroweak symmetry breaking is now
connected to the U(1) symmetry breaking. The general
Higgs potential can be written as V.. = Vr + Vp + Vo
where [53]

Vi = [A[|H.H,|* + |S|2(H2Hd +HZHM)] —(18182* 4 8283 + |51857].

@

g +3
VD:182 2

2
g +
(H'H, - HyH,)* + 32 \HiH, | +

3 2
(Q/HdH;Hd + Oy HiH, + Q4[SP+) le_|s,-|2> ,
i=1

3
s s K
Vot = m%—[dle’Hd + m%quLHu + mg|S|” + E m3 |S;]? — (AA;SHH, + 3 AcS15,85 + Hee.)

i=1

— (m3,SS) + m}g SS, + m} ¢ SIS, + H.c.),

where gy, ¢, and ¢| are the gauge couplings of SU(2),,
U(1)y, and U(1), respectively. In the Higgs potential
generated by the F-terms (Vp), the secluded singlets
do not mix with the others, while the U(1l)" sector
interferes in MSSM through the tree-level coupling
between S and the MSSM Higgs fields, Moreover,
the D-term generated potential (V) mixes all the Higgs
fields through their U(1)" charges. The SSB terms given
in V. rather mix S with the MSSM Higgs fields in
one side and with the secluded singlets in the other

3
(2.1)

side. In this context, the mixing among the Higgs fields
are not trivial, and even singlet scalar bosons can
contribute to the physical observables at the low scale.
The SSB terms also include mixing terms among the
singlets as given in the last line of V.. These terms
also necessary to break unwanted global U(1) sym-
metries, which require Q§ = Qf = 0.

After the symmetry breaking, the nonzero elements of
the mass-square matrix for the CP-even Higgs bosons can
be obtained as follows:
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2 2\,2
+g5)v A vgw,
M2 :(91 2% L pon 2 ’
11 4 97,V \/Evd
M2 = _A/M“US _ (g% + g%)vdvu
2=
V2 4
+ ()“2 + g/%Q%d ,H“)vde
Aﬂ/“}u
M3y = Pvgvs + g/lejqu{gvdUS VI
M3 3 = 970y, O vavs;  i=1,2,3,
AjAv v 1
M3, = B (4 g3+ 420y, ) ok,
22 \/Evu 4 g1 92 gi QH
A,de
M%3 -~ \/E + (/12 + dlelHquS')UuU.SV
21+3 gllQH Q, v US’ i:172737
M3, = (2% §u; 2mss Us, = 2m§SzvS2

+ ﬁAmd%),
M%z+3 = mss + QSQS VsUs,

i=1,2,3 and mgs =0,

M3, = e <2jl QS] USI 2m§51 vg + \/EAKKUSZUS3>,
A, KV
2 ISARNY
M = 91< *vg, vs, + 97 0%, O vs, Vs, — \/jz’
1 A, Kvg
2 2 K
My = §(’< + 997 05, O, ) vs, vs, — NG 2,
M2, = —21) <2g'1 QSZUS 2m§521}s + \/EAKK'ESI 1253>,
1 AKvg
2 2 K
M56*9(K -|—99/ / ’5,3)1}521}53— \/E L
A Kvg
M2 — 202 p2 4 K058
66 gll \/21}33

The first effect can be noted in the SM-like Higgs
boson. The tree-level SM-like Higgs boson mass is
enhanced by the gauge coupling and charges associated
with the U(1)" group as well as the tree-level coupling 1.
In contrast to the tree-level limit on the SM-like Higgs
boson in MSSM, UMSSM can accommodate a consistent
Higgs boson mass even at the tree level. Even though
it receives the loop contributions mainly from the
stop sector in UMSSM [79-81], the typical spectra do
not have to involve heavy stops and/or large trilinear
couplings [40].

Similarly, the nonzero elements in the mass-square
matrix of the CP-odd Higgs bosons are

P2 _ Aj/lvsvu P2 AMvS P2 _ A}L/Il)u
11 \/i’l)d 12 \/z 13 \/z
P2 o Ailll}d’US o A,de
22 \/zvu ’ 23 5 ’

2 2 _ .2
P35y = mss, P35 = —mgg

1
P2, = TN <—2m§5I vg + \/EAKK’USZUS}),

Z}Sl
AKVg A KVg
pis = K\/E 5 Pl = /2 :
1
P = 5 (—2m§s2 vg + \/EAKKUSI vg, ),
1)32
P§6 Akvg, Péﬁ _ Akvg v,
\/Z \/EUS3

The tree-level masses of the singlet Higgs bosons are
proportional to mgg and mgg if vg~wg, while it is
suppressed more if vg, > vg, v, ,, which typically happens
to involve sufficiently heavy Z’ boson in the physical
spectrum. It has been shown that the secluded UMSSM
models can accommodate two relatively lighter CP-odd
Higgs bosons, which are lighter than about 250 GeV and
700 GeV, respectively. The DM relic density constraint
reduces these bounds further as m,, < 225 GeV and my, <
300 GeV [62]. Even though these scalars are mostly
singlets, their presence in the spectrum can mimic through
their mixing with the MSSM Higgs fields. The problem
with the light scalar states can arise from the rare B-meson
decays such as B, —» u*u~ and B, — X,y. Since the
experimental measurements of these rare B-meson decays
are in a strong agreement with the SM predictions [1-3],
these rare processes of B-meson provide strong constraints
on the predictions of the model. In addition, these singlets
can be probed with the analyses over the Higgs boson
decays into these scalars [82-84].

These light singlets also take important part in the DM
implications, since a light singlet LSP, as a candidate of
DM, needs to undergo right amount of the self-annihilation
processes to yield a relic density compatible with the latest
measurements of Planck satellite within 5¢. The Higgs
bosons participate in such annihilations of LSP and reduce
its relic density significantly when they happen to be
resonances with the LSP neutralino. When the lightest
CP-even Higgs boson is required to be the SM-like Higgs
boson, it can play important role when msy = 60 GeV. The

width of these processes is controlled by the coupling
between S and the MSSM Higgs fields (4), and it can be
constrained severely by the latest measurements on the
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invisible decays of the SM-like Higgs bosons [BR(h —
invisible) < 10% [85-90] ]. Therefore, realizing the correct
relic abundance of LSP needs also light Higgs bosons
resonances.

In addition to the light CP-odd Higgs bosons, as
mentioned above, the models in the secluded UMSSM
class involve six CP-even Higgs bosons. Leaving the
MSSM CP-even Higgs bosons out there remain four
mostly singlet CP-even Higgs bosons in the spectrum.
These CP-even Higgs boson can weigh up to about 2 TeV
in the parameter space of secluded UMSSM (described in
Sec. III), and they can interfere in the processes with the
final states of MSSM particles through their mixing with
the MSSM Higgs fields. These singlet scalars can receive
some exclusive impacts from the recent collider analyses.
These analyses can also provide some potential to probe
such Higgs bosons, since their sensitivity has been con-
stantly being improved.

B. Mono-X signals involving singlet Higgs bosons

Even though all the constraints mentioned above can still
allow the light scalar states (see, for instance, [91-97])
when they are almost purely singlet, there is still a cracked
window for a small but nonzero mixing with the MSSM
Higgs fields. Despite the challenges in proposing possible
signal processes with significant cross sections, the sensi-
tivity of the current collider experiments and associated
analyses can track possible signatures of such light singlets.
These analyses can be extended to include the associated
productions of these Higgs bosons with some SM particles.
Indeed, these associated productions can be one of the main
ingredients, if the singlet scalars decay into the LSP, which
can be traced only through the missing energy in the
colliders, while the involved SM particles can form some
visible final states. Such processes can be summarized with
the associated production of the Z-boson and photon as
shown in Fig. 1. The left diagram represents the signal
processes in which one of the initial quarks radiates a
Z-boson before producing the singlet CP-odd Higgs boson,
which decays into a pair of LSP neutralinos subsequently.
In the region of our interest, the LSP is also formed by
the MSSM singlet neutralinos, and the decay branching
ratio for A — 707 is almost 100%. The second diagram

q 7 (] —NS NSNS NS ~
q q
X X
q A2 q A2
8 bet

FIG. 1. Possible signal processes involving the singlet scalars
(A;,) associated with the Z-boson (left) and photon (right).

represents similar signal processes in which the Z-boson is
replaced by a photon.

If one follows the signal processes involving Z-boson
as shown in the left diagram of Fig. 1, the main SM
background is formed by ZZ and WW productions. One
of the Z-bosons in the ZZ production decays into a pair
of neutrinos forming the missing energy, while the other
decays into leptons or quarks. In the WW production, the
W-bosons decay into a charged lepton and its neutrino.
However, due to the possibility of poor reconstructions
of jets, Z/W —+ jets can also contribute to the background
processes. Similarly, if the energetic electrons (or
muons) in the final states escape from the detection,
they also contribute to the missing energy; thus,
ZZ — llll also becomes a relevant process in the back-
ground analysis as well as the WZ background [17].
Considering the QCD uncertainties, Z + jets form a
significant part of the background. The uncertainties
in mono-Z signal analyses increase further if Z-boson
decays into a pair of z-leptons.

On the other hand, Z + jets processes may lose their
significance if one considers the other signal processes
involving monophoton as shown in the right diagram of
Fig. 1. The main SM background is formed mostly by the
processes involving Z- or W-bosons produced associated
with a photon. In these processes, Z-boson decays into a
pair of neutrinos forming the missing transverse energy
(Er), while W follows decays into a charged lepton and its
neutrino. Due to the possibility of misidentification of
electrons and/or jets, y + jets and the processes in which a
Z-boson decays into a pair of leptons can also contribute to
the background processes [21]. However, applying appro-
priate criteria can reduce such signals. For instance,

requiring E7/(1/>. Er) > 8.5 GeV'/? reduces the y +
jets events to less than 10% of the background processes

[98]. Similarly, misidentifying electrons (and muons) as
fake photons and/or their poor reconstructions lead to
ZZ — Wl(llw), Zy - lly, and WW — [l events con-
tributing to the background as well, where [ denotes the
electron or muon. However, comparing with the observed
number of events, such processes can form a small portion
of the SM background, and they can be accounted for as
subleading processes. Considering these advantages in the
case of monophoton final states, we will consider the
monophoton signal processes in probing the light scalar
states in our work.

Note that there are also other potential signal processes
involving mono-Higgs boson and its decay products in
the final state. These processes arise from either a direct
product of a MSSM CP-odd Higgs boson or an off shell
Z-boson production decaying into a scalar singlet together
with the SM-like Higgs boson. However, due to the
severe constraints from rare B-meson decays on the
CP-odd Higgs boson, its production is rather suppressed
by the heavy masses of CP-odd Higgs boson. Similarly,
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TABLE II. The set of the free parameters of the secluded
UMSSM and their ranges.

Parameter Scanned range Parameter Scanned range
myg [0, 10] TeV Vg [1, 20] TeV

M), [0, 10] TeV Vg, [3, 20] TeV

tan [1, 50] vs, [3, 20] TeV

Ay/m0 [-3,3] v, [3, 20] TeV

A [0.01, 0.5] A; [0, 10] TeV

K [0.1, 1.5] A, [-10,0] TeV
h, (107,107

those involving off shell Z-boson can be significant if the
models yields a large gauge kinetic mixing and relatively
lighter Z'. In this context, it is also suppressed in our
model since we assume zero gauge kinetic mixing and Z’
is set to be heavy.

III. SCANNING PROCEDURE AND
EXPERIMENTAL CONSTRAINTS

We perform scans in the parameter space of the secluded
UMSSM models built by imposing the universal boundary
conditions at Mgyt. The free parameters and their ranges
are given in Table II, where m is the soft supersymmetry
breaking (SSB) mass term assigned to all the scalars
including the Higgs fields, and M|/, stands for SSB mass
term for all the gauginos. The VEVs of the MSSM Higgs
fields are parametrized by tanf = v, /v, A measures the
interactions between the scalar singlet field S and the MSSM
Higgs fields as defined earlier, while « is the self-interaction
coupling in the secluded sector. The universal trilinear
coupling between the MSSM matter fields and the Higgs
fields is varied in terms of its ratio to the universal SSB mass
term of the scalar fields in order to avoid the color and/or
charge breaking minima of the scalar potential [99,100].
On the other hand, we directly vary the trilinear coupling
associated with A and «, and we follow the usual convention
for the interaction strength as 7,=A;4 and T, = A.k.
Finally, A, stands for the Yukawa coupling between H,,
and the right-handed neutrino fields. Considering the tiny
neutrino masses established by the experiments [101], if one
assumes TeV scale right-handed neutrinos, 4, is restricted to
be at the order of 10~/ or smaller [102].

In our scans, we employ the SPheno 4.0.4 package
[103-105] generated with SARAH 4.14.3 [105-107]. In
this package, the unification scale of the gauge couplings is
calculated by running the renormalization group equations
(RGESs) from M to the higher scales by inputting the weak
scale values of the MSSM gauge and Yukawa couplings.
The unification scale is determined as a high scale at which
the unification condition (g3 = g; = g, = ¢}) is realized,
where g3, ¢», and g; are the MSSM gauge couplings for
SU(3)¢, SU(2),, and U(1), respectively, and ¢, denotes
the gauge coupling associated with the U(1)" gauge group.

After the unification scale is calculated, all the SSB
parameters are inputted in the RGEs, and they are run
from Mgyt back to M, together with the gauge and
Yukawa couplings.

In analyzing the generated data, we impose several
constraints such as the LEP2 bounds on the masses [108]
and the mass bound on the gluino mass from the current
analyses [109]. We also require the solutions to yield the
lightest CP-even Higgs boson to be the SM-like Higgs
boson with a consistent mass and decay modes reported
by ATLAS [110-113] and CMS [114-117] Collaborations.
Note that the Higgs boson mass constraint yield a strong
impact, especially on the stop mass as it requires
my, 2 1 TeV, when the gluino weighs around 8 TeV, while
it excludes the solutions with m; < 3 TeV when the gluino
mass is realized at around 2.1 TeV [62]. Such an impact
implies also much heavier squarks of the first two families,
which yield solutions consistent with the squark-gluino
searches [118,119]. In addition to the mass bounds and
Higgs decays, we apply the constraints from rare B-meson
decays such as BR(B — X,y) [120], BR(B; — u"pu~)
[121] and BR(B, — v,) [122].

Note that we have employed about 3 GeV uncertainty in
the Higgs boson mass calculation. Despite its significantly
precise experimental measurement, most of the uncertainty
comes from its theoretical calculation due to the large
uncertainties in the top-quark mass, strong coupling, and
the mixing in the stop sector, which yields an overall
uncertainty in the Higgs boson mass up to about 3 GeV
[123—128]. In addition to its mass, we also require that its
invisible decays cannot exceed 11% [129]. After requiring the
consistent mass within the interval given in Table III and
consistent decay modes, the composition of the lightest
CP-even Higgs boson is observed as |ZH,,|> + |ZH ,|*>
80%, where Z is the matrix which diagonalizes the mass-
square matrix of the C P-even Higgs bosons; the first subindex
stands for the lightest C P-even Higgs boson, while the second
subindices 1 and 2 correspond to H,; and H,, respectively.

After applying all these constraints, we accept only the
solutions which are consistent with all of them including the
DM relic density and the bounds from the direct dark matter
detection experiments [134—136]. In applying the direct
detection constraint, we take the results from the XENONIT
experiment [135]. Even though the current exclusion
depends on the mass of LSP, in the mass scales of LSP
realized in our scans the current bound mostly requires the
solutions to yield spin-independent scattering cross section
of DM less than about 107! pb (a detailed discussion
including other LSP species can be found in [62]).

IV. CONSTRAINING AND PROBING
THE LIGHT HIGGS BOSONS

As has been discussed above, the singlet scalars arising
in the secluded sector are allowed to mix significantly with
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TABLE III. The experimental constraints employed in our

analyses.

Observable Constraint Ref.

My, M >100 GeV [108]

mg >2.1TeV [109]

my, [122-128] GeV [110,130]

My >4 TeV [75-78,131,132]

BR(B = X,y) [2.99-3.87] x 107* (20) [120]

BR(B; = utu) [0.8-6.2] x 107 (20) [121]

BR(B, =101 sectuded v(1)/ [O 1 5—24” (20’) [122]
BR(B,—v; )sm

Qcpmh? [0.114-0.126] (50) [133]

the MSSM Higgs fields. Despite the set of severe con-
straints applied in or analyses as summarized in Sec. III,
there is still a considerable possibility for these light Higgs
bosons to mimic in some collider analyses. These processes
can involve them decaying into the SM vector bosons or
charged leptons such as z, whose visible final states have
been analyzed with a considerable precision. In this section,
we will first discuss the allowed decay modes of the light
Higgs bosons into the SM particles and discuss the impact
from the recent analyses as well as the possibility to probe
such light scalars through these analyses. In the second
part, we will consider the production of these light Higgs
bosons associated with a photon and discuss the current
sensitivity of the collider experiments and the possible
projections to probe such processes in the future colliders.

A. Decay modes involving the SM particles

The coupling of the singlet Higgs bosons to the SM
particles are suppressed by the small mixing with the
MSSM Higgs fields in their composition, and it affects
their decay modes into the SM particles as well as their
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productions in the collider experiments. However, despite
its smallness, the sensitivity of the current analyses are
able to track them even if they slightly contribute to
the processes with the final states formed by the SM
particles. On the other hand such processes are not
convenient to probe the light CP-odd Higgs bosons.
Even though these light scalars can develop considerable
couplings with the SM particles, the soft transverse
momenta (pr <25 GeV) suppress the visibility of the
signal over the background processes.

We first show in Fig. 2 the cross sections of heavy
CP-even Higgs boson decays into a pair of vector bosons
V = W*, Z (left) and a pair of the SM-like Higgs bosons
(right). All the points are consistent with the experimental
constraints summarized in Sec. III. The solid black curves
represent the current bounds on these processes from the
experimental analyses [137,138]. Our results show that m,,
can lie from about 200 GeV to 2.3 TeV. In this mass
interval, a large mixing among the singlet scalars and the
MSSM Higgs fields can be consistent with the experimen-
tal constraints, and such a large mixing can receive some
impact from the analyses over the processes involving a
pair of SM gauge bosons. As shown in the right panel of
Fig. 2, the current analyses are capable to exclude such
solutions even when m;,, 2 1.3 TeV. The implications of
the secluded UMSSM for h,, when it decays into a pair of
the SM gauge bosons, are placed slightly lower than but
close by the current exclusion curve, and one can expect
these solutions to be probed in the upcoming experimental
analyses. There are also solutions in the same mass interval,
which yield very small cross sections; these solutions are
characterized with a large percentage of the MSSM singlet
scalar fields in the composition of /,. A similar discussion
can be followed for £, in its decay processes into a pair of
the SM-like Higgs bosons. Despite the similar sensitivities
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FIG. 2. The cross section of the heavy CP-even Higgs bosons decaying into a pair of vector bosons V = W, Z (left) and a pair of the
SM-like Higgs bosons (right). All the points are consistent with the experimental constraints summarized in Sec. III. The solid black
curves represent the current bounds on these processes from the experimental analyses [137,138].
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of the experimental analyses over these processes, the
secluded UMSSM predicts rather smaller cross sections for
the h, — hh;, but some solutions can be probed by the
experimental analyses in near future, as they require some
further improvements in the experimental sensitivity. The
small cross section solutions correspond to the solutions in
which /1, is mostly formed by the singlet scalars with small 4.

We continue our discussion on constraining and/or
probing the Higgs sector of the secluded UMSSM with
the current experimental analyses with its decay mode to a
pair of z-leptons. Figure 3 displays the branching fractions
of the light CP-odd Higgs bosons for the A; — 7z decays in
correlation with the masses of these light scalars. All the
points are consistent with the experimental analyses
employed in our analyses. The solutions are colored with
respect to the total cross sectionof pp — A; = 77,i = 1,2,
which is given with a color bar in the side for each
panel. According to our results, the lightest CP-odd
Higgs bosons can decay into a pair of z-leptons at the rate
of 10%—12%. Considering BR(A; — 77) together with the
production cross section of A;, the total cross section
of pp = A, — 77 can be realized as high as about 10~ pb
when m, < 100 GeV. The total cross section becomes
negligible when A, is heavier than 100 GeV. Similar results
can be observed also the second lightest CP-odd Higgs
boson as shown in the BR(A, — 77) —m,, plane of
Fig. 3. A, happens to be heavier than about 100 GeV in
our scans, and the total cross section for pp — A, — 7
can be realized at about 10~ pb when its mass is about
210 GeV. The relevant analyses have been reported by
the ATLAS Collaboration for these decays [13], and they
rather probe the scalars decaying into a z-pair when their
masses are around 200 GeV or heavier. The total cross
section of the observed 7z events are at the order of
1072 pb, which is way above our results for pp — A; > 77
events in the secluded UMSSM models.
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FIG. 3.

Even though we observe two different branching ratios
for A; — 7z decay mode in the results represented in Fig. 3,
these two branches can be distinguished by the decays
of the light CP-odd Higgs bosons into a pair of LSP
neutralinos. When the A; — 797! mode is not kinematically
allowed (i.e., my, < 2m)?(1>), these Higgs bosons mostly

decay into the SM particles, and the branching ratios are
observed at the rate of about 10% for their z decays [the
branch in Fig. 3 with BR(A; — 77) ~ 10%-12%] and about
90% when the final states are formed by b-quarks. On the
other hand, when A; mass is large enough to allow the
decays into LSP neutralinos, A; — 797" happens at a rate of
about 99%. Even though the both cases yield different rate
for the A; —» SM SM decays, the widths of these decays in
both cases are realized at the order about 10~-1078 GeV.

Similar discussion can be followed also for the relatively
heavier Higgs bosons and their zz decays, which are shown
in Fig. 4. The larger cross section for these events in our
scans is realized as about 10~ pb for the heavy CP-even
Higgs boson as shown in the left panel. Since the MSSM
Higgs fields cannot mix with the singlet fields in forming
the lighter Higgs bosons, they mostly interfere in compo-
sition of the heavier Higgs states. Their significant mixing
in these heavier Higgs bosons enhances their zz decays,
while it also yields a stronger impact from the constraints
from rare B-meson decays (B; — up and B — X,y). Due to
these constraints, A; cannot be lighter than about 1 TeV,
while the A; — 77 events can yield a cross section as high
as about 3 x 107 pb, as shown in the right plane of Fig. 4.

B. The associated production of light scalars
associated with photon

As we discussed in the previous subsection, the events in
which the scalars decay into a pair of the SM particles can
be applicable and/or suitable when these scalars have
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Branching fractions for 7z decays of the light CP-odd Higgs bosons in correlation with their masses for A; (left) and A, (right).

All the points are consistent with the experimental analyses employed in our analyses. The solutions are colored with respect to the total
cross section of pp — A; — 77, i = 1, 2, which is given with a color bar in the side for each panel.
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77 events involving the relatively heavier Higgs bosons £, (left) and A5 (right) in correlation with their masses. All the points

are consistent with the experimental constraints applied in our analyses.

masses about 200 GeV or heavier. Besides, these analyses
require the solutions to have large mixing between the
singlet and MSSM Higgs fields, while they lose their
impacts when the mixing is small. In the cases of small
mixing, the singlet scalars can decay into a pair of LSP
with a large rate and when LSP is mostly formed by the
fermionic singlets of secluded UMSSM, this decay rate
can be observed at about 100%. However, these decays
manifest itself through the missing energies in the collider
experiments. The small mixing also suppresses the pro-
duction of these light scalars in collisions, and thus, the
processes leading to totally missing energy in the final
states are severely suppressed by the SM background.
Even though the SM background remains strong, there
might be other processes, which can leave traceable marks
in the analyses. One of the typical topology for such
events involves associated production of the light singlet
scalars with a Standard Model particle, in which the
singlet scalar decays totally into a pair of LSP neutralinos,
while the involved SM particle forms a visible final state
through its decays.

In this context, we consider the possible signal processes
involving these light singlet scalars through their produc-
tion associated with a photon, which is shown with the right
diagram in Fig. 1. The SM background relevant to these
events is mainly formed by the Z-boson pair production
processes in which one Z-boson decays into a pair for
neutrinos forming the missing energy, while the other
decays into leptons or quarks leading to visible final states.
However, misidentification and/or poor reconstraction of
the leptons and jets allow other processes such as Z — [ly,
W — llvv and y + jets processes to contribute to the SM
background. Among these, some selection rules on the
missing and total transverse energy can reduce the events
involving y + jets significantly. Moreover, the rest of the
processes can contribute only at the subleading level in
comparison with the main ZZ background.

Before proceeding in discussion of our results for the
monophoton events mediated by singlet scalars, one needs
to consider how the signals can manifest itself in the
experiments. As shown in previous section, our model can
yield two scalars yielding a photon in the final state with a
missing energy. Distinguishing these two scalars from each
other depends on the sensitivity of to the missing energy
and/or mass reconstraction of the particles involved in the
decays. Even though the efficiency is very low (around
10%), the detectors are sensitive when an event has
Er = 50 GeV. As the efficiency increases with the missing
energy, £ can be reconstructed with about 60% efficiency
when it is about 100 GeV, and the efficiency reaches to
about 100% when E; = 150 GeV [139]. In addition,
the missing mass calculator (MMC) method [140] can
be employed which is using the missing energy and the
observables of the visible states in the final state of the
decays to distinguish the masses of the particles involving
in the decay cascade under concern. Using this technique,
one can distinguish two states of different masses even-
tually decaying in the process. This technique can distin-
guish two particles if their mass difference is about 15 GeV
or more when the particles decay into z-leptons together
with neutrinos [140]. The method can be applied in our
case by considering the missing energy, the photon p7 and
the angle between these two parameters. However, con-
sidering the efficiency of missing energy re-constraction
mentioned above, the sensitivity to the masses of the
particles can be worsened for cases of the light Higgs
bosons. In this context, we assume only one of the singlet
CP-odd Higgs bosons can dominantly contribute to the
monophoton events, while the other’s contributions can be
minor or negligible.

We show our results in Fig. 5 for the cross section of
the monophoton signal at 14 TeV center of mass energy
involving one of these light singlet CP-odd Higgs bosons
in correlation with their masses. All points are consistent
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The monophoton signal processes involving A; (left) and A, (right) in correlation with their masses. All points are consistent

with the experimental constraints applied in our analyses. The dashed red curve represents the total cross section of the relevant SM
background processes except those with y + jets with respect to the missing transverse energy where we assume fr~my,, i =1, 2.

with the experimental constraints applied in our analyses.
The dashed red curve represents the total cross section
of the relevant SM background processes except those
with y + jets with respect to the missing transverse energy
where we assume Ep~m,, i =1, 2. We employ the
following approximation in calculation of the total signal
cross section:

o(pp — yA; - yLSPLSP)

~o(pp — yA;) x BR(A; > LSPLSP), (4.1)
where the pair of LSP manifests itself as the missing
transverse energy. The associated production of A; with the
photon is calculated by MadGraph5 [141]. Note that this
approximation yields about 1% or less uncertainty in our
calculations compared to the full matrix element consid-
eration [142]. In these events, the missing transverse energy
is approximately determined by the mass of the CP-odd
Higgs boson involved in the process. The left panel of
Fig. 5 shows the signal cross section for those involving Ay,
and the largest cross section can be realized at the order
of 1073 pb when m 4, =~ 100 GeV. With the missing energy
as Fr ~ 100 GeV, the SM background processes also yield
a peak at which the cross section of the total background is
about 10 pb. However, if one applies a cut on the missing
transverse energy as Fy = 130 GeV, the background proc-
esses can be significantly reduced to about 10~3 pb. Similar
reduction in the background can be realized also with a
cut as £ < 80 GeV. Similarly, one can realize the mono-
photon signal processes involving A; with a cross section
as large as about 1073 pb; however, such solutions can be
observed with some missing transverse energies for which
the background processes can be sufficiently suppressed. In
sum, we observe the possible largest cross sections at about
1 x 1073 pb when m 4, =85 GeV for the monophoton

events involving A; (left plane of Fig. 5) and at about
2 x 1073 pb for those involving A, when my,, ~ 115 GeV
(right panel of Fig. 5).

Even though the signal processes in the class of secluded
UMSSM models yield cross sections lower than the
background processes, they can still considerably contrib-
ute to the total monophoton events. In this context, the
significance of the signal processes can be a better measure
to explore if they can yield visible traces or under which
circumstances they can lead to visible events. We display
our results for the signal significance for the signal
processes involving A; (left) and A, (right) in Fig. 6.
All the points are consistent with the experimental con-
straints applied in our analyses. The significance of the
signal processes involving A; (§Sy,) is calculated approx-

imately by SS, = S4./1/Sa, + B, where S, and B re-
present the number of events for the signal and background
processes, respectively. The largest significance for the
monophoton events involving A; is realized to be about
0.8 when m,, ~ 80 GeV. Even though the solutions with a
significance less than 1 can escape from the detection in
the current experiments, one can expect a probe for them at
around 68% confidence level (CL) at the end of Run-3
experiments, whose targeted integral luminosity is
400 fb~!. The sensitivity of their probe will more likely
reach to or exceed the 95% CL when the LHC operates with
higher luminosity [at 3000 fb~! of High-Luminosity LHC
(HL-LHC), for instance]. Although the heavier A; solutions
yield relatively lower significance, they are still consid-
erable, and one can expect that the near future collider
experiments including those in Run-3 phase of LHC will be
able to probe A; solutions up to about m,, ~200 GeV.
Furthermore, the signal processes involving A, can yield
even greater significance, since they can lead to large cross
section out of the mass interval where the background
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FIG. 6. The significance for the signal processes involving A; (left) and A, (right). All the points are consistent with the experimental
constraints applied in our analyses. The significance is calculated approximately by SS,. = S4./1/Sa, + B, where S, and B represent
the number of events for the signal and background processes, respectively.

processes yield a peak. The S$S,, —m,, plot shows that
there exist solutions with m,, ~ 120 GeV that can show
themselves with a large significance (S$S4, ~6). Such
solutions can be considered to be excluded already.
However, depending on their mixing with the MSSM
Higgs fields, one can also realize solutions whose signifi-
cance is slightly lower than 1, but they are still consid-
erable. Similarly these solutions can yield visible events
during the period of Run-3 operation of LHC, and the near
future experiments are expected to strengthen the impact to
probe such solutions up to m,, ~250 GeV.

Note that the mass scales commented in our discussions
are obtained by the constraints summarized in Sec. III.
These upper bounds for the light singlet scalars have rather
obtained through the consideration of the DM observables.
If one does not assume that the LSP neutralino is accounted
for the DM observables, the mass scales can be extended
beyond our bounds, and the near future experiments are
able to probe a larger parameter space of the secluded
UMSSM models than that commented in our work.

To summarize our discussion about the significance of
the signal processes, we display eight benchmark points
(BMs). Table IV display four solutions for the signal
processes involving A, while those involving A, is given
in Table V. These points are selected to be consistent
with the experimental constraints applied in our analyses
including the CP-even Higgs boson decays discussed in
Sec. IVA. All the masses and dimensionful trilinear
couplings are given in TeV, while the cross sections are
represented in pb. We also display the significance evolu-
tions for §S, (left) and SS,, (right) in Fig. 7. Each curve
represents a benchmark point whose color coding is given
in the legend. The horizontal dashed lines show the
significance values of 1, 2, and 3 from bottom to top,
while the vertical dashed lines represent the targeted

integral luminosity values at the end of phases of LHC
for Run-3 (400 fb~!), Run-4 (1500 fb~!), and HL-LHC
(3000 fb~') from left to right in both panels.

Table IV displays the solutions which can be traced
through the monophoton signals involving A; in
85 < my, <200 GeV. The largest signal cross section is
observed at the order of 10~ pb when my, ~ 85 GeV,

while it reduces to the magnitudes of order 10™~107> pb
with increasing A; mass. All these points yield $S,, less
than 1 in the current experiments. However, BM1 and BM2
have §S,, greater than 0.5, and they are expected to be
probed soon before the Run-3 experiments of LHC come to
an end. Even though BM3 yields relatively lower signifi-
cance, the near future experiments will potentially be able
to probe such solutions, as well. The required luminosity
values to probe these solutions can be seen from the left
panel of Fig. 7, and they are approximately 300, 500, and
1200 fb~! for BM1, BM2, and BM3, respectively. On the
other hand, one can read from the curves that the solutions
of the signal cross sections less than about 5 x 10~> pb may
need further upgrades in the collider experiments to be
probed, since their significance remains less than 1 even in
the HL-LHC experiments as exemplified by BM4 whose
significance evolution is shown with the orange curve in the
left panel of Fig. 7. Note that these benchmark points do not
exemplify the solutions with 90 < m,, < 100 GeV, since
the number of the background processes in this interval
yield a peak and strongly suppress the signals.

A similar discussion can be followed for the mono-
photon signals with A,, which is exemplified with the
benchmark points given in Table V. Even though these
processes yield lower cross sections in comparison with
those involving A;, since A, has heavier masses (120 <
my, <230 GeV), the signal processes exhibit a stronger
potential to be distinguished from the background
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TABLEIV. The benchmark points for monophoton signals involving A;. The points are selected to be consistent with the experimental
constraints. All masses and trilinear couplings are given in TeV, the decay widths in GeV and the cross sections in pb.

Parameters BM1 BM2 BM3 BM4

tan 22.6 15.7 11.2 322

Vg 6.25 5.81 3.91 5.57
(4,x) (0.054, 0.39) (0.056, 1.19) (0.094, 1.44) (0.11, 0.86)
(A1, Al) (1.1, =3.8) (1.5, -8.9) (1.6, =9.3) (8.1, =2.8)
(vy,5 vy, 0y,) (9.47, 13.6, 12.1) (6.3, 10.8, 14.5) (8.57, 11.4, 10.9) (5.61, 4.55, 6.26)
(mg) 3.053 7477 9.417 4.565
(M) 3.762 3.986 2.714 7.576

(Ag) —1.404 2.322 4.251 0.331
Charge Set Set 2 Set 3 Set 3 Set 5
(my,,my,) (0.1237, 0.424) (0.1244, 0.367) (0.1233, 0.570) (0.1273, 0.543)
(my,,my,) (0.085, 0.124) (0.210, 0.223) (0.136, 0.193) (0.194, 0.223)
(m)?tl), m)?l?)) (0.041, 0.246) (0.111, 0.198) (0.060, 0.267) (0.094, 0.462
M= _ 2.503 2.402 2.181 10.763
o(pp = hy - VV) 5.94 x 1073 3.08 x 1073 3.74 x 10~ 3.60 x 1073
o(pp = hy = hihy) 2.08 x 1073 1.01 x 1073 1.15x 10~ 2.70 x 1073
o(pp = yA; — yLSP LSP) 1.16 x 1073 2,50 x 107* 7.20 x 1073 1.10 x 1073
o(pp — yA, — yLSP LSP) 1.58 x 107 7.84 x 1077 4.54 x 10°° 6.44 x 1078
Iy, 4.94 x 1073 1.90 x 107* 9.79 x 1074 7.70 x 1074
Iy 1.03 x 1074 6.03 x 107 9.09 x 1074 1.40 x 1073

processes in the missing transverse energy. Thus, these
benchmark points yield a comparable significance with
those given in Table IV. As shown in the right panel of
Fig. 7, BMS5 and BM7 (red and green curves, respectively)

are expected to be probed at the end of Run-3. On the
other hand BM7 and BMB8 yield signal cross sections less
than 3 x 107> pb. However, the lower bound on the signal
cross sections in these mass scales is approximately

TABLE V. The benchmark points for monophoton signals involving A,. The points are selected to be consistent with the experimental
constraints. All masses are given in TeV, the decay widths in GeV and the cross sections in pb.

Parameters BM5 BM6 BM7 BMS8

tan 3 18.7 24.4 44.2 13.3

v, 6.55 6.34 5.05 3.15

(A, x) (0.057, 0.42) (0.1, 0.96) (0.077, 1.26) 0.17, 1.29)
(A, A) 0.7, =4.7) (3.1, —4.8) 0.5, =9.9) (7.6, =4.7)
(V5,4 V5, s,) 9.2, 13.1, 14.2) (10.9, 9.9, 14.4) (10.1, 18.8, 12.4) (6.68, 6.97, 5.01)
(mg) 5.465 4.815 5.430 7414
(My)) 4.402 7.643 7.942 7.550

(Ao) —4.040 —2.683 13.046 18.988
Charge Set Set 7 Set 4 Set 6 Set 1
(my,.my,) (0.1263, 0.364) (0.1235, 0.378) (0.1229, 0.515) (0.1278, 0.505)
(my, my,) (0.071, 0.113) (0.136, 0.153) (0.101, 0.228) (0.185, 0.248)
(myn, my) (0.034, 0.276) (0.067, 0.501) (0.050, 0.288) (0.059, 0.402)
My 1.911 6.011 2.133 6.294
a(pp = hy - VV) 8.16 x 107? 2.41 x 1072 9.81 x 1078 1.21 x 1077
o(pp = hy = hihy) 3.31 x 1075 7.35 x 1073 3.32x 1078 3.03x 1078
o(pp = yA; — yLSP LSP) 7.57 x 1073 5.23 x 107° 6.41 x 1076 3.18 x 10°°
o(pp — yA, — yLSP LSP) 2.50 x 10~ 5.03 x 1073 3.27 x 1073 1.63 x 1073
Ty, 1.95 x 1073 3.59 x 1073 5.83 x 107° 247 x 107
Iy 9.81 x 107 4.90 x 10~ 1.49 x 1073 5.29 x 1073
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FIG.7. Significance evolution of the benchmark points given in Table IV (left) and Table V (right). Each curve represents a benchmark

point whose color coding is given in the legend. The horizontal dashed lines show the significance values of 1, 2, and 3 from bottom to
top, while the vertical dashed lines represent the targeted integral luminosity values at the end of phases of LHC for Run-3 (400 fb~1),

Run-4 (1500 fb~'), and HL-LHC (3000 fb~') from left to right in both panels.

0.5 x 107> pb, and these solutions are expected to be
available to be analyzed in the collider experiments when
the integrated luminosity is about 1400 fb~! or greater.

Note that even though we left discussions on the y + jets
processes to the end, the significance curves involve these
processes as well. Although they might not be considered
as a main constitute of the background processes, they
are also of a special interest [98,143—147]. Suppressing the
y + jets processes without altering the signal cross section
is not a straightforward process, since the photon behaves
similarly in both the background and signal processes. Both
classes of the processes yield large cross sections when
the photon transverse momentum is low (p% ~20 GeV).
However, in these cases, the missing transverse energy can
serve as an observable which distinguishes the signal from
the background processes. Assuming the jets to be nearly
massless, the transverse energy of the jets can be observed
approximately equal to p’, while since the signal processes
involve massive particles (LSP neutralinos in our case); the
missing energy in the signal processes is expected to be
larger when the jet activity in the background processes is
misidentified totally. We have summarized our results for
the transverse energy of the jets in comparison with the
missing energy in the signal processes in Fig. 8. We
performed showering and hadronization for the jets by
employing PYTHIAS [148-151].

The blue dashed curve displays the transverse energy
of the jets, while the E’ is represented by the red dashed
curve. Since it overlaps with the jet transverse energy, it is
barely visible. The vertical solid lines show the approxi-
mate missing transverse energy of the signal processes for
each benchmark point tabled in our manuscript. Note that
we have presented the missing energy in the signal events
approximately in which 7 ~m, . In the usual treatment,

the missing energy exhibits a distribution around the peak
rather than yielding a specific value. The width of the
distribution at the half-peak point is determined by the
width of the decay mode under concern. In our analyses,
the decay width of A; — 797 events are realized as
' > 107°-1073 GeV. In this case, the missing energy will
be distributed around the peak (realized around the mass of
CP-odd Higgs bosons) very narrowly, and hence, consid-
ering a specific value provides sufficiently precise result.
Note that we do not employ this approximation when we
consider the missing energy for Zy background events,
since the missing energy in these events is formed by
Z — vv decays, and the width of the Z-boson cannot be
neglected here.

As seen from the plots in Fig. 8, the y + jets events
lose their impact with the increasing transverse energy,
and its cross section drops below around 1072 pb when
Er 2 100 GeV. If we assume all the jet activity is mis-
identified as the missing energy, then these events can
imitate the signal processes, but their impact cannot exceed
a few percent for relatively heavier CP-odd Higgs boson
masses. In this context, BM1, BM3, and BMS5 can receive a
slightly stronger impact compared to the other benchmark
points. However, this impact may not still prevent the
visibility of the signal processes represented by these
benchmark points. It can be seen by considering the ratios
of the cross sections of y 4 jets events to the Zy processes,
which is shown for each benchmark point in Fig. 9. One
can enhance the visibility of BM1 (BM3) by applying
a cut on the missing energy as 84.5(112.5) S FEr<
85.5(113.5) GeV. Even though these cuts lie below the
effective cut (Er = 144.5 GeV), the y + jets events form
the background only slightly more than 10% because the
Zy vyields larger cross sections in the cases of these
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energy it is barely visible. The vertical solid lines show the approximate missing transverse energy of the signal processes for each

benchmark point given in Table IV and Table V.

benchmark points. Despite being less than the effective cut,
the missing energy cut in the case of BM3 (~136 GeV), a
cut on the missing energy as 135.5 < Ey < 136.5 GeV, can
still reduce the y + jets background to about 10%. We
should note that the efficiency in identifying the jets is
around 50% [48], and so the detector analyses can halve the
ratios for the y + jets events compared to those which we
commented above. In addition, some other cuts might be
possible such as those on the angle between the missing
energy (or jets) and photon, the pseudorapidity etc. [152].
At the level of our analyses, since the photon behavior is
the same for the background and the signal processes,
these cuts yield similar effects to the signal and the
background processes.

Before concluding the possible solutions with a large
significance in monophoton events should be included in
the discussions. As mentioned before, the right panel of
Fig. 6 shows a point with a large significance (§S,, ~5),
which has been considered to be excluded in our discus-
sions. If one takes a close look, on the other hand, such
solutions are allowed through the constrains that we
considered in our analyses and included in our discussions.
Such solutions emerge when the included A-boson is in
resonance in mass with the pair of LSP neutralinos of the
final states. Indeed, the solutions, which appeared in our
analyses, exhibits very similar properties with the fifth
benchmark point (BMS5 in Table V) in terms of the mixing
and masses in the Higgs sector. However, the second

lightest CP-odd Higgs boson mass happens to be
my, z2m)?(l), which enhances the decay width of A, —

797). Such resonance solutions can still be accommodated
in our analyses with relatively lower significance when it is
sufficiently suppressed by the mixing and/or masses of the
Higgs bosons. Indeed, the benchmark points listed in
Table IV, which are selected for monophoton events
involving A; exemplify also such resonance solutions
(my, =~ 2m}?<1)). Having only one point for A, in our data
sample is due to the statistics of our scans. Since we have
considered solutions with such a large significance to be
excluded, our scans do not focus on the regions of large
significance.

Finally, we have also displayed the CP-even Higgs
boson decays in both sets of the benchmark points. The
points in Table IV predict cross sections for the 7, - VV
events about 1073, and as discussed in Sec. IVA, these
points can also be analyzed through these events in near
future. While most of the points in Table V predict lower
cross sections for h, — VV events, BM6 will also be
included in such analyses, as well, since it yields the largest
cross section for these events realized in our scans. Note
that we also assume only one of the singlet CP-odd Higgs
bosons can contribute to the monophoton events in select-
ing the benchmark points. However, in displaying our
results for the significance in Fig. 7, we did not consider the
efficiency to the missing energy mentioned above. On the
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FIG. 9. The ratio of the two sets of the background events formed by the y + jets and Zy processes in correlation with the missing
energy. In the y + jets events, the jets are assumed to be misidentified as missing energy totally. The vertical lines show the missing
energies for each benchmark points as pointed in the planes.

other hand, BM1 of Table IV and BMS5 of Table V suffer
from the low efficiency (which is about 30% for BM1 and

55% for BM5 [139]), while the other benchmark points

approximately correspond to 100% efficiency.

V. CONCLUSION

We consider a class of secluded U(1)-extended
MSSM, in which the models are constrained at Mgyt

by the universal boundary conditions

have a tree-level coupling with the MSSM Higgs doublets.
These models also extend the MSSM particles content by
Z'-the gauge boson associated with U(1)’, right-handed
neutrinos, and exotics. The heavy mass bounds on Z’" and
exotics, and tiny masses experimentally established for the
right-handed neutrinos lead these particles to be decoupled
from the low scale spectrum, while the singlet scalars can
be actively involved in the mass scales from GeV to TeV.
In our work, we discuss the implications of the secluded
UMSSM class for the extra scalar states, which can be
probed in the current and near future collider experiments.
We consider models, in which the MSSM fields are also
nontrivially charged under U(1)’, and we identify several
sets for the different charge assignments, which are
compatible with the anomaly cancellations. In exploring
the fundamental parameter space, we accept only the
solutions that are consistent with the mass bounds, con-
straints from rare B-meson decays and the measurements of

and family-
independent U(1)’ charges. The secluded sector is spanned

by four MSSM singlet scalars. While three of them interact
among themselves only, one of the singlets is allowed to

the Planck satellite on the relic density of DM within 5o,
and the current results from the direct detection experiments
of DM. In this context, the solutions need to yield one of
the neutralinos or right-handed sneutrinos to be LSP to be
compatible with the DM analyses. In our analyses, we
consider only the LSP neutralino solutions. We also assume
the lightest CP-even Higgs boson is accounted for the SM-
like Higgs boson, and we apply the relevant constraints from
the current SM-Higgs boson analyses.

After selecting the solutions allowed by these con-
straints, we find that the low scale spectra involve
CP-even Higgs bosons in the mass interval from about
200 GeV to 2.5 TeV, and two light CP-odd Higgs bosons,
whose masses are bounded at about 300 GeV from above
by the DM constraints. The CP-even Higgs bosons can be
subjected to the current analyses through their decay modes
involving the SM final states such as a pair of z-leptons, SM

gauge bosons, or SM-like Higgs bosons. Although these
CP-even Higgs bosons yield lower cross sections for the
events involving a pair of z-leptons or SM-like Higgs
bosons, which require more sensitive analyses than those
currently performed, they can be probed through their
decays into a pair of SM gauge bosons. We find that these
solutions can be probed currently up to about m;,, ~2 TeV,
when their mixing with the MSSM Higgs fields are
considerably large. Even though smaller mixing yield
smaller cross sections for these events, one can accom-
modate solutions in the secluded UMSSM, which are
expected to be probed by the analyses in near future.

While the heavy Higgs bosons can be probed through

their decays into SM particles, the light CP-odd Higgs
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bosons can be involved in a possible signal process in
which they are produced in associated with a SM particle.
In our work, we consider such productions involving a
photon in which one of the light CP-odd Higgs boson
decays totally into a pair of LSP, while the photon forms a
visible final state. Even though the relevant SM background
yields a total cross section of about 10 pb, we show that the
SM background can be significantly reduced to about
1073 pb with some selections on the missing transverse
energy as £r 2 100 GeV and Er < 80 GeV. We find that
the monophoton signals involving the light CP-odd Higgs
bosons have cross section values between 107>-1073 pb.
Despite being lower than the SM background, such
processes in this cross section interval can considerably
contribute to the total monophoton events. In this context,
the significance can provide a better understanding, and we
find that the solutions with the largest cross section
currently yield a significance of 0.8 when A; of a mass
around 85 GeV is involved. We display four benchmark
points for these processes to exemplify our findings and
discuss some possible projections of the near future collider
experiments to probe light A; solutions through the mono-
photon signals. The selected benchmark points show that
the solutions, whose current significance is greater than
about 0.5, can be expected to be probed at the end of Run-3
experiments of LHC, while the solutions with significance
around 0.3 need to wait for Run-4 experiments. We also
identify a lower bound on the cross section that is about
0.5 x 107> pb. The solutions of monophoton signals with
A; can escape from detection even in HL-LHC experi-
ments, if they yield cross sections lower than this bound.

We follow similar analyses for the second CP-odd Higgs
bosons when its mass lies between 120-230 GeV. Even
though its mass is relatively heavier than A;, the signals
involving A, can be distinguished than the background
better than A; in the missing transverse energy plane. The
monophoton signals involving A, yield similar cross
section values as those involving A;, but since the back-
ground is significantly lowered, the solutions with m,, ~
120 can be excluded already, while a smaller mixing
between the MSSM Higgs fields can leave some solutions
in this region available for the upcoming analyses. We also
represent four benchmark points to exemplify the signifi-
cance of these processes to measure their contributions to
the total monophoton events. The solutions with a signifi-
cance about 0.7 are expected to be probed at the end of
Run-3 experiments. In contrast to the solutions with A;, the
signal processes involving A, can potentially be analyzed
in Run-4 and HL-LHC experiments even if they have about
0.2-0.3 significance in the current experiments.
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