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Introduction

* The Higgs sector in the Standard Model is the simplest solution to achieve

electroweak symmetry breaking
* But no guarantee that the Higgs sector must be minimal

 BSM models can be constructed by extending the Higgs sector

* With additional singlets/doublets/triplets/combinations of them/...
While keeping prediction compatible with the observed 125GeV boson
Help explain baryogenesis, hierarchy problem, ...

Bring new Higgs bosons after EWSB
« 2HDM/MSSM: hH A HY, H-
e 2HDM+S/NMSSM: h,H{,H,,A,a, Ht,H™

A broad search program is required
* scaler/pseudoscalar, neutral/charged, light/heavy, narrow/broad...

* Most ATLAS/CMS analyses using Run-2 dataset have been released
e Lots of interesting searches for neutral Higgs boson!



Neutral Higgs Searches at LHC

» Resonance searches » Exotic decays » Multi-BSM searches
e X-ovyy * h—-aa « X->Yh
e X o171 e h—Za e A->/H
« A/H - tt N ‘
- A—>Zh
e X —> hh

 Complete review has been shown by Zirui Wang

* | will present selected two recent searches
« A/H - tt (ATLAS: JHEP08(2024)013, CMS: CMS-PAS-HIG-22-013)
* Lowmass X = yy (CMS: arXiv:2405.18149, ATLAS: arXiv:2407.07546)



https://indico.pnp.ustc.edu.cn/event/2009/timetable/?view=standard
https://link.springer.com/article/10.1007/JHEP08(2024)013
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-013/index.html
https://arxiv.org/abs/2405.18149
https://arxiv.org/abs/2407.07546

A/H—) ti AJH

* Search for ggF produced A/H decaying to ttbar

« 1-lepton and 2-leptons final states ! . g
* Assume m; 172.5GeV in CMS but 173.3GeV in ATLAS BRIA), tanb==10,sba=10, typet AR

* Motivation
 Dominant decay channel across large regions of 'R
parameter space in type-ll 2HDM (MSSM-like) ]

A typel=type2

10° ;—/\m"
¢ c h d I I e nge . 10 !' \O-uo.ooo.oo«oooonno.
10°® l' S e mesem it smesomens e

e Large irreducible SM ttbar background
e Strong interference between signal and SM ttbar
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A/H — tt: ATLAS 1L Strategy

Two topologies

e ==1] |lepton
* Resolved

>4 small-R jets, 21 b-tagged jet
* Merged

« >1VRCjets, 21 b-tagged jet

Reconstruct tt system by y* algorithm

* Fitonmyz

Category resolved region by b-tag
 ==1b,>2b

Spilt resolved region by 5-bins |cos 87|
* Sensitive to resonance decay
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A/H — tt: ATLAS 2L Strategy

b-jet

b-jet close to
elu

* One topology

g

. . < Neutrino
 >2 small-R jets, 21 b-tagged jet, == 2 OS leptons Ny
.. . — Neutrino L ¢
* Reconstruct visible term in tt system
* Fiton Mupp
¢ Spllt IntO 5 bInS by A¢ll g 10 :/E:;Lﬁis_TeV,140fb'1 égiggletop E,Z_+jt‘9/ts
O E R e EFekes

e Sensitive to spin state of the ttbar system
* Also provide discrimination between A and H
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Events / 50 GeV

Ratio to Bkg.

A/H — tt: ATLAS Results MSSM
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A/H — tt: CMS 1L Strategy

One topology

>3 small-R jets, 22 b-tagged jets, == 1 lepton

Reconstruct tt system using NeutrinoSolver algorithm

* Fiton my;

Categorized by number of jets
* ==3j,24j

Categorized by lepton flavor
° e’u

Also spilt by 5-bins |cos 87|
e Non-uniform

jet

CMS Simulation Preliminary (13 TeV)
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https://www.sciencedirect.com/science/article/abs/pii/S0168900213014204?via%3Dihub

A/H — tt: CMS 2L Strategy

e,
One topology b\

e >2 small-R jets, 21 b-tagged jet, == 2 OS leptons w /

— b

Analytic reconstruction of tt system {::/

* Fit on fully reconstructed m;; - :
Categorized by lepton flavor s R\

° ee, e, i \ )
Split into 9 bins by more sophisticated angular variables

* Chel: [T - 17, lepton directions in their helicity frames

* Chgn: [* - P;1™, same as cy,; but flip the sign of the )¢

component parallel to one top quark direction
Both sensitive to the spin and CP state of the ttbar system
Provide discrimination between A, H and SM ttbar

ol - ——SMtt
o]
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A/H — tt: CMS Results

CMS preliminary 7 138 fb~1, Run 2 (13 TeV)
[ Other X tt Prefit uncertainty t Data
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> 50 deviation from SM observed,
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hypOthESIS at (365 GeV’ 2%) o Postfit (BG + A/H) —— A(365, 2%), ga=0.75+0.03 —}— H(365, 2%), g4 =0.0+0.27 Uncertainty

**| No tt bound states

Ratio to background

Extract cross section using the top
bound state n; color-singlet model
c=71+08pb
 Compatible with NRQCD
prediction o(n;) = 6.43 pb

Ratio to background
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A/H - tt: Results

ATLAS
| /s=13TeV, 140 fo"
A 1t [IM=5%

1.0

S
0.5 Fine

Observed 95% CL exclusion_

) ion

No Toponium in SM bkg

CMS Preliminary 138 fb~! (13 TeV)
95% CL exclusion, 'x = 5.0% ma
95% expected [ Observed

I 68% expected [T Tace > Ta
------ Median expected

0.0

. Tit>Diotal I(unph)IlsicaI) . 4
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| | |
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* Similar expected limit between ATLAS and CMS
* CMS observe a pseudo-scalar/toponium excess while ATLAS doesn’t

1000

With Toponium in SM bkg

Ls‘_

1.0

0.5

0.0

CMS Preliminary 138 fb~! (13 TeV)
95% CL exclusion, 'a = 5.0% ma
95% expected 1 Observed

I 68% expected M7 Fag > Ta
------ Median expected

Including S{! tt bound state n,
PRD 104, 034023 (2021)

400 600 800

1000
mp [GeV]

* More checks/re-interpretations/specialized-analysis are proceeding in ATLAS and CMS internally
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Low Mass X — yy

* Search for narrow width scalar signal onm,,,

aaamaanattl CMS A
d.r: [ Ll*JZP T T ] 10° 2D . '_.'_'O'b;e'rv'é(:%fb (I13Telvg
¢ MOtlvatlon - ] E 102 | T Expected

I 68% expected
[ ] 95% expected

< 95 GeV
26(23)0

10

* Small excess observed by LEP Higgs search
and CMS Run2 X — 71 search

107'F

10 2 === Ohserved i
F “i-lExpected for signal plus background = S

5 102
-=-- Expected for background E

1073 3
[ Low-mass High-mass

95% CL limit on 6(ggo)B(d0—1T) (pb)

po bl b A
80 85 90 95 100 105 110 115 120 I B 1 L -
2 70 100 200 300 1000 2000
m,(GeV/c") m, (GeV)

* Potential BSM Higgs boson is usually able to decay to yy due to loops of both f and IV

* Yy channel provides a clean final-state topology ! 1
» Signal production modes involve ggH, VBF, VH, and ttH t A " ;
* Main background dominant t W

* Continuum process: non-resonant yy, vj, j] —— " N

_, mis-identified as y

e Resonant Drell-Yan: Z — ee
12



Low Mass X — yy: CMS Strategy

Assume the ratios between different production modes are the same as in SM

Photon identified by a BDT
y1(2)
Require 7' ® > 30(18) GeV, L > 0.47(0.28) for ideally falling m,,, spectrum

YY
Veto-e and cut on In(X4cks PZ) as function of pl! to suppress DY

CMS Simulation Supplementary 2018

Two more BDTs for better discrimination power
* Di-photon BDT trained between Higgs decayed yy and continuum bkg
e Combined BDT used to tag VBF events in 2017 and 2018

In(y pﬁ/GeVZ) of chosen vertex

Categorization

0O 10 20 30 40 50 60 70 80 90 100

* 3classes for 2016 o
3 untagged classes + 1 VBF-tagged class for 2017 and 2018
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Low Mass X — yy: CMS Strategy

e Signal modelling
e Combine all production modes together
* Described as sum of Gaussian functions depending on
candidate di-photon match correct primary vertex
e Fit to the shape of the signal in each event class

* Background modelling

e Continuum background: Discrete profiling method
 Treat the choice of function as a discrete parameter

* DY background: Double-sided Crystal Ball
function + exponential

if

Events / GeV

Data - fit

1000}
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20

—— Ho 7y (m,=90GeV)x10 ]

PRI RS
920
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100

P IR
110 120
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CMS Slmulatlon 2017
> 120 |||||||| | |||||||| I T 1T 171 | T 1T 17T | LU
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o | |
o 100 ; ; —
g i 4+*S|mulat|on
P C
2 i
o 80~ ___ Parametric .
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60 — —
- O, =160GeV
40 -
FWHM = 3.17 GeV
20 .
O- I B | 1 ‘ ) S T | I
70 75 80 85 90 95 100 105
CMS 415" (13TeV) my, (GeV)
T — e
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+ Data —
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IIII +1o '_
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Low Mass X — yy: CMS Results

CMS 132 o' (13 TeV) CMS 132 b (13 TeV)

% 1||||1|||||||||||||||||||1|||||||||||||| g 1§||l|||||||llll|llll IIII|IIII|IIII|IIII§
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o= 09__ ] ? AV, O A V S T S Y 5 VR S 710.
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T 08p E S F -
E - Expected + 20 E ke RSN || O / 1oo
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X - © 10—2__ —

T 3 o g 3
© 0.6 - c C .
~ ] Q I~ N
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3 05 4 9 e

< ] O 10°F 5°°
> . - i
> C E B 7
T 09K - 104 F -
I o0.2F T 14
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T Covoa b b by b B sl b Pav :1|1||1|1||1|11||||1|11|1||1|11|1||l|11|:
© 70 75 80 85 90 95 100 105 110 70 75 80 85 90 95 100 105 110

m, (GeV) m,, (GeV)

* Largest excess with ~2.90 local (1.30 global) significance at my = 95.4 GeV
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Low Mass X — yy: ATLAS Strategy

* Consider ggF only and take envelope of other production modes as uncertainty
 Additionally consider model-dependent interpretation using CMS assumption

o : & O aras smaaion T
* e/y ambiguity BDT to reject electron-fakes T e a0
o Yot . Continuum -
Y %o.zsi—” " —
* Require m—T > 0.38 for ideally falling m,,,, spectrum goal 3
YY 0151 .

0.1 |
* Categorized by conversion to further suppress DY impact oo '1 I
Eﬂ.rl!'-—l‘a [irsesame o sm T i eseacas ) Y i
* UU (both unconverted), CC (both converted), UC % 0702703704 05 06 07 08 03 1

Minimum of ambiguity BDT scores

» w 37— 7T 7T

Inner Det. ,\ Convertedy % - g’}gs'rev —_ Signal (m, =60,80,100,120 GeV)]

, % 0'25:_ v Conversion Inclusive . continuum yy + 7i + =

\ § 4 E o_zf_ BDT_1_<- --- Zy* >ee —

EM Calo. ™, / Unconverted y é 0_15;— E-- :' BDT2 9 BDT3 —f

. S ooe L -

* Train category BDT for model-dependent result - A :

) ) 0050 | R =

* 9/3 categories for model-dependent/independent - T |
0~2 "2 0 02 04 06

Category BDT score 16



Low Mass X — yy: ATLAS Strategy

Signal modelling
e Combine all modes for model-dependent result
* Modelled as a DSCB function
e Fit to the shape of the signal in each category

Background modelling
e Continuum background: analytic function
 Composition estimated by 2D side-bands method
 Smooth MC prediction by Gaussian Process
e Bias from function choice covered by spurious signal

e DY background: DSCB function

Events / GeV

(data - fit)/c,,

FTrTT | 1T | LI |
0.5 ATLAS Simulation
I Vs=13TeV, 140 fo

- BDT Category 3

Fraction of events / 0.25 GeV

| Unconverted-Unconverted

IIIIIIIllIllIII

¢ Signal (m_ =80 GeV) |
DSCB Fit

Mo, =80.05 GeV —
Ggg = 1.02 GeV ]

7% 78

82 84 86 88

Illllllllllllllllllllll

m,, [GeV]
LI I B L I | T
ATLAS o Data
_ -1 —— Total Background
5_13 Tev, 140" Continuum Background
o o

CC3 Category

+ 20
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Model-dependent

107"

Low Mass X — yy: ATLAS Results

T T Illllll

1 IIIIIII|

102 5
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36 --------------------------------------------------------------
10°F E
E L. [ Ll L1,
70 80 90 100 110
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o L e T
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© 1= E
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©
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All limits at 95% CL
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120y
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llllll
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o b b b Lo Ly
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~70 75 80 85 90

my [GeV]

A T
95 100 105 110

CMS 132 b (13 TeV)
Q _I TTT I TTTT I LI TTTT TTTT | TTTT I T TTT I TTT I_
e 02FH-yy — Observed -
00.181 B Expected + 16
] N C N
— Observed limit - 3016 == Expected + 26 _]
----- Expected limit E ; 014 - \§ Ggy X B E
. Expected * 16 E T E j
D - T 0121 3
Expected *+ 26 . ~ = .
- m n
| - & 0.08F | =
! - 0.06 -
- 0.04F —
0.021
. :I 111 I | - I 1111 I | | I 1111 I 1111 I 1111 I | |
95 100 105 110 70 75 80 85 90 95 100 105 110
m, [GeV] m,, (GeV)
R R I
—— Observed limit H H .,
" e Similar sensitivity as CMS,
Expected limit
I Evpectea + o but much low significance
D Expected + 26
°

1.70 local significance at
my = 95.4 GeV

* Interesting to follow up!
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Summary

Extensive efforts by ATLAS and CMS have not (yet) significantly hinted any
extension in Higgs sector

* Still many valuable contributions | couldn’t cover in this talk
* Tighter experimental constraints on model parameters are derived
* Interesting excesses could be followed up

e Stay tuned for more searches in the future!

Thank you for your attention!
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Ttbar Bound State

From theory calculation:

. 1 S(gl]

* Peak below the ttbar threshold ¢

e Color-octet

. 15([,8] or 351[8]

* Expected to be small below the ttbar threshold

2024/11/16

The top Bohr radius ay = L~ GevVl
Grasmy 20

Lifetime of top ~I; 1 = 1.5GeV~1

Possible gluon exchanges before the top decay

Bound state -- toponium?

* Probe of the QCD potential

t [ Sumino & Yokoya (JHEP'10) ]
T I T T T T l T T T T l T T T T l T T T T I T T T T

20  — Overall / color-sum
r -=J=0 4
- Born-level

1

\

s
g

color-octet |

color-singlet 4




H - aa - bbtt(bbuu)

e h - aa - bbrr(bbuu) (CMS: EPJC84(2024)493, ATLAS: PRD.110.052013)
Decay of SM 125 GeV Higgs boson into 2 light pseudoscalars

* One a decay into bb, another a decay intot¥t~ or utu~

p T,ut

R
---<\(I\‘Y b

i b

Motivation
~10% room in Higgs BR for exotics decay
Light pseudoscalars appear in 2HDM+S/NMSSM/...

Relatively large BR with clean final states of aa decay

Coupling with SM Higgs by cubic term in the potential
Coupling with SM particles by mixing with ¢4 ,

Observe a bump in ATLAS H — aa — bbuyu search

Significance at 3.30 local (1.70 global)

Local po-value

100_ — T T T L B

-------

________

10717

BR (a » SM)
o
N

T | s b bl N

S 1 P E 99
i R ] vy
0%k 4 - uu+dd+ss
104 L
1 2 4 6 810 20 40 60
m, [GeV]

SUCIR > N S S 00 0 Y S SR AN W S

107" =

20 N

102 ATLAS E
- Vs=13TeV, 139 fb"

108 -

I 1
60
m, [GeV]
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https://doi.org/10.1103/PhysRevD.105.012006
https://link.springer.com/article/10.1140/epjc/s10052-024-12727-4
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.052013

H - aa - bbuu: CMS Strategy

Dominant background
* Drell-yan process and tt

Selection conditions
e ==20S u, 22 b-tagged jets :
* Require pMiSS < 60GeV to reduce tt +jets
* y? cut to further suppress background

CMS simulation

138 b (13 TeV)

Expected number of events

* Exploiting mpp,,, = 125GeV, mp, = my,,
e Taking correlation into account

Categorized by jet pr, b-tag score, VBF signature

Fitonm,,
e Background completely estimated from data
* Discrete profiling method

e Signal modelled as weighted sum of a Voigt profile
and a Crystal Ball function

Events / 2.04 GeV

D
(=]

[«2]
[=)

10

(M, 1250,

(mbb-mw)/ Opp

CMS simulation

=101y

||

- H—aa, - pubb, m_ =40 GeV, B=0.01% ]

138 b (13 TeV)

IS N s

10 8 6 -4 2

(42
(=]
L

3of

20

CMS 138 fb” (13 TeV)
t Observed

:‘ — Background-only fit

E Low p_Category

Z— upbb final state ’ ’

s

20 30 40

0

2

4 6 8 10
(M .-125)c,
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H — aa — bbtt: CMS Strategy

Dominant background
* tt, Drell-yan T’s + jets, jet fakes processes

Selection conditions
e >1 b-tagged jet

* Exactone OS eu or etyyq OF UTphqg PAIr
Categorized by b-tag and T decay mode

Train pNN in each category for discrimination
e Used as a reference to define sub-regions

Fit on m;

* Reconstructed via SVfit algorithm

Events / 6 GeV

Obs./Exp.

Events / 0.05

CMS 138 fo™' (13 TeV)
10 Fr—"—V————7—]———7]
jet
10° B 11bb final state Y Soescved D' N
107 m:h’ >1b tag Dmher Dz—m
108 |:| ttHjets  — m, =35 GeV,B=10%
B [:] Bkg. unc.

10°

0.2 0.4 06
138 fb' (13 TeV)

- ttbb final state
[ ue, 1btag (SR1)

+ Observed I:I jetor, —
D Other D Z-1t 7

|:| ttHjets  — m, =35 GeV,B=10% —

D Bkg. unc.

-

' (]
60 80

m,. (GeV)
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2 ep | (ew,1B) | (ep,1b) | (ep,2b)
[ ) >
H — aa — bbtt: ATLAS Strategy
o)
. g HThad ,UThad,lB)l(,U,Thad,lb) (;m]ad,2b)|
* The same dominant background g,
D)
 Dedicated merged B-tagger for low mg = ©Thad (€haa,15)f(€Mhaa, 10) SEREHEH
* Based on DeXTer deep sets RT3 1B,0b 0B,1b 0B,2b
| N O G s Se
* Selection conditions gk i Tnner SRR IR
e >1 b-tagged jet or B-tagged RC jet - A A "

* Exactone OS eu or etyyq OF UTpag PAIr

* Categorized by b/B-tag and 7 decay mode & ,
] g 0;; 9 8 7 6 5 4 -3 =2 1 0

* Reconstruct neutrinos 4-momenta by MMC N rerprrerrererrer ey
90 E— ?_Z':f VS:T::ba_Eion —m,=12GeV — m,=16 GeV —i
* Train pNN as final discriminant in fit 0 e T
° ol . o % 7 ;_ i —m,=50 GeV — m,=60 GeV _;
* Possibility to treat m, hypothesis as input S eor [ e
5 50 —
* Only events satisfying mMMC cut used to fit o —
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* No excess found over SM prediction

* Boosted B-tagger help ATLAS improve the limit at low mass a lot
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