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Abstract: The decay of the Higgs boson and the nature of dark matter remain fundamental challenges in particle
physics. We investigate the 95 GeV diphoton excess and dark matter within the framework of the triplet-extended
Minimal Supersymmetric Standard Model (TMSSM). In this model, an additional Hypercharge ¥ =0, SU(2).

triplet superfield is introduced. Mixing between the triplet and doublet Higgs states enhances the diphoton signal
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servations. This enhancement arises primarily from charged Higgs and chargino loop contributions, together with

strength of the 95 GeV Higgs boson, resulting in whichis consistent with experimental ob-
LEP excess in the Zbb channel around the same mass within the 20~ range. Additionally, the model accommodates
viable dark matter candidates in the form of a bino-dominated neutralino. The relic density is reduced to the ob-
served value through resonance-enhanced annihilation via the Higgs portal or co-annihilation with the triplino or
higgsino. This reduction remains consistent with constraints from direct and indirect detection experiments. A com-
prehensive parameter scan demonstrates that the TMSSM can simultaneously explain the 95 GeV diphoton excess,
the observed 125 GeV Higgs mass, and the dark matter relic density, establishing a compelling and theoretically con-
sistent framework.
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I. INTRODUCTION

The Standard Model (SM) of particle physics, a
cornerstone of our understanding of fundamental interac-
tions, faces significant challenges in explaining the hier-
archy problem of Higgs boson mass and the nature of
dark matter (DM). The SM cannot stabilize the Higgs
mass against quantum corrections, a deficiency known as
the hierarchy problem [1, 2], which results in sensitivity
to ultraviolet (UV) divergences. Supersymmetry [3, 4] of-
fers a compelling solution by introducing supersymmet-
ric partners that cancel quadratic loop corrections,
thereby stabilizing the Higgs mass and reducing fine-tun-
ing. The lightest supersymmetric particle (LSP), stabil-
ized by R-parity, serves as a natural DM candidate, often
identified as the neutralino [5, 6].

The discovery of the 125 GeV Higgs boson by AT-
LAS and CMS has profound implications for supersym-
metric models. Reproducing my, = 125 GeV in the MSSM
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requires stops well above current LHC reach, thereby re-
introducing fine-tuning [7, 8]. This tension is known as
the “little hierarchy problem” [9]. The Triplet-Extended
MSSM (TMSSM) [10—-23] potentially resolves this chal-
lenge by introducing an SU(2), triplet superfield. This
addition enhances the Higgs quartic coupling at tree level
through an extra F-term contribution [24], allowing for a
125 GeV Higgs mass with sub-TeV stops and signific-
antly reducing fine-tuning.

Recent data from CMS [25, 26] and ATLAS [27, 28]
report a significant signal for a 95 GeV Higgs boson de-
caying to diphotons. CMS observes a local excess with
2.90 significance and a signal strength of s, = 0.33*519,
while ATLAS finds y,, =0.18+£0.10. The combined sig-
nal strength, u$)S*ATAS = 0.24*008 [29], suggests the 95
GeV Higgs may exceed the SM prediction, indicating po-
tential new physics. Similarly, the LEP collaboration re-
ported an excess in Higgs boson decays to bb pairs with-
in the same mass range [30], with a measured signal
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strength of ;" = 0.117£0.057. These complementary ob-
servations suggest a possible common origin in new
physics.

Triplet-extended models introduce an SU(2), triplet
scalar field, which can explain the 95 GeV diphoton ex-
cess through mixing with the SM Higgs doublet, enhan-
cing the diphoton decay rate. This mechanism has been
extensively studied in non-supersymmetric frameworks
[29, 31-65], where precise tuning of triplet-doublet mix-
ing and mass splittings between charged and neutral
Higgs states amplifies the diphoton signal strength while
satisfying experimental constraints. In supersymmetry,
the singlet-extended MSSM has also been thoroughly in-
vestigated [66—81]. Given this promising property, it is
compelling to explore whether the TMSSM, the super-
symmetric generalization, retains this feature. In the
TMSSM, supersymmetry imposes strict relations on
coupling constants, avoiding the artificial adjustments of-
ten required in non-supersymmetric models. This rigidity
may preserve the enhanced diphoton signal necessary to
explain the 95 GeV excess while eliminating the need for
fine-tuning couplings, offering a significant advantage
over non-supersymmetric approaches.

Additionally, the triplet Higgs field introduces new
annihilation channels for neutralinos [21], especially
when the triplet mass is approximately twice the  neut-
ralino mass, around 95 GeV or 125 GeV. The triplino, the
supersymmetric partner of the triplet Higgs, plays a cru-
cial role in neutralino annihilation. We demonstrate that
even if the triplino is not the LSP, it can significantly in-
fluence DM annihilation by modifying chargino masses.
This modification substantially alters the DM relic dens-
ity through bino-triplino co-annihilation processes [82].

In this work, we show that the TMSSM simultan-
eously accounts for the 95 GeV diphoton excess and dark
matter phenomenology. Through a detailed analysis of
the Higgs and neutralino sectors and a comprehensive
parameter scan, we identify viable parameter regions that
satisfy all relevant constraints, presenting a compelling
extension of the SM.

This paper is structured as follows: Section II presents
the TMSSM framework, focusing on the impact of the
SU(2), triplet superfield on the Higgs sector. We analyt-
ically demonstrate how the triplet accounts for the 95
GeV Higgs and its diphoton excess. Section III explores
the roles of the triplet and triplino in dark matter phe-
nomenology, analyzing their effects on annihilation
cross-sections and relic density while ensuring consist-
ency with detection constraints. Section IV evaluates the
TMSSM's ability to simultaneously address the Higgs de-
cay and dark matter problems through a comprehensive
parameter scan. Section V summarizes the findings and
discusses their broader implications for physics beyond
the Standard Model.

II. HIGGS SECTOR: HIGGS MASS AND
ITS DECAY

The TMSSM extends the MSSM through the intro-
duction of an additional S U(2),-triplet superfield X,
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The TMSSM superpotential adds two terms: a triplino
mass term u; and a cubic coupling A that mixes the triplet
with the Higgs doublets. The full superpotential reads,

Wrmssm = Waissm + AH, - ZHy + pur Tre?, 2

The model also incorporates soft SUSY-breaking
terms:

Lot = Lussmgs + mzTr (£°2) + B, Tr (£2)

+T,H,-ZH;+ h.c., 3)

where only triplet-specific terms are explicitly listed. To
simplify the analysis, we choose a SUSY-breaking scale
M to unify the soft masses
Mg =mg =my; =m;z =my =mg, and A, to represent the tri-
linear soft terms Ay =A,=A,=A,. The remaining soft
masses my, , my, , and m7. are determined by imposing the
conditions for successful electroweak symmetry break-
ing (EWSB), i.e., the tadpole equations dV/d¢; = 0, where
i corresponds to H,, H,, and T.

During the EWSB process, the neutral component 7°
of the triplet acquires a vacuum expectation value (VEV).
The neutral components of the Higgs doublets and the
triplet can be expressed as fluctuations around their re-
spective VEVs:

1 .
Hy = %(Vd"'(pd"'lo—d),

1
HS = 7(Vu+ u +io—t¢)’
Ve
1
T’ = — (v +¢r+ior), 4)

V2

where vy, v,, and vy are the VEVs of the Higgs doublets
and the triplet, respectively. The terms ¢,, ¢,, and ¢r
represent their real parts, while o, o,, and o denote
their imaginary parts.

The electroweak scale is defined by the Higgs vacu-
um expectation values (VEVs) as v= /v +12=
246 GeV. Triplet-extended models face constraints from
electroweak precision tests (EWPT), particularly through
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the p parameter. A non-zero t\g}plet VEV vy alters p from
unity according to o= 1+72T. With the experimental

value p =1.00045990  this limits vy <4 GeV. However,
introducing two additional triplet chiral superfields with
hypercharges Y = +1, alongside the Y =0 triplet, pre-
serves custodial symmetry in the superpotential [83]. This
ensures p = 1 at tree level, permitting a larger triplet VEV
vr while remaining consistent with EWPT constraints.

Due to the mixing between different gauge eigen-
states, (¢4, ¢.,¢7), they form the non-diagonal CP-even
Higgs mass matrix.

M¢d¢d M¢U¢¢/ M¢T¢d
2 _
Mh - M¢d¢u M¢u¢u M¢T¢u (5 )
M¢d¢r M¢u¢r M¢T¢T

The mass matrix is diagonalized by a unitary matrix
ZH s

_ . dia
=m,",

ZH MG ZHT (6)
where its elements relate the gauge eigenstates to the
mass eigenstates:

hi = Z" (i, 1) ¢a+ Z1(0,2) ¢+ Z7(i,3) 1 (7

This allows us to clearly track the contribution of
each gauge ecigenstate to the physical Higgs states
through the Z# matrix during the calculation.

In the limit of small v; and A, the triplet sector almost
decouples from the doublet sector. Consequently, the 95
GeV Higgs predominantly originates from the triplet it-
self. We therefore analyze the (33)-th component of the
mass matrix first and denote the lightest higgs mass by
my,

®)

2 2 2
my, = My, g, = 2By, +4uy +my,

where m2 can be determined by solving the tadpole equa-
tions at the EWSB scale dV/d¢r =0,

1
—2B,, — 47 + 3

2 _
myp =

(}) vz sin(2)

A
- — <L> v,usinle,
4 vr

This relation holds exclusively at tree-level, neglect-
ing terms linear in 4 and vy. We note, however, that a lin-
ear term in A persists in Eq. (9) due to the v/v; enhance-
ment, which counteracts the 4 suppression. Substituting

©

m? from Eq. (9) into the triplet Higgs mass (Eq. (8)), we
observe a precise cancellation of B,

T

/21 (%) vur sin(28) — % (%) vusin®B.

2 _
m, = =

(10)

This cancellation explains the independence of the
lightest Higgs boson mass on B,, in Fig. 1 (left panel).
The residual minor dependence on B,, arises from loop-
level corrections.

The right panel of Fig. 1 shows that the mass of the
triplet-dominated lightest Higgs is inversely proportional
to ur, which appears to contradict the linear dependence
on ur predicted by Eq. (10). This apparent contradiction
is resolved by the negative cubic coupling A, which re-
verses the proportionality. Consequently, the lightest
Higgs mass scales inversely with ur, as depicted in Fig.
1. We numerically exclude the light-gray region where
the squared mass of the charged Higgs, m?., is negative.

The doublet Higgs is responsible for the observed
125GeV Higgs boson. The tree-level Higgs mass en-
hancement, proportional to A%v?sin’2, is suppressed due
to the small value of 1. Therefore, we rely on a high su-
persymmetry (SUSY) scale and large trilinear couplings
to achieve the required Higgs mass. The left panel of Fig.
2 illustrates that maximal mixing (A, ~ M) greatly en-
hances the Higgs mass, avoiding the need for very large
Mg values. When A, is small, the Higgs mass depends
more on the SUSY scale Ms, requiring larger Mg for
higher Higgs boson masses.

The region in the right panel of Fig. 2 is in fact a
zoomed-in view of the purple region in the right panel of
Fig. 1. Although the triplet sector is nominally decoupled,
the triplet parameter yu; still affects the mass of the SM
Higgs boson. Direct inspection shows that the M,,4, and
M,,s, mass matrix components depend on yy through the
highly suppressed term Avy/v, allowing these contribu-
tions to be safely neglected. The uy dependence instead
arises from the off-diagonal mixing terms M, and
My, - For example, the M, 4, component is

Myor = —Av(ur cosf—usinf) +O(1%). 1)

Despite 1 ~ O(-0.1), its residual contribution induces
a measurable shift in the 95 and 125 GeV Higgs boson
mass. The mixing between the doublet and triplet Higgs
fields i = ¢spcosO+prsind is essential for the produc-
tion of the lightest neutral Higgs boson via gluon fusion.
Without this mixing, gluon fusion—the dominant produc-
tion mechanism—would be absent, as the triplet Higgs
does not couple directly to fermions.

Alternative processes, such as vector boson fusion or
associated production, typically yield insufficient cross-
sections. Thus, doublet-triplet mixing is necessary to
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(color online) Left: Contour plot of the lightest Higgs mass mj; in the ./B,, —ur parameter space, with pu=1TeV,

Mg =5.01TeV, Ap = 12 TeV, the green region shows the SM Higgs mass below 123 GeV. Right: Contour plot of the lightest Higgs bo-
son mass my, in the y—pr parameter space, with Mg =5.01 TeV, Ag = 12 TeV, and /B, = V5TeV.
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(color online) Left: Contour plot of the SM Higgs mass my in the Ag-Ms parameter space, with g =1TeV, ur =1.092 TeV, and

By, = 5(TeV)?. Right: Contour plot of the SM Higgs boson mass my in the u—ur parameter space, with Mg =5.01 TeV, A = 12 TeV, and

By, =5(TeV)2.

achieve a sufficiently large production cross-section via
gluon fusion, explaining the observed diphoton excess,
which is determined as follows,

_ Osusy (pp — h) X Brsysy (h — yy)
osm(pp — h) X Brsy (h — yy)

(12)

vy

To influence u,,, modifications to either the Higgs
production mechanism or its decay width are required.
Owing to the small doublet-triplet mixing angle 6, the
gluon fusion production cross-section remains significant,
analogous to the SM mechanism. The gluon fusion cross-
section for 4 is,

(13)

O ger o [c0s 8- A,(1,) + AT,

where A(t,) =37, [1+(1-7,)f(r,)] (top quark loop) and

A; (stop loop) are loop functions with 7; =4m?/m3. The

SM cross-section is o-gi,‘} o JASMP2 yielding the ratio,

2

Osusy _ OggF A;
— = "éi,[ = COSQ+W ~ 1. (14)
OsM  Ogr A3

For small mixing and large SUSY scale Mg, the pro-
duction cross-section ratio approaches the Standard Mod-
el. Thus, deviations in the diphoton signal arise predom-
inantly from the decay width. In SM, the diphoton decay
rate of the Higgs boson is expressed as:

2

G, a’m}
N ONLQA () + All(ry) | L (15)
S

Fh—) =
(=) 128 V2n?

In TMSSM, the diphoton decay rate [84] is modified
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to:

2,3
G, a m,

[(h— yy)= 42—
(h=7y) 128 V23

> NQjenr QVAL, (77)
7
M3y oo

2

26%,‘/}71 i Ag (Tue)

+ ghvaPf (tw)+
2

+Agysy| » (16)

It describes the effective coupling of the light Higgs to di-
photons, incorporating both Standard Model and new su-
persymmetric contributions. The amplitude A? 5, shares
the same structure as SM except the loop particle being
SUSY partners. In comparison to the Standard Model,
our setup includes two key additional contributions that
modify the i — yy partial width. The first is a loop con-
tribution from the charged Higgs bosons arising from the
triplet scalar. The second is from the charginos. Both con-
tributions lead to an enhancement of the diphoton rate.

The loop functions are defined as follows:

o Al(m)=-(202+37+3Q2r-1)f (1)) %, the “loop
function for the #-boson.

® Al(r)=—[r—f()] 72, the loop function for the
scalar particles.

o Al (1) =2(r+(t-1)f(r))72, the loop function for
the fermions.

They reveal that additional contributions from
charged Higgs bosons and charginos modify the Higgs
decay width. For charginos, although heavier masses
would naively induce larger deviations, their contribu-
tion is suppressed by the loop function A, ,,(7,+). This in-
terplay naturally prevents unphysical growth of devi-
ations while maintaining consistency with the decoupling
theorem. Thus, the dominant contribution arises from the
lightest charged Higgs boson (charged triplet) and moder-
ate chargino mass, as numerically verified in Section I'V.

The normalized bb signal strength at 95.4 GeV is
defined relative to a benchmark hypothetical SM Higgs
boson of the same mass [71]:

_ osusy(e*e” = Zh) X Brsysy(h — bb)
Kb = (@ e — Zh) X Bry(h — bb)

(17)

Here, the SM quantities in the denominator are calcu-
lated for a scalar with m;, = 95.4 GeV and SM-like coup-
lings. The observed signal strength of bb near 95 GeV is
consistent with zero (Fig. 3). The shaded blue band indic-
ates the 1o region for u,,, while the light - blue envel-
ope shows its 20~ extension. Similarly, the dark - red
band represents the 1o interval for the bb channel, and
the pale - red shading corresponds to the 20 bounds. The
light-green strip highlights the mass window of
m, =95.4+1GeV. Given that the excess signals ob-
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Fig. 3.  (color online) Signal strengths of the light scalar
Higgs boson decaying into diphoton and bottom quark pairs as
a function of its mass with u=985GeV and

ur € [1000,1070] GeV.

served in the LEP, CMS, and ATLAS near 95 GeV are
only valid within this specific range, the constraints on
iy, and pu,; specifically refer to the mass window of
m, =954+1GeV.

III. NEUTRALINO SECTOR: RELIC DENSITY
AND DIRECT DETECTION

The neutralino mass matrix includes the traditional
neutralino components: the Bino (1;), Wino (W°), and
Higgsinos (HY, HY), as well as the newly introduced fer-
mionic triplet component, the triplino (1;0). The specific
form of the mass matrix is given as follows,

M, 0 —181Va 18 0

0 M, 582Va 582Vu 0
—18Va —38&Va 0 —vrd-pu —3v,A
381Vu —38Vu —3Vrd—p 0 ~1y2

0 0 —%vu/l —%vd/l 2ur

(18)

To investigate the influence of various components on
the DM annihilation process, the diagonal process can be
employed to study the contribution of the triplino to DM
in the TMSSM. First, it is essential to diagonalize the
neutralino mass matrix to derive its eigenvalue mass mat-
rix,

(19)

* T _ . dia
N'my,N' =m .

The contributions based on the components in the
neutralino basis can be expressed as,
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Ag=> Ny,
J

A) =Y N,
J

770 _ % 90 r70 _ % 10
W= "NpA), H)=> Ni)
Y i

(20)
Ao =Y N A).
J

We select two benchmark points to examine their
contributions to dark matter (DM) composition, as
presented in Table 1. These points represent Bino-domin-
ated and Triplino-dominated DM scenarios. We exclude
explicit discussion of the well-known Higgsino and Wino
LSP scenarios.

In the parameter selection for ID A, the values are set
as follows: M| = 62.5 GeV <« M, u,ur, and 1 = —0.1. Spe-
cifically, the choice of M, aligns the bino mass precisely
with the Higgs resonance region, significantly enhancing
the annihilation efficiency via s-channel Higgs exchange.

In Fig. 4, the blue curve depicts the neutralino relic
density, and the orange line indicates the observed dark
matter relic density, Qh?=0.12. The green dashed line
shows the lightest neutralino mass, which increases lin-
early with M,, confirming its dominant bino composition.
The bino relic density typically exceeds Q4? =0.12, but
two  resonant regimes —where 2mz=~my, | Or
2mp ~ my—enable resonant annihilation, sharply redu-
cing the relic density. Additionally, when the cyan dashed
line (chargino mass) nears the bino mass, co-annihilation
processes further decrease the relic density.

In TMSSM, the interplay between dark matter and the
95 GeV di-photon excess is realized by two mechanisms.
First, the triplino—triplet Higgs portal is governed by the
supersymmetric mass parameter yr: demanding that the
triplino 7 both be the LSP and reproduce the observed
thermal relic abundance forces pr ~ m5 2 1TeV, at which
point the lightest chargino instead becomes the LSP and
the simplest ur-driven scenario is excluded. Second, a
resonant bino—Higgs portal emerges when the bino mass
satisfies mz ~47.5 GeV, so that the resonant annihilation
can both account for the di-photon signal and deplete the
relic density. As shown in Fig. 4, although the resonance

Table 1.
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1
10 m:+/100 [GeV] E
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é I,
100 __________________ B
107" 3
1072 ‘
10
M, [GEV]
Fig. 4. (color online) The blue solid line is the neutralino

relic density with the variation of M;. The orange solid line is
used to highlight the central relic density value from the
Planck 2018 data. The green dashed line and cyan dashed line
correspond to lightest chargino and lightest neutralino mass

respectively. The input parameters are set as follows:
tanf = 3.95,Ms = 5TeV,A=-0.133,ur =200GeV,u = 1TeV, B, = 5(TeV)?

enhances (ov), one finds (0V)es < (0V)herm, leAving an
overabundance that a late-time entropy injection can di-
lute [85] (The relic density in Fig. 4 is computed using
MicrOmegas v6.1.15 [86—91]). Thus, while the direct
ur—mediated triplino mechanism is ruled out, resonant
bino annihilation via the 95 GeV Higgs remains a viable
link between dark matter and the di-photon excess.
Therefore, analyzing the neutralino mixing matrix Zy
alone is insufficient to fully characterize the triplet
sector's role in DM physics. As evidenced in Fig. 4,
Bino—Chargino co-annihilation processes significantly
enhance the DM annihilation cross-section [92—95]. A
complete analysis therefore requires inclusion of the char-
gino mass matrix, defined in the basis (W~,H;,r-) and

Composition of Bino LSP and Triplino as Dark Matter and their Z#. z# elements correspond to the CP-even Higgs mixing

(Egs. (6) and (7)), while ZV elements denote the neutralino mixing components (Egs. (19) and (20)).

ZV and Z" Matrices

D A ZN(1, 1) zN(1,2) ZN(1,3) ZN(1,4) Qh?
-9.9918x 107! 5.1812x 1074 -3.8790x 1072 1.1637x 1072 0.115
zN@,5) zH1,1) zH(1,2) z"(1,3) (ov) /em’ s
1.6007 x 10~ 3.4175x 1073 6.0784x 1072 9.9815x 107! 1.8375x 10732
IDB ZN(1, 1) ZN(1,2) ZN(1,3) ZN(1,4) Qn?
-2.0387x 107* 47161 x 107 -2.2499 x 1072 1.3659 x 1072 5.8860x 107#
zN@,5) zH,1) zH(1,2) z"(1,3) (ov) /em’ s
9.9991x 107! 1.3531x 1072 6.5181x 1072 9.9778 x 107! 2.83x 10724
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(W*,H;, A7+ ). The chargino mass matrix is,

M2 \%gzvu —&2Vr
m)?’ = %gZVd _%VT/l_'_:u _%Vul (21)
gvr vl 2ur

In the limit of small 4 and v;, the mass matrix be-
comes nearly diagonal, showing that u; governs the
charged triplino mass. This parameter also controls the
masses of the lightest Higgs boson and triplino, allowing
simultaneous study of Higgs and dark matter phenomeno-
logy through u;.

For the bino annihilation, the dominant process in the
Higgs resonance region is bino pairs annihilating into
bottom quarks via s-channel exchange of the Higgs bo-
son [96]. This is natural, as the third-generation Yukawa
coupling is the most significant. Additionally,
Bino—Chargino co-annihilation processes happens natur-
ally when uy ~ M;, with the dominant channels being
D+ii->Z+W and S +yi > Z+W-.

In parameter set ID B, we set uy =50GeV. with
ur < My,M,,u, ensuring the triplino is the LSP.
However, the relic density is low, approximately 107*,
due to strong SU(2) interactions similar to those of the
wino, which requires a mass of ~ 2 TeV to match the ob-
served relic density. Although a heavy triplino LSP ap-
pears viable for dark matter, Fig. 5 shows that the trip-
lino ceases to be the LSP above ~ 100 GeV. At tree level,
with u> M, M,, the neutral and charged triplinos are
nearly degenerate (m ~2ur) and dominate the LSP, as
shown in Fig. 5. As ur increases, loop corrections raise
the neutral triplino’s mass more than the charged triplino’
s, because the neutral triplino, a Majorana fermion, exper-
iences larger Z-boson and scalar loop effects, while the
charged triplino, a Dirac fermion, incurs smaller photon
and W-boson corrections. This inverts the mass hierarchy,
making the charged triplino the LSP. Consequently, we
adopt a bino LSP for this study.

We now consider the direct detection of neutralino
dark matter [97], with a dominant bino component as es-
tablished [98]. The spin-independent scattering cross-sec-
tion between the neutralino and a nucleus originates from
the effective Lagrangian [99],

Loy = ai'x\q4, (22)

where g, parametrizes the neutralino-quark coupling, and
the resulting neutralino-nucleon cross-section becomes

2
_ 4
Os1 =
T

m
g=c,b,t q

2
(pn) . Mpn 2 (p,n) Mpn
E a,—— + — a,— | ,
( qu q m, 27fTG q

q=u,d,s

(23)

103

Triplino LSP

Mass/[GeV]

Triplino NLSP

103

102 |
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(color online) The masses of the charged triplino and
neutral triplino as a function of y7, and the status for the LSP.

10° 10!

Fig. 5.

with g, the neutralino-nucleon reduced mass and fi%" =

1= cua /i and form factors are £ = 0.020+0.004,
P = 0.026+£0.005, P =0.118+0.062, 7 =0.014+

0.003, £ =0.036+0.008, £\ =0.118+0.062 [100]. The
dominant contribution to a,/m, stems from ¢-channel CP-
even Higgs exchange, scaling as

& ~ E SXX]“ Sh
mq . m2 iqq
1

hi

24

For the lightest Higgs with mass m, ~95.4 GeV, the
coupling is

Ny VA E N WA VAV A AV AN

+AZRZNZY + ZE 77N + ZEZN 70, (25)

where ZJY, Z[!, and A denote neutralino mixing, Higgs
mixing, and model parameters, respectively.Therefore,
we obtain the cross section for ID A as 1.0110x 107! pb,

and for ID B as 6.3827 x 107!° pb.

IV. NUMERICAL RESULT

We constructed the model’s Lagrangian using
SARAH v4.15.3 [101] and calculated the particle spec-
trum, including Higgs-mass loop corrections and di-
photon signal strengths, with SPheno v4.0.5 [102, 103].
Theoretical consistency and experimental Higgs con-
straints were enforced via HiggsTools [104], Higgs-
Bounds-5 [105—111], and HiggsSignals-2 [112—115],
while the DM relic density and DM-nucleon cross-sec-
tions were computed with MicrOmegas v6.1.15 [86—91].
Collider limits were validated through SModelS v3 [116],
and the entire workflow was automated using BSMArt
v1.5 [117-126]. Fixed parameters are specified and
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Bayesian parameter estimation is performed using the
MultiNest v3.12 [127—-129] scanning the free parameter
ranges given in Table 2.

Before presenting our results, we define the condi-
tions for the final selected parameter points. In our fixed-
order DR spectrum calculation with SARAH and SPheno,
including full momentum-dependent one-loop self-ener-
gies and dominant two-loop (effective-potential) correc-
tions of O(a,;) and O(a?) as detailed in [130, 131], so
we adopt the lightest Higgs mass criterion of
94.4GeV < m;, <96.4GeV, and we similarly require the
SM-like Higgs mass to lie within
123 GeV < my < 127 GeV. For Higgs data fitting, we in-
corporate direct search results for additional Higgs bo-
sons from LEP, Tevatron, and LHC experiments. Selec-
ted parameter points must satisfy result=1 in Higgs-
Bounds with the HiggsSignal p-value obtained via y?
analysis exceeding 0.05 to ensure statistical significance
and experimental consistency.

To account for the systematic uncertainties in DM
calculations, we adopt an expanded relic density range of
Qh? €10.096,0.144], corresponding to +£20% variations
around the Planck-2018 observed cold DM central value
Qh* =0.120 [132]. For direct and indirect detection con-
straints, we require a DM signal exclusion statistical reli-
ability of p > 0.05 at the 95% confidence level, while col-
lider limits are enforced via the SModelS exclusion ratio
criterion r < 1 [116].

We additionally require my: € [110,120] GeV on the
charged Higgs mass from stau (%) searches, following the
analysis of Ref. [62]. The similar final-state signatures
between #* — ¢} and H* — tv decays (for massless
neutrinos) allow reinterpretation of ATLAS stau search
results. The current exclusion limits rule out charged
triplet scalars below 110 GeV.

The color scheme employed in the scatter plot ad-
heres to the following consistent convention:

e Red points:

my =125+2GeV, my- €[110,120] GeV,
HSpval > 0.05,

QK? =0.120+0.024, DMpval > 0.05,
SModelSr < 1, 1, =0.24*013,

Uy =0.117+0.114.

HBresult =1,

e Cyan points — Higgs constraints: The SM Higgs
mass lies within the experimentally allowed range and
satisfies all HB, HS and SModelS constraints.

e Yellow points — DM constraints: Q#? lies within a
+20% range, DM p-value satisfies statistical require-

Table 2. Parameter space of the TMSSM: Fixed values (top)
and scanned ranges (bottom).

Fixed Parameters

Mg /TeV 5 tanf 3.95

Ao/TeV 12 M>/TeV 1.5

M3/TeV 3 A,)/TeV 2

By, /TeV? 5 B, /TeV? 1
Scanned Parameter Ranges

M, /GeV (45,1200) A (-0.3,0.3)

ur/GeV (500, 2000) 1/'GeV (500, 2000)

ments and SModelSr < 1.

e Gray points: Only SModelSr < 1.

The left panel of Fig. 6 shows that the cyan data
points are nearly independent of M. This is because M,
only affects the bino mass, which plays no role in the
Higgs sector. In contrast, the yellow data points display a
specific distribution, where the first cluster lies in the
Higgs resonance region at M, ~ my/2. The second cluster
appears near the TeV energy scale. This pattern matches
our earlier findings reported in Fig. 4. In the low-energy
Higgs resonance region, the bino mass M, is much smal-
ler than the higgsino mass u and the triplino mass 2uy.
This enables the region to yield a pure bino dark matter
candidate consistent with observational constraints. At
the TeV scale, the near degeneracy of M, ~ u ~ ur facilit-
ates bino-higgsino or bino-triplino coannihilation via
gauge-mediated interactions. This configuration boosts
the efficiency of annihilation, yielding a correct DM relic
density. The diphoton signal strength pu,, with a central
value of 0.24 and the bottom quark pair signal strength
1,5 With a central value of 0.117, both within 20, reduce
the yellow points to fewer red points. Then we can find
the overall constraint still has survival points touching the
correct 95 GeV Higgs band.

In the right panel of Fig.6, the quartic coupling 4 ex-
hibits a Z, symmetry 2 — —2 because it enters the Higgs
and DM observables only through 2. Most of these
points also fall within the range my- € [110,120] GeV.
The yellow points are predominantly in the negative A re-
gion due to the collective influence of parameters such as
My, u, and ur, rather than a direct effect of 4 itself. As 4
decreases, the density of points with m;, < 110GeV in-
creases, reflecting the interplay of A, 4, and ur in the ex-
pression for my;, (Eq.10). The red points favor the negat-
ive region of 1. Notably, some red points lie within the
theoretically predicted green band to match the 95 GeV
Higgs requirement.

Finally, in Fig.7, the cyan points satisfying the Higgs
constraints are diffusely distributed, showing no signific-
ant correlation with u or yr. This indicates that the Higgs
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(color online) The scanning results using the parameter ranges in Table 2 are shown. The left panel displays the relationship

between the light scalar Higgs boson mass m;, and M, while the right panel presents the correlation between m;, and A. The color

scheme follows the description in the color conditions and the surrounding context. The green band indicates that m;, =95.4+1 GeV, the

light green area represents my, = 95.4+3 GeV.
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Fig. 7.  (color online) The results of the global scan are

presented in the p—ur plane. The parameter points follow the
color scheme described in the text. Red star markers represent
parameter sets satisfying all red point conditions plus the
Higgs mass constraint m; =95.4+ 1 GeV.

constraints impose relatively weak limits on these mass
parameters. The yellow points, which satisfy the dark
matter constraints, depend on the higgsino mass paramet-
er u, with their density increasing as u increases. This oc-
curs because the bino can become the LSP and achieve
the correct relic density only for larger u. Red points con-
strained by u,, and yu,; show a linear correlation with u
and ur, forming a narrow band near the TeV scale. This
narrow band results from the cancellation between these
mass parameters, consistent with Fig.1 and Eq.10. The
jagged white regions represent parameter space where the
triplino is the next-to-lightest stable particle, consistent
with Fig.5.

V. CONCLUSIONS
This study systematically explores the TMSSM to ex-

plain the 95 GeV Higgs boson diphoton excess observed
by CMS-and ATLAS and its implications for DM phys-
ics. By incorporating an SU(2), triplet superfield,
TMSSM reduces fine-tuning issues of the MSSM and
naturally supports Higgs boson masses at 95 GeV and
125 GeV. Our calculations show that optimizing triplet-
doublet mixing and parameters 4 and ur enables TMSSM
to reproduce the experimental diphoton signal strength,
USYSHATLAS = 0.24*00% . The model reproduces the LEP bb
excess with 5 =0.117+£0.057, remaining compatible
within 20 in our scan. In the DM sector, the triplet and its
supersymmetric partner, the triplino, enhance neutralino
annihilation through Higgs resonance and co-annihila-
tion, achieving consistency with the Planck-2018 cold
DM relic density, Qh* = 0.120 +0.024, while meeting dir-
ect and indirect detection constraints.

Using tools like SARAH, SPheno, MicrOmegas, and
BSMArts, we performed a comprehensive scan of the
TMSSM parameter space, identifying regions that simul-
taneously satisfy Higgs masses, m;, ~95.4+1 GeV and
my ~125+2 GeV, both the diphoton and bb signal
strengths within the 20 level, and DM relic density re-
quirements. These findings confirm that TMSSM ro-
bustly explains the 95 GeV diphoton excess and the LEP
bb excess and provides a consistent framework for DM
physics. Future collider experiments, such as the High-
Luminosity LHC or a next-generation circular collider,
will precisely probe triplino properties and the 95 GeV
Higgs signal, offering critical tests of TMSSM and deep-
er insights into supersymmetric physics.
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