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Motivation

BSM New physics must exist: Experimental hints:

>and Dark energy e | Extra Higgs searches

> Matter-Antimatter asymmetry e Lepton g-2

- | .
Neutrino mass e Flavor Anomalies

> Hierarchy problem e Sparticles in Compressed Scenarios

> Unification of forces ,
e (Galactic Center y-ray excess
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95.4 GeV Excesses at colliders
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’Eé z::_ B Expected =+ 10 — 97GeV, 2.06 %/ 1:2; :"—")n:]Yi'tYs at 95% CL - Expected + 1o E NOthng
. . . X I Expected + 26 -
1 :: 1 42018,35.9fb"!, 13TeV: & 100} i 4 4 2023, Run-2:
Totl e _ . :
PR ] 95GeV, 1. 70
T 0.08 95GeV, 2.80 60 E
0.06 40_ —: G _|_
oot 4 2023, Run-2, 13TeV: 2 Hy, =0.18 £0.10
0.02 05GeV. 2.9 02075 80 8 90 95 100 105 110
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m,, (GeV) — 0.33%0.19
CMS-PAS-HIG-20-002 Py = 20012 CERN-EP-2024-166, JHEP 01 (2025) 053

exp — ,,ATLAS+CMS _ 0.24+0.09 (310)

Combined result in the di-photon channel: p,,* = u,, _0.08

T. Biekotter et al., PRD (2024)109:035005.

Besides, a local excess 1n the di-tau channel at 95 GeV observed by CMS:: ﬂ;cfxp = 1.38J_r8:gg (2.60)

A. Tumasyan et al., JHEP 07 (2023) 073; U. Ellwanger et al., Eur. Phys. J. C 83 (2023) 1138

At LEP, alocal excess near 98 GeVin e e~ — Z¢ — Z(bb) channel: ﬂ[fl_j(p = 0.117 £0.057 (2.30)

LEP collaborations, PLB(2003)565:61-75; Junjie Cao et al., PRD(2017)95:116001.
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Heavy Scalar Resonance Anomaly

CMS 138 fb™' (13 TeV)
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Figure 7: Expected and observed 95% CL exclusion limit on production cross section for pp —
X — HY — ybb signal. The dashed and solid black lines represent expected and observed
limits, respectively. The green and yellow bands represent the =1 and +2 standard deviations
for the expected limit. The middle plot in the 3rd row shows the largest excess observed for my
=650 GeV and my =90 GeV.

CMS-HIG-21-011, JHEP 05 (2024) 316
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Eur. Phys. J. C 83 (2023) 1138

A global (local) excess of 2.86 (3.80) at (my, mg) = (650, 90) GeV was
seen by CMS using Run-2 data [J//E£P 05 (2024) 316] , but NOt observed

in the later CMS report [J//EP 12 (2025) 178], and NOT in the ATLAS
analyses [JHEP 11 (2024) 047] and [CERN-EP-2025-204] either.

Cosidering an upper 95% CL limit of approximately 3 tb on o(X — Hqy(77) + ¢(bb))
|JHEP 11 (2021) 0571, 0, should be less than 0.1 fb.
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers

(fermions) (bosons)
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Gauge Unification
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Supersymmetry
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SUSY particles
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LSP DM Candidates

e (Collisionless WIMP
o Self-Interactions DM
e Asymmetric DM

e Freeze-in DM

e Axion and axino



General Next-to-Minimal Supersymmetric
Standard Model (GNMSSM)

*% Chiral Supertield SF | Spin 0 | Spin 1 | Generations | (U(1) ® SU(2) ® SU(3)
¢ | q q 3 (5,2, 3)
i [ z 3 (—3,2,1)
H; | H;y H, 1 (-3,2,1)
H,| H, H, 1 (3,2,1)
d | df d% 3 (3,1,3)
a U W 3 (—%,l,g)
é ER en 3 (1,1,1)
5 S S 1 (0,1,1)
** Superpotential no ad hoc symmetry!

A A A 1 A A 1 A
W =Wy una + ASH, - H; + 3 S+uH - H, + Eﬂ’§2+<§S
e Solve domain wall and tapole problem in Z; — NMSSM.

e Z;-violating terms originate from unified theories with Z%.

e The &S term can be eliminated by field redefinitions.
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DM sector

% Neutralino mass matrix in the base y = (B, W, H), HY, S)

Mi 0 —mgyzsinfy cos8 mysinlfy sin [ 0

My mzcosBw cos5 —my cos Oy sin 3 0
M = 0 — Utot \}5/\’0 SiIl,B
0 \}5/\UCOSﬁ

my

with u, = Av,/\/2 + p, my = \/EK‘VS + 1’ . Diagonalizing ./ gives five mass
eigenstates: )’Z? = Nill/ll + IV 21//2 + IV 31//3 + IV, 41//4 + IV, 51//5

Assume )((1) LSP as sole DM candidates, )((1) should be S- or B- like to reproduce the correct relic

abundance while complying with the stringent direct detection experiments .
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DM sector

v DM annihilation channels:

o S-dominated )"('(1) (m)?(l) ~ Ny e B-dominated )"('(1) (m)?(l) ~ M)
)?(1) )’Z(l) - hA,hh,AA,...; A¢-funnel into h Ay ;
S — H, W coannihilation B — H, W coannihilation

v DM-nucleon Scattering cross section:

VgMCm 07, T VSMC~0 ~0 : C050
SI 45 .2 oxih " the TR o 1 SD 1 (=392 LAY
af?_N_le() cm” X ( 01 )?, : af?_N_lO cm” X ( 01 ),
[
VM(m_o/ . . — sin 23) :
\/5 Hiot , AV 2 Vi g0l Hioy , My ? cos 2/
Capam, = (—) o G =——(N3 = Nip 2
14 Mot 1 - (mjgg)/ Hiot) | 2V 1 - (m;g(l)/ Hiot)
[

Blind Spot: mo/p, ~ sin2f for SI;  cos 2/ vanishes when tan f = 1 for SD.
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Higgs sector

v Soft-breaking terms:

1 1
—Qwﬁz ﬂAﬂSHu-Hd+§l<AKS3+m32Hu-Hd+5m§252+§’5+h.c. +méulHulz+mfld|Hd|2+m52|S|2,

v CP-even Squared Mass Matrix in (HNSM, Hew, Re[ S]) with Hysy, = \/2Re(cos BHY — sin fHY),

i H,, = \/2Re(sin H? + cos pHY),
M, = mj+5(2m§ =A59sin®2p,  _______ oD _ S

Y =_1(22_/122-4 PR 2
S,12 A my v)sin4p, :%P,ll =my, Mpyp =Mz Mp,,= _Z(A/I — My),
M L28’,13 = \/z;tlutotv(é_ 1)cot 2/,
1 S field mixing factor : 6 = 1 AN sin 23,
M, = m5cos” 23 + —A*v*sin” 2, 2
’ 2 Paraameters in terms of masses : m; = F(m;) A, = F(mg) u' = F(m¢)
M %,23 = ﬁ’lﬂtotv& (mc = 300 GeV)

A
/%5,33 — Mp,

3 CP-even Scalars: i, h, H; 2 CP-odd Scalars: Ag, A ;
hy =V, >MHysy + V" Hgy + V,Rel[S]  and a pair of charged scalars: H* .
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h,—— 95.4 GeV CP-even Scalar

1. Normalized yy signal strength

osusy(PP — hy)  Brgugy(h, — yy)
Hyy = - ~ | G g x| Chyy | X Ryyigin
GSM(pp — hs) BrSM(hs — }/}/)
2. Normalized bb signal strength
osusyle e = Zh) Breyey(h, — bb) 2 ,
Hpp = +_ X — = |Gy yy| X | Chpp|™ X Ryyigens
osmete™ — Zhy) Brqy(h, — bb)
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Explanation of yy and bb excesses near 95.4 GeV

0.25 - — 0.25 -
m 0N — di(S-H) Smig B 0% — diig(B-W)
B O\ — dii(S-W) ";.:‘ "
0.20F m Y9y = WHW~(S-W) ==~ - 020 S _---
\ \
- \
\
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Hyy A~

2 ~
)(y}/+bl_9 ~ 0.0

B-like 7}, coannihilating with W, 47%, x> .

Bayesian evidence: S-like )?(1), coannihilating with H, 53%,

~ ().27
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Scalar Resonances near 95.4 and 650 GeV

o The cross section of gg — H — h(yy) + h(bb) in the GNMSSM:
Oyp = 0(88 = H) X Brgysy(H — hhy) X Brgygy(h = yy) X Brgygy(hy — bb),

- Light scalar (A,) : singlet-like CP-even boson with mass 0f 95.4 =1 GeV ;

- SM-like Higgs (&): the Higgs boson dicovered at LHC with mass of 125 £ 3GeV
- Heavy scalar (H): doublet-like CP-even boson with mass of 650 £ 25 GeV.

o The y* function:

2 2
o 0,5 — 0.35 N 0.24 L (- 0.117\°
e 0.13 0.08 0.057

13/19 Jingwei Lian ((E%£{$) HIST & HNU



Scalar Resonances near 95.4 and 650 GeV

1
Z = €XP(5)(6250+95) X ZLRes

The required restrictions include:

» Higgs data fit using HiggsSignals-2.6.2 Parameter Prior  Range
5 : : Lot/ TEV Flat 0.5 ~ 1.0
» Extra Higgs searches using HiggsBounds-5.10.2 /Ltf: TV Flat —1.0 ~ 1.0
; m/TeV Flat  0.50 ~ 0.65
» DM relic density: 20% uncertainties of QA = 0.120  mp/TeV Flat ~ 0.09 ~ 0.12
my/TeV Flat —1.0~ 1.0
DM-nucleon scattering cross sections: 1LZ-2025 A:/TeV vat L0~ 30
> 5 M,/ TeV Flat —1.0~ —0.2
. _ My /TeV Flat 0.2~ 1.0
» B physics observables: B, » u"u~ and B —» Xy 2/ ,
A Flat 0.0 ~ 0.7
£ . : K Flat —0.5 ~ 0.5
» Vacuum stability using Vevacious++ 5 Flat  —0.05 o 0.05
tan 3 Flat 1.0 ~ 2.0

» Electroweak precision observables: S, T,U
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Scalar Resonances near 95.4 and 650 GeV

o(H — hhg — yybb) (£2.00) —:—- Combined 2.00 region ®  Scenario |
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4 Scenario I ( = 92%): .
A, funnel annihilation or coannihilation with S-like )?gs, typically into the 1 A, final state.

A few points can interpret the o,,,,; and p,,. and p,j, excesses at the 20 level at the same time.

4 Scenario II ( ~ 8%)~:
coannihilation with H-like 75s or 77's, favoring the i A, final state.

o, can reach at most 0.08 fb. It can achieves an overall 2o fit when combining the 0,,,; and u,,

excess, i.e.,;@w +)(3W < 6.18
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Scalar Resonances near 95.4 and 650 GeV
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4 Scenario I (~23% Bayesian evidence):
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Scalar Resonances near 95.4 and 650 GeV

1.0

Two-dimensional PL functions projection
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Scalar Resonances near 95.4 and 650 GeV
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—mgy (GeV) coannihilation with H via y7 ¥1, ¥, /> = hA,, ¥{X, = ud, h,W™,
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Conclusion

o The singlet-like scalar A, in the GNMSSM can simultaneously account for the yy and bb

excesses at a lo level without conflicting with all other constraints. DM physics
significantly influences the unified explanation and favors S-like DM case.

e The heavy scalar H near 650 GeV decaying into 2 and A, can also account for the

observed yybb signal at a 20 level, characterized by small tan 8 and large A, which is
theoretically well-motivated for elevating the mass of the 125 GeV Higgs boson /.

o The unified interpretation prefers a B-like )’Z(l) DM. The measured relic density 1s achieved

mainly through A, funnel annihilation or coannihilation with S-like )ng.

e Future colliders experiments, ¢.g. HL-LHC, ILC and CEPC, are worth looking forward to.
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h,—— 95.4 GeV CP-even Scalar

Tree level normalized couplings:
_ /SM | y/NSM ~ SM _ _ SM _ /NSM _ SM
Crgg= V)~ +V, 77 cot p =~ Viirs Guep =V, =V, > tan P, Cuyy = V.o

B L = N ~ 1/SM
Chee = Chap Cnez = Cnppr - Chge = Cnie Cagy = Vi

— e

Comn;ediated by -qu Uk | Contributions from
!“ Ch g and G, deviates from Cj, by 4% and 11%; | |charged Higgs to C;, ,, are not crucial|

__ s Ty

s68 s'Y.

Central values of u,, and 5 corresponds to:

VoM~ 0.35, (VM — V¥SMian g) ~ 0.81 x VoM ~ 0.28,
Breyey(h, = 7y) =~ 1.77 X Broy(h, = yy7) ~ 2.5 % 107,
Brqysy(h, = bb) ~ 0.95 X Broy(h, = bb) ~76.1 %,
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h.—— 95.4 GeV CP-even Scalar

\)

Using eigenstate equations in the limit 7, , << m,:

Vi AvA,cos?2 _ V'V, my —mj,
VoM ~ — x ’1 'B, A My — A, sinfcos f) o2 ——— X —

; V2 ms V2 v

2 Y ) 2 M |2 Y 2 ) 2 M 2
mg = m | Vi 124+ mi | VM2, Ay, = mE |V 12+ m | VM

with A, = A, + m,. This implies that

SM . -1
A~ 0.06 X Vhs X Hror — AiSIN P COS ,
0.35 100 Geyv

~1 _ -1 Y
1 t A
1> 0.017 X AT w [ —A_)
|cos 2| 50 2 TeV 2 TeV
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