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Abstract

In this review, we focus on the TeV scale B-L extension of the Minimal Supersymmetric Standard Model
(BLSSM), which features a natural incorporation of a seesaw mechanism for generating light neutrino
masses. We aim to explore the various phenomenological implications arising from the Higgs sector within
this class of models. Specifically, we investigate the detection of a heavy neutral CP-even Higgs boson of
the BLSSM, denoted as 1/, with a mass approximately of 400 GeV, at the Large Hadron Collider (LHC) via
the channel pp — I — hh — 2b 4 2¢. Additionally, we assess the consistency of a light Higgs boson, with
a mass around 90-95 GeV, with the results of a search conducted by the CMS collaboration in the diphoton

channel.
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1. INTRODUCTION

Despite the lack of direct experimental evidence, Supersymme-
try (SUSY) stands out as the most promising candidate for a
unified theory beyond the Standard Model (SM). It offers an
elegant solution to the quadratic divergence problem and pro-
vides a framework for relating bosons and fermions. The Min-
imal Supersymmetric Standard Model (MSSM) represents the
simplest extension of the SM with supersymmetry. It is de-
scribed by the superpotential [1]:

W = hyQrUi Hy + hpQrD{ Hy + hy LLEf Hy + uH{Hp. (1)

Additionally, the MSSM incorporates a set of soft SUSY break-
ing terms at the Grand Unified Theory (GUT) scale. These
terms introduce deviations from exact symmetry and allow
for the observation of different particle masses. The soft SUSY
breaking terms can be classified into two categories: universal
soft terms and nonuniversal soft terms. Universal soft terms,
including the universal scalar mass (1), universal gaugino
mass (117 /), and universal trilinear coupling (Ap), can be de-
rived in certain specific scenarios such as minimal supergrav-
ity. However, it is important to note that these universal terms
are based on simplified assumptions. On the other hand, non-
universal soft terms introduce a larger number of free param-
eters, which leads to increased complexity and reduced pre-
dictability within the SUSY framework.

Due to the conservation of R-parity in supersymmetry,
SUSY particles are always produced or destroyed in pairs.
Among these particles, the Lightest Supersymmetric Particle
(LSP) is particularly interesting as it is absolutely stable and
considered a candidate for Dark Matter (DM) [2]. In the MSSM,
a prediction arises regarding the upper bound of the Higgs bo-
son’s mass. This prediction asserts that the mass of the Higgs
should not exceed approximately 130 GeV, as long as the scale
of SUSY breaking remains of the order of the TeV scale. This
result aligns well with the measured value of the Higgs mass
at around 125GeV obtained from experiments at the Large
Hadron Collider (LHC). The relatively substantial mass of the
Higgs boson within the framework of the MSSM implies that
the SUSY particles, which are necessary to stabilize the Higgs

mass, must be significantly heavier. This heaviness of SUSY
particles can help explain the lack of their detection during the
LHC’s Run I and Run II, as they might be beyond the energy
range that the LHC can currently explore.

When considering both collider and astrophysics con-
straints, the MSSM with universal soft SUSY breaking ap-
pears to be largely ruled out if SUSY particles at or below the
TeV scale [3]. These constraints combine experimental obser-
vations and theoretical considerations to place limitations on
the MSSM. To address the limitations of the MSSM, nonmin-
imal supersymmetric extensions of the Standard Model have
been proposed. These extensions can involve a larger particle
content or a higher symmetry, allowing them to evade the is-
sues faced by the MSSM. These nonminimal models are of-
ten motivated by Grand Unified Theories (GUTs) and offer a
rich phenomenology to explore. Some examples of nonmini-
mal SUSY models include those with an extended Higgs sector,
such as the Next-to-Minimal Supersymmetric Standard Model
(NMSSM) [4], which introduces additional Higgs bosons. An-
other example is the nonminimal model with an extended
gauge sector, known as the B-L Supersymmetric Standard
Model (BLSSM) [5], where an additional gauge symmetry is
introduced. These nonminimal SUSY models provide alterna-
tive frameworks to explore and offer potential solutions to the
challenges faced by the MSSM, opening up new avenues for
research and experimentation.

In this article, we briefly introduce the BLSSM and ana-
lyze its Higgs sector. We demonstrate that the BLSSM model
includes three additional neutral Higgs fields, namely, K, H,
and A’, in addition to the Higgs fields present in the MSSM, h,
H, and A. It is worth noting that the extra Higgs boson could
be light with sufficient mixing with the SM-like /, thereby al-
lowing sizable couplings to SM particles and the possibility
of sticking signatures at the LHC. In this review, we will re-
visit and update our investigation into the significant signals
associated with these additional Higgs bosons across a range
of masses. Our aim is to highlight their potential in revealing
new and intriguing phenomena at the Large Hadron Collider
(LHC).

The paper is organized as follows. Section 2 provides a con-
cise introduction to the BLSSM. In Section 3, we undertake an
in-depth analysis of the Higgs sector within this specific class
of models. The exploration of the search for a heavy Higgs bo-
son at the LHC is comprehensively presented in Section 4. Sec-
tion 5 focuses on the diphoton decay of the light Higgs boson,
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Superfield Spin-0 Spin-2  Generations Ggy ® U(1)p.L

o 0 0 3 (32%3)
fe & e 3 (31.4-1)
oor o )
L L L 3 (12-4,-1)
Ee & e 3 (1,1,1,1)
Ne Ne N¢ 3 (1,1,0,1)
1y Hy H, 1 (1,2,*%,0)
A, H, A, 1 (12,4,0)
bel X1 el 1 (1,1,0,-2)
X2 X2 X2 1 (1,1,0,2)

TABLE 1: Chiral superfields and their quantum numbers in the
BLSSM.

shedding significant light on this phenomenon. Lastly, Section
6 encompasses our concluding remarks and observations.

2. THE BLSSM

The BLSSM [5], the minimal extension of MSSM, is based on
the gauge group SU(3)c x SU(2)L x U(1)y x U(1)p.r. To ad-
dress the cancellation of the associated B-L triangle anomaly,
this extension introduces three extra chiral singlet superfields,
one for each generation, possessing a B-L charge of —1. These
superfields are denoted as N; and correspond to the right-
handed neutrinos. Furthermore, the breaking of the B-L sym-
metry at the TeV scale necessitates the inclusion of two chiral
SM-singlet Higgs superfields, %17, each carrying B-L charges
of F2. Additionally, the presence of a vector superfield, Z’, be-
comes crucial for the gauging of U(1)p.r. The quantum num-
bers of the chiral superfields with respect to the SM gauge
group (Ggy = SU(3)c @ SU(2)r ® U(1)y) and the U(1)p.
gauge group are presented in Table 1.
The BLSSM superpotential is given by

W =Y/afQ; - H, — Y]d;Q;- Hy — Y/E{L; - H, "
2
A A 1 TN R R A A o
+Y/NfL;- B, + EY;f,folN; +uly - Hy — ' %1 %0

The soft supersymmetry-breaking terms relevant to the
BLSSM, under the usual universality assumptions at the Grand
Unification Theory (GUT) scale, are expressed as follows:

— Lot = m§ 3_|¢1* + Y QH U + Y7 QHy DF
¢
+ YALH B + YA LH o + Y5515,
+ |B (uH1Ha + p'ip1m2)
1 o e e~
+5m (83" + W*W* + BB+ B'B') + h.c.|,
(3)

where the sum in the first term runs over ¢ = Q,U,D, L, E,
N, H1,2/X1,2 and (YfA)U = AO(Yf)z] (f = u,d,e,v,S) is the tri-

linear scalar interaction associated with the fermion Yukawa
coupling. The B-L symmetry can be radiatively broken by the

following nonvanishing Vacuum Expectation Values (VEVs):
(x1) = v} and (x2) = v5. We define tan ' as the ratio of
these VEVs (tanp’ = v} /7)) in analogy to the MSSM case
(tanB = vy /v1) [5].

After B-L symmetry breaking, the new gauge boson, Z’, ac-
quires its mass from the kinetic term of the B-L Higgs fields,
X1,2- Namely, we have

1,
M%/ = g,sz‘U/z + ZgZUZ. (4:)

In this expression, § represents the coupling associated with
the gauge kinetic mixing between U(1)y and U(1)p.., while v/
is defined as the square root of the sum of the squares of v and
vh:v' = /v + v?. Furthermore, the mixing angle between the
(SM) Z and (BLSSM) Z’ states is given by

5./o02 2
tan20’ = 28 fl T8 , ®)
P+16(%) -8

which should be <1073 [6].

The BLSSM framework allows for the implementation of
a type I seesaw mechanism, which can be achieved through
specific components of the superpotential. The relevant part of
the superpotential is denoted as

_ 1 _
Lpr D YylHyvg + EYNV%MV% +h.c., (6)

where Y, and Yy are the Yukawa couplings associated with the
neutrinos and right-handed neutrinos, respectively. Upon the
breaking of the B-L symmetry, a Majorana mass term Mg =
Yn{x1) = Yn©' is generated, with v’ on the order of TeV and
Yy also of order unity, resulting in Mg being approximately
TeV scale. Additionally, after electroweak symmetry breaking,
a Dirac mass term mp = Y, (Hp) = Y, v arises. Combining these
elements, the neutrino mass matrix M, is formed as

_ 0 mp
M*QgMJ~ )

From this matrix, the light neutrino mass can be determined as
m, = —mDMlglm,g. (8)

By setting mp to approximately 1074 GeV, it follows that Y, is
on the order of 107°, which is comparable to the Yukawa cou-
pling Yg associated with charged leptons. Consequently, m, is
estimated to be around 1eV.

It is worth noting that the BLSSM introduces several new
particle contents that extend the SM of particle physics. These
include the following: (i) extra neutral gauge boson called Zp 1,
denoted as Z’, (ii) right-handed neutrinos and sneutrinos, (iii)
extra neutralinos, which are superpartners of the extra neutral
gauge boson and the extra Higgs bosons, and (iv) extra Higgs
bosons beyond the ones present in the MSSM, namely, //, A’,
and H’. These extra scalars possess distinct properties and can
have an impact on various processes. These new particle con-
tents in the BLSSM lead to various signatures and implications
in experimental observations. In the following sections, we will
concentrate on the potential discovery signals of the relatively
lighter exotic Higgs bosons h’ and A’ at the Large Hadron Col-
lider (LHC). The observation of these particles in LHC experi-
ments would provide compelling evidence for the existence of
the BLSSM.
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3. HIGGS BOSONS IN BLSSM

In the framework of the BLSSM, there are 2 Higgs doublet and 2
Higgs singlet superfields, which amount to a total of 12 degrees
of freedom. However, four of these degrees of freedom have
been absorbed by the gauge bosons W*, Z, and Z’. The remain-
ing particles in the model include two neutral pseudoscalar
Higgs bosons denoted as A and A’, two charged Higgs bosons
denoted as H*, and four neutral scalar Higgs bosons denoted
as h, H, I/, and H’ [7]. One obtains the masses of the physical
neutral BLSSM Higgs states in terms of the Higgs fields:

1 .
H?,z = —= (v12 + 012 +ig12),

V2
1 .
Xip = 2 (Vip +01p +ighso),

©)

where the real and imaginary parts correspond to the CP-even
(or scalar) and the CP-odd (or pseudoscalar) Higgs states. v; »
and 0’1,2 are the Vacuum Expectation Values (VEVs) of the
Higgs fields Hj » and x1 2, respectively.

The CP-odd neutral Higgs mass-squared matrix at the tree-
level in the basis (¢1, 2, ¢}, ¢5) is given by

By tan 8 By 0 0
B By cotp 0 0
2 _ I I3
Man = |0 0 Bytanp By (10)
0 0 By B,y cot B/

This matrix illustrates that the MSSM-like CP-odd Higgs bo-
son, denoted as A, is decoupled from the BLSSM-like CP-odd
Higgs boson, denoted as A’, at the tree level.

It is worth noting that the squared masses of these Higgs
bosons, mi and m%q,, are dependent on the parameters By, Byr,
tan B, and tan f’. In particular, due to the dependence of B, on
the vacuum expectation value v/, both mi and mi‘, are approx-
imately on the order of 1TeV, resulting in similar magnitudes.

2B
Due to the dependence of By, on v/, m% = ﬁ ~ m, =
2B,
M

The CP-even neutral Higgs mass-squared matrix at the tree
level in the basis (071, 05, 07, 03) is given by

2 (M s
M= , (11)
(

T
M) M

where M}, is the MSSM CP-even mass matrix which results
into an SM-like Higgs boson I with a mass m;, ~ 125GeV and a
heavy Higgs boson H with a mass my ~ O(1 TeV). The BLSSM
mass matrix M, reads

2 2 2 .n 1.2 2 o
My Cpr + §BLUT —2MuaS2p — gBLvlvz)

M2, =
hH ( 1.2 2 )
—MpS2p — 8BLV1V2
(12)

with ¢y = cosx and sy = sinx. Thus, the eigenvalues of this
matrix can be given as

2.2 2 .n
MySg + 8pL Vs

1
"y by = 5 {mi/ +mZ F \/(mi‘, + mzz,)z - 4m%4,m%,c0522,5’}.
(13)

It can be shown that the mass of /' is approximately given by

1

2,M2, 22/ 2

e [ TaMZ S 26N q00Gev).  (14)
m%, + M2,

Finally, the matrix My, can be denoted as

01} —vlv’z)

o / (15)
22)1 020,

1._
M%h/ = EggBL (

This mixing is crucial for generating mixing between BLSSM
Higgs bosons and MSSM-like Higgs states. The CP-even phys-
ical Higgs mass states can be obtained by diagonalizing the
Higgs mass-squared matrix given by equation (11) with a uni-
tary matrix R as

RM?R' = diag {mﬁ,mﬁ,,m%{,m%{,} . (16)

A numerical scan confirms that when tan’ § < 1.2, the mass of
the I’ state can either be lighter or heavier than the mass of the
SM-like Higgs boson. However, the other two CP-even states,
H and H’, are generally found to be quite heavy.

As an example of the benchmark point (BP) for the relevant
parameters that leads to the SM Higgs mass of 125 GeV and sec-
ond CP-even neutral Higgs, I/, with a mass of approximately
400 GeV, we consider the following BP studied in [8]: gp =
0.67,§ = —0.64, tan = 11, tan ’ = 1.3, and v’ = 4.8 TeV. Ad-
ditionally, the soft supersymmetry (SUSY) terms are given by
M; =77 x102GeV, My = 85 x 102GeV, M3 = 6.8 x 102 GeV,
Mg =15 x 103 GeV, and soft scalar masses of order 10° GeV.

4. HEAVY BLSSM HIGGS BOSON AT
THE LHC

In this section, we focus on the production of a heavy BLSSM
Higgs boson, Ii’, at the LHC primarily through the gluon-gluon
fusion process. In [8], our primary focus revolves around inves-
tigating the on-shell production of pairs of SM Higgs bosons
from the new particle denoted as 4’. This is followed by the de-
cay process i’ — hh — bbvyy, which captures our particular
interest.

The study presented in [8] explored the decay channels of
the Higgs-like particle i/, specifically focusingonh’ — WTW~—,
W — ZZ,and ' — hh. In this context, we will focus on the re-
sults obtained for the di-Higgs channel. Utilizing the BP men-
tioned earlier, the analysis determined that the branching ratio
for W — hhis BR(W — hh) = 0.26. Furthermore, the produc-
tion cross section for the process pp — I’ at a center-of-mass
energy of /s = 14 TeV was found to be o(pp — h') = 163.4 fb.
Considering the di-Higgs decay channel, the total cross section
for the process pp — I’ — hli — bbyy is estimated to be of the
order of 0.12 fb.

Although the cross section of this process, o(pp — I —
hh — bby7y), is smaller compared to o(pp — h' — hh — 4b),
we find it more promising due to several factors. The clean
diphoton trigger offers excellent mass resolution and minimal
background contamination, which enhances the signal sensi-
tivity. In our analysis, we estimate o(pp — h' — hh — bby7)
as the product of the production cross section of the heavy
BLSSM Higgs boson, o(pp — h’), and the branching ratio,
BR(W — hh — bby7).
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Cuts (select) S B S/vVB

Initial (no cut) 951 19951560 0.213

Er > 200GeV 933.18 +4.19  1476867.0 = 1169.0 0.768 +2.88 x 10~ °
My > 120GeV 47550+ 1540  165131.0 £4040 1.1704+9.31 x 10~
M,, < 135GeV 474.80 £ 15.40 29023.0 £170.0 2.787 £5.23 x 1074
My, > 50GeV 145.50 +11.10 3582.7 +59.9 2.431+£2.93 x 1073
My, < 160GeV 134.70 + 10.80 19449 +44.1 3.055 £ 5.03 x 103
ARy, <35 133.90 +10.7 1824.5+42.7 3.135+£5.32 x 103
ARy < 3.5 131.90 +£10.7 17462 +41.8 3.156 = 5.50 x 1073
M, 5, >360GeV  102.714+9.57 686.4 £26.2 3.920 +1.14 x 1072
M,y < 450GeV 98.5 £9.40 403.4 £20.1 4903 4 1.70 x 102

TABLE 2: pp — i/ — hh — bbyy cut-flow at Lin; = 3000 fb~1.
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FIGURE 1: Signal and background versus the variables: ET, M., M,;, and M

As emphasized in [8], our analysis involved a series of com-
putational procedures carried out as follows. Firstly, the BLSSM
model was implemented using the SARAH package. Subse-
quently, SPheno was utilized to generate the particle spectrum
based on the implemented model. For event analysis and the
examination of the corresponding background, MadGraph and
MadAnalysis were employed. To carry out this study, we uti-
lize a High-Luminosity LHC (HL-LHC) luminosity of Liy; =
3000 fb~! since this specific channel is not accessible during
Run 3. Our investigation into this process aims to contribute
valuable insights into the properties of the heavy BLSSM Higgs
boson and its interactions.

In Figure 1, we present the distributions of the signal, de-
noted as S, and background, denoted as B, with respect to vari-
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ous variables: Et (transverse energy), M, (diphoton invariant
mass), M,; (bjet invariant mass), and MWM-] (diphoton and b-
jet invariant mass combination). It is important to note that the
event rates shown in the figures have been calculated after ap-
plying acceptance cuts. These cuts help select events that meet
specific criteria, ensuring that only relevant events are consid-
ered in the analysis. By implementing these acceptance cuts,
we can effectively study the signal and background processes
while reducing noise and irrelevant contributions, leading to
more precise and meaningful results.
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FIGURE 2: m;, as function of My, with randomly varying other
parameters. Adapted from [12].

5. DIPHOTON DECAY OF A LIGHT HIGGS
STATE

In 2018, the CMS collaboration reported an excess near 95 GeV
in the diphoton final state resulting from the gluon fusion ini-
tiated channel (¢¢ — Hh' — ) [9]. Their latest results, re-
leased in March 2023, reaffirmed the presence of this excess
by employing advanced analysis techniques and incorporat-
ing data from multiple years of Run 2. The combined data re-
vealed an excess with a local significance of 2.90 at a mass of
Myy = 95.4GeV.

Similarly, the ATLAS collaboration recently published their
latest findings in the diphoton channel, utilizing the complete
Run 2 data set [10]. Their updated analysis showcased im-
proved sensitivity compared to their previous study, which had
a smaller data sample. ATLAS identified an excess with a lo-
cal significance of 1.7¢ in the diphoton channel at an invariant
mass of 95 GeV, aligning with the observation reported by CMS
that indicates a 2.80 deviation at mass equal to 95.3 GeV [9].

Although these findings are still in the preliminary stage,
they have garnered significant attention in the particle physics
community. Several beyond the Standard Model (BSM) expla-
nations have already been proposed to account for this po-
tential new resonance [11], and references therein. Confirming
these observations with future data would provide substantial
direct evidence of new physics.

In this section, our main objective is to investigate the po-
tential compatibility of a light BLSSM Higgs boson, with a mass
in the range of 90-97 GeV, with the results obtained from a
diphoton channel search conducted independently by the CMS
and ATLAS collaborations. To initiate our analysis, we present
the plot shown in Figure 2, sourced from [12]. This plot depicts
the scan for my, as a function of the universal soft SUSY break-
ing parameter, my, while allowing other related terms to vary
randomly.

As can be seen from this plot, mj, ~ 95GeV is quite plausi-
ble in the BLSSM. The Higgs signal strength is a measurement
that compares the observed production and decay rates of the
Higgs boson to the predictions of the Standard Model. In the
case of the Higgs, ', decay to diphoton (i’ — v+), the signal
strength is defined as

BR (W — v7)

_ o(gg— 1)
Hoyy BR (hsm — 1Y)

= 17
o (88 — hsm) 17

TABLE 3: Benchmark points for mj, ~ 95GeV, where mass
parameters (mg, My, Ao, 1, W', my, and my) are given in
terms of GeV, while the cross sections are given in terms of

fb.

Combining the experimental measurements from both ATLAS
and CMS, the measured signal strength for the diphoton chan-
nel is:

by = 02743 )
This would be compatible with an additional Higgs-like parti-
cle that decays to diphoton final states.

In [12], the six benchmark points for myj, around 95 GeV,
displayed in Table 3 have been investigated.

In Figure 3, we present a comparison of the number of ob-
served events for BP5 and BP6 with the experimental data from
the CMS detector at a center-of-mass energy of 13 TeV. The data
points are color-coded for clarity: yellow points correspond to
the specific process i’ — 7+, pink points represent the decay
of the SM Higgs boson (i — 77), and the red points illustrate
the background events originating from other SM processes.
These figures demonstrate the distinctions between the signal
arising from %’ and the SM Higgs boson decay signal, as well as
the background events, all in the context of the diphoton (%)
invariant mass spectrum. The detailed analysis of this data is
of utmost importance to experimental physicists, as it enables
them to explore the existence of new physics beyond the SM
and to probe the unique properties of the h’ particle.

6. CONCLUSIONS

We have demonstrated that the BLSSM, a theoretically well-
motivated realization of supersymmetry, holds the potential to
produce detectable signals of a heavy neutral CP-even Higgs
boson at both the LHC during Run 3 and the subsequent
HL-LHC phase. These signals stem from the lightest (neutral)
Higgs state in the BLSSM model, denoted as ', which exhibits
a significant B-L composition. In contrast, the discovered Higgs
boson with a mass of m;, = 125GeV corresponds to the lightest
(neutral) Higgs state primarily governed by MSSM character-
istics, referred to as h.

We have specifically investigated the process gg — I —
hh — bbyy with a benchmark point illustratively chosen to
have a mass of mj;; = 400GeV. Our focus has been on the po-
tential to detect this signal at the HL-LHC, presenting a promis-
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FIGURE 3: Signal and background versus the variables: Er,

My, Myp, and MWbE.

ing opportunity to distinguish the BLSSM hypothesis from al-
ternative scenarios also based on supersymmetry.

Furthermore, we were motivated by a ~2.80 excess ob-
served by the CMS experiment in the di-photon channel at an
integrated luminosity of 35.9 fb~! and a center-of-mass energy
of /s = 13 TeV (including a moderate contribution from 8 TeV
data) within the mass range of approximately 90-97 GeV. Con-
sequently, we conducted an analysis to explore the discovery
potential of a light neutral Higgs boson, denoted as ', within
the context of the BLSSM during Run 2 of the LHC.

In summary, our findings underscore the significance of the
BLSSM model in generating observable signals of a heavy neu-
tral CP-even Higgs boson, providing a promising avenue for
experimental verification and distinguishing it from other su-
persymmetric frameworks.
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