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1. Backgrounds and motivations

A 125 GeV Higgs discovered!
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New physics needed! @ precisely measuring properties of the Higgs
@ searching for new physics beyond the SM

Baryon asymmetry

Dark matter
@
o v,

rand unification

Strong CP problem
Hierarchy problem 4
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Another Higgs boson? A 95 GeV Higgs may be hinted
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© Only one scalar in SM

€ Additional scalar particle?
Nature and important question.
Far from been solved!

» ATLAS+CMS
Hyy = 0-24Z50

» CMS
usX =12+ 0.5

> LEP
ue* = 0.117 + 0.057



2. Models and technologies

S iiiibiiiiiii e —yrheitéiihllliiiéidéeiét4iéidiéiiéciiidiiiiiiiistiéeetfis=-esiiétiiiiiiéoittisitiimnasiiaiiis I , /’/,f
2402.11232 . : . :
Wang, JZ Minimal Dilaton Model Top quark by both Higgs and dilaton
i 2HDM Type-I All SM patrticles by the same doublet

Dong, Wang, JZ

2506.21454

Dong, Ruan, Wang, Yang, JZ ]
N2HDM Y Charged leptons & up-type quarks by the same

2510.24662 doublet
Dong, Ruan, Wang, Yang, JZ
2312.17599

Li, Qiao, Wang, JZ NMSSM I Charged leptons & down-type quarks by the
2212.11739 same doublet

Li, Qiao, JZ



Models

Minimal Dilaton Model

S = f+hsinfg + scosly ,
-E ‘Ewuhout V(H)

1
- 2 _ o
V(S,H) = mi | HF + |H H" = —= (v+hcosbs - ssinés)
)7

V2

q3; = cos@t; +sinb;t;,

1 _ M
~50.89's =T (p+ -

2
A K
+ 287+ 284+ S HP

- . 2 4! 2 ’ T; = —sinf t; +cosb,t; .
— [y Tr(gs- H)+ hee. | -V(S,H),
2HDM Type-I
M Coupling of Higgs to bosons
V(Dy, @) = m3, & ) + m3,&) &, — m2,(d] ®, + h.c) + = (@] )2 +
2 SM .
Chyvy = Cilyy X sin(a — ),
o0, + 2,070, 3T, + 1,010, T0, + 25 [(@TD,)7 + h Sl
7(2 2)° + 3P PP, Dy + A, P P, P, 1+?[(1 2)* +h.c] CHVV_CHVVXCOS(a_ﬁ)
mll,mzz,mlz,li(i = 1, 2, 3,4‘, 5)
1 Electroweak symmetry breaking COUpImg of Higgs to fermions

two neutral Higgs

Cnrr = Chff X cosa/sing,
mixing angle and @@@ charged Higgs mass

Curr = CHff X sina/sinf
the ratio of VEV

pseudoscalar mass neutral Higgs mass




N2HDM Type-Y

A A
V =mi|®1]* 4+ m3,|®s|* — miy(®] s + h.c.) + %(‘DJ{‘I’OQ + 5
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Z2 (D] d,)?

(B 2)(@105) + Xa(@]2) (1)) + 2[(B]:)° + hc] e
+ ;msfbs + )‘8‘5@4 + ); (D1 D,) D2 + );S(cbgcbg)cbﬂs.
'sal%/sﬁ, i =1, 'calcm/cﬁ, i =1,
Chiff = § (CayCas — SaySasSas)/Sa, i =2, CH,q490 = —(Cay SasSas + CasSay)/Cs, 1 =2,
—(CaySas + Say1SasCas) /S5, 1 =3, | —(Ca1802Cas — Sa1Sas)/cs, =3,

NMSSM
VSUSY:VF+VD+Vf I/F:F“kr"'};;?}:”m:—I/I/z:—(ﬂi‘/v
soft 0b; S_US‘l‘ng‘FiQOS
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Technologies

Model building

model files SPheno

SARAH

HiggsSignals
Gm2Cal
Superlso

MadGraph
Pythia
Delphes

y
Madanalysis

Collider simulation
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Improving detection efficiency using machine learning

DNN

# X DNN f5E [ inputs ] Data

class DNN(nn.Module):
def init (self, input size): ‘
super(DNN, self). init ()

SElf.SEEL_Jenti?]: = zn.sequegﬂal( [ ] Layef 1 tl’ain . 50000 * 07
nn.Linear(input_size, ; DrOpOUt 50% test: 50000 * 03

nn.BatchNormld(64),
| Layer2

nn.Dropout (0.2), RelLU
Dropout 20% Optimizer

nn.RelLU(),
| Layer3 Adam optimizer
Learn rate = 0.0001

nn.Linear(64, 48),
nn.BatchNormld (48),

nn.Dropout (0.2), RelLU
nn.RelLU(), [

nn.Linear(48, 32),
nn.BatchNormld(32),
nn.RelLU(), ReLU

nn.Linear(32, 24), [
nn.BatchNormld(24),

nn.ReLU(), ReLU

nn.Linear(24, 16), [
nn.BatchNormld(16),
nn.RelLU(),

| Layera Loss

Binary Cross Entropy

] Layer 5

« e e e [k

RelLU
nn.Linear(16, 8),

nn.BatchNormld(8), [ ]
nn.RelLU(),

nn.Linear(8, 1), RelLU ‘

nn.Sigmoid()

)

Training

Layer 6

epochs = 200
batch_size=128

[ outputs ]

def forward(self, x):

return self.Sequential(x) 1



3. 95 GeV light Higgs at the LHC
Signal: pp - tth(h - yy)

top-pair-associated

19 g 999000900 ——— F § 99000000 — ; diphoton channel
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Wy Minimal Dilaton Model:
With an integrated
luminosity of 3000 fb-1,
regions of |sin@| > 0.2
can be covered over
the 30 level.
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4. 95 GeV light Higgs at future hadron colliders

2HDM-I: under current constraints

Excludedegs direct searches

[mh = 95 GeV, my =125 GeV]

20 i 3 B
_ L B
g a € [-r/2,7/2], A " ] ; 314 L
Parameter tang € [0, 20], ° B — 4F X
space my, € [—10 TeV, 10 TeV], o | S s 15 T
| M =g € [150 GeV, 1000 GeV] y d10 | ER >0
' S 0k T
_ i : -3.06 B
Constraints 5 F A
e e i i Y, _»1_..1L1....14... L—S,()‘Z
Theoretical Experimental 0.8 1.0 1:2 1.4 1.6 160 200 240 280
o ma [GeV]
. Higgs searches .. :
unitarity EWPO Surviving samples in the tang vs o
vacuum stability )
- B phvsics and m,, vs m, planes.
perturbativity Py 12 AP
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A 95 GeV light Higgs boson in 2HDM-I

(g9 — h) [pb] ~ Br(h =)
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Surviving samples in the tanf vs o and x,, vs o planes.

Signal strength

B o(gg = h) X Br(h - yy)
osm(gg — hgs) X Brgy(hgs = yy)

Hyy
osm(gg = hgs) = 79.83 pb

Brsy(hgs = yy) = 1.39 x 1073

CMS

CMS :ufMS =0.33%313

ATLAS : upMs = 0.18%91
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Signal vs backgrounds at HL-LHC
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Events selecting

J/ >20GeV p/7>10GeV, mi| <5,
AR[i, j] > 0.4. (i,5 =7,b,¢,7)

1. Basic Cuts:
N =1,N@y) =2,NG) =2,N®b) =1,
prlyi] > 30 GeV,pr[j1] > 40 GeV,pr[j,] < 220 GeV,
AR[j1,j2] <4, AR[y1,72] < 3.6,
0.2 <68, <3,n;, >—-2.6,n, >—2.5,y;, <50.

2. Mass Cuts:
92 GeV < M|[y1,72] <98 GeV,M|[y4,72] < 390 GeV,
MT[Vl] < 300 GeV, MT[]/]_, )/2] < 98 GeV.

3. Energy Cuts:
Er > 200 GeV,Hr <900 GeV,

10 GeV < EMSS < 190 GeV, HMSS > 30 GeV.
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Cut flows at LHC and future hardon colliders

Cut flows
Cuts Signal(e x L) Backg‘mlmd(a x L)
tth tty ttH tyH bbyy ttyy tiyy W gy
Initial 60 1536000 168 23 9203800 3354 5253 65400 14 TeV HL-LHC 3 ab™!
Basic cut 5.97 4577.3 17.95 0.712 848.7 9200.0 89.61 9268.1
Mass cut 113 16.08 0.029 0.0 0.0 6.47 92.67 4.58
Energy cut 3.76 0.0 0.029 0.0 0.0 5.8 1.01 3.97
Cuts Signal(o x L) Backgro?nd(cr x L)
tth tty ttH tiH blryy ttyy tjvy W jjyy
Initial 199 3168000 097 115 3408000 14178 19920 206009 27 TeVV HE-LHC 10 ab!
Basic cut 13.92 6874.6 80.06 2.93 1192.8 776.6 358.5 095.0
Mass cut 0.14 0.0 0.111 0.002 68.16 17.92 5.13 12.36
Energy cut 8.59 0.0 0.111 0.002 0.0 16.27 3.21 10.3
Cuts Slgnal(_cr x L) _ i Backgrtjund(a x L) i
th iy tHH tiH by tiyy Ly W jjry
Tnitial 9395 33120000 11724 1005 14856000 141570 138120 1255800 100 TeV FCC-hh 30 abl
Basic cut 101.42 53085 621 17.1 6388.1 4764.2 1446.7 4807.6
Mass cut 64.94 662.4 1.06 0.0 148.6 91.0 924.82 37.67
Energy cut 50.75 0.0 0.821 0.0 0.0 78.86 91.98 95.12
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Checking a 95 GeV light Higgs boson at LHC and future hardon colliders
required minimum luminosity

Signal significance
20 50
S 14 TeV HL-LHC 240 fb! 1.4 ab?
S= [2L|(S+B)n(1+—)-5
27 TeV HE-LHC 120 fb! 750 fb!
100 TeV FCC-hh 12 fb! 71 fbt
S<?2 2<8<5 S>5
Js=14TeV@L =3ab! VS=27TTeV@L=10ab"" V5 =100TeV @ L =30 ab™"! HL-LHC 3 ab1:
At o W O Ay AT G 5 o cover sin(a-B) > 0.4,
16 L Pl 16 I i 16 [ Iy 2 o cover sin(a-p) > 0.25
0L HeHcwoa.
o i3 o [ /% /% s 7 & 5 6 cover sin(o-B) > 0.25,
A ’ 4 V. 4 2 o cover sin(a-f) > 0.15
4 R-’.'/‘/y--r"./. P R I AT LT J'./—".’//l 1 . 4T Ll a’,l'/t’//l
08 10 12 14 16 08 10 1(.){2 14 1.6 08 10 1(.12 14 16 ECC-hh 30 ab -
5 6 cover sin(a-B) >0.1 BY <-0.05

(e

Covered parameter space in 2ZHDM-I
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5. 95 GeV light Higgs at the CEPC

Higgsstrahlung Tt channel

100

_ With cross section Signal noGht 0905
Slgnal at 0.2 of SM § 08 0195
+,— +,,— +.— n 0.165
ete” > Z(-puTu)S(>17T) 2 g
M € [94,100] GeV 0.135 3
Backgrounds H
\/E (S [190, 240] GeV ~ * 0.075
Zttiete" > Z(- utu )ttt 0.015
Zjj:ete” > Z(» utu)xx, xise, u, jet LR RN Yoo
190 200 210 220 230 240
100 Collision energy [GeV]
0.068 0
- 0.060 S —— Zjj Initial
4 . i Z77 Initial
BaSIC Cuts - Ignal baSIC CUt 0.052 o ; ---- Zjj Basic cut
- > _ E Z71 Basic cut
Two muon, one tau jet, g " ool T |
0 g = L
pr, > 10GeV,|n,| <25, =
AR(uq, ) > 0.4 5 o el Background
= * 0.020 ot e
0.012 -
g B 1 0-004 10721901..‘260‘..\2110.‘.122.0...‘2:;0.\.\240
190 200 210 220 230 240 Collision energy [GeV]

Collision energy [GeV] 18



Finding the most effective collision energy

. . 100
Low 1t reconstruction efficiency, . S
05
so use recoil mass instead of M__ s 2= |2L [(S + B)In <1 + E) - S]
> 08 0.039 _
_ 2 ( ) <} £
e =24/ _ 0.033
Myecoil \/S + Mu’fu 2vs(Ey+ + Ey 2 £ cus  zs Zrr Zji Z[o]
o : PRTS nitial 134 (109) 1819 (1769) 24187 (21745) 0.83 (0.7)
5 o 0021 £ Basic 57.6 (51.2) 752.8 (797.5) 4)0(55 9) 2.0 (L.7)
I — ZS§ E A Lots Maccont 45.4 (37.6)  63.5 (65.2) 1(5.7) 5.0 (4.1)
i ATT ‘
r - ij 0.009
30 | L=500 fb1, /s = 210 (240) GeV
L Total o L e 0.003 '\/_ ( )
2 T 190 200 210 220 230 240
4 - Collision energy [GeV]
o 20 100
z | 100
s | 0.144 :
i 0.128 :
% 08 = = <
<] 0.096 £ o 65
W LN 5 : g 3
0 ke 1 5 0.080 3 g 8.8
°© L S g - o £
g Total/Bac' g 0.064 3 £ 96 =
= - 0.048
00 TR SR NN N TR TR SRR AN SO N N B TR TR TR SR N S B ’
30 85 90 100 105 110 0.032 .
94
Mreci [GeV] o P TN 0.016 190 210 220
190 200 210 220 230 240 Cﬂllmon energy [GEV]
CUt mS - 15 < Mrecoil < mS + 15 Collision energy [GeV]
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Improving detection efficiency using machine learning

Machine Learning (ML)

Feature extraction

® Four-momenta P of two muon
and one tau jet;

® Transverse momenta P+and
pseudorapidities # of two muon
and one tau jet;

® Spatial separation AR of two
muon and one tau jet;

® The recoil mass.

Normalized Events

log(1/FPR)

ML response

1.0

GBDT XGBoost
B Signal 6 [ Signal
Background w T Background
=
L
A r
- o 4 —
2 L
N
=
g
0 z %[
-IIIIIIIIIIIIIIIIIIIIIIII D-IIIIIIIIIIIIIIIIIIIIIII\
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8
Response Response
9 6
i —— DNN I
XGBoost o
=
6 I GBDT § 5L
| =
20
ol
=
g
B Z24r —— DNN
[
- 0 XGBoost
i I GBDT
O||\||| I | R 1 3\||\\|\||\||||\\||||\|
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8
TPR TPR

1.0

Normalized Events

Statistical significance

DNN
6 L Signal

Background
4 =
2 L
O-IIIIIIIIIIIIIIIIIIIIIII
0.0 0.2 0.4 0.6 0.8 1.0

Response
6
5
4 — DNN

XGBoost
i GBDT

3|\||||\||\||\||\|||| |
0.0 0.2 0.4 0.6 0.8 1.0

Cut on response

20



CEPC detection ability: model-independent

ML Result CEPC overage (L=500 fb)
800 - 0.5
\ Before @ 210 GeV B -1
. Before @ 240 GeV 20 @210 GeV 210 Ge\/, 500 fb
"'.‘ —— DNN @ 210 GeV i 2 0 @ 240 GeV
— \ - DNN @ 240 GeV 04 E 5 5 @210 GeV
T | GBDT @ 210 GeV - S 6 240 eV o
=600 - 3\ GBDT @ 240 GeV o @
z XGBoost @ 210 GeV | i Ui > 0.041 (26)
é 500 fb-1 XGBoost @ 240 Gev /E 03 L -
E ; 7 Uzt > 0.116 (50)
g 400 E?’ i
%" & 02
0.1 |
e 0z 0a e es 1o :Brm(h% = 77) 240 GeV, 500 fb
Signal Efficiency L
OOO O I ! I I 0|2 ! ! I I O|4 ! ] L ] 0 6
. . . . ZH
L=500 fbl, /s = 210 (240) GeV Cszz prr > 0.052
(2
Cuts  ZS Zrr Zjj Z[o] ,ugg' > 0.150 (50)
Initial 134 (109) 1819 (1769) 24187 (21745) 0.83 (0.7)
Basic 57.6 (51.2) 752.8 (797.5) 45.5 (55.9) 2.0 (1.7) ZH _— k2Z . BI‘(S — TT)
ML 300 (26.3) 7.6 (9.8) 0.5 (0.9) 7.6 (6.3) BrsM(hgs — 77)
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Applying to special models: N2HDM-Flipped

N2HDM-FIi P ped Statistical significance
0 4 8 12 16
Parameter space e —— —
my, = 125.09 GeV, my, € [95,96] GeV L2
mr. 4 € [300,1500] GeV, my,+ € [580,1500] GeV, _ |
tanf € [0.8,10], sinRge e € [—1, 1], | A
09 — : . ® °
Ch vy €[0.7,1], C3 4 € [0.7,1.2], L Dy
m2, € [1072,5 - 10°], vs € [1, 3000]. [« teregt
The constraints taken into consideration
» Direct searches for Higgs
» SM-like Higgs signal compatibility
> B phySiCS o - at 1o level
» Electroweak precision observables 14+ at 1o level
» Vacuum stability e
> Unitarity 0.0 02 2747 0.6 0.8

210 GeV, 500 fb
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CEPC detection ability: N2HDM-Flipped

)(2 analysis 210 GeV 240 GeV
14 fb! 20 21 b1 20
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E ‘ | i3
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Hyy = U.2%—008 _ . ‘
: 0.9 F
5
2 = E(um ~ V) e 506 -
X = (A exp)2 y . £ 0.
NJJI’.’II i+ at 1o level
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'u:: at 1o level L 0.1 (015) ab™!
T ———; - 00 b e b b
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6. Conclusions and outlooks

top-pair-associated diphoton channel
at the LHC and future hadron colliders

1.

Higgs direct search data can exclude the most
region with a < 0.95.

Surviving samples can get maximum cross
sections of the process pp — tth(— yy) at the
0.44 b, 1.42 fb, and 17.21 fb at HL-LHC, HE-
LHC, and FCC-hh, respectively.

To achieve a 5o significance at HL-LHC, HE-
LHC, and FCC-hh, the required luminosity are
at least 1.4 abt, 750 fb, and 71 fb-2.

At 3 ab1HL-LHC, 10 ab! HE-LHC and 30 ab!
FCC-hh, 2HDM-1 with sin($-a) = 0.4, 0.25, and
0.1 can be covered at 5 o level.

Higgsstrahlung tt channel
at the CEPC

. The signal excesses around 95 GeV or a little

heavier, setting the collision energy to 210
GeV is the most appropriate at lepton collider.

. After applying DNN, the required integral

luminosity is reduced over 1/2 to cover the
benchmark point.

. When L=500 fb1, u2f>0.041 (0.052) can be

covered at 2¢ level and uZ/1>0.116 (0.15) can
be covered at 5o level for 210 (240) GeV
collision energy.

. The best fit point can be covered at 2c level for

L=14 (21) fb! and 56 level for L=87 (126) fb!
for 210 (240) GeV collision energy.

For detail at the CEPC, see Yabo Dong’s talk
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Thanks!



