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12 years since the discovery, properties & couplings of the SM Higgs boson extensively studied at the LHC
e present data compatible with a scalar particle spin O and even parity of mass my ~ 125.2 GeV

e several open gquestions require a deeper understanding of the Higgs boson

e Large amount of LHC data exploited since Run 2 and now Run 3 is more than half-way recorded

e Higgs boson could be a probe to explore new physics

e Opens new window In exploration of the Higgs sector
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X = HH/YH — yytr
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o Motivated by Warped Extra Dimensions and Extended Higgs sector models

e heavy Higgs can decay to lighter Higgs

e HH — yyTtT has small branching fraction but clean signatures (non-resonant not included here)

o four channels: X - HH, X® - HH, X — Y(z0)H(yy), X = Y(yy)H(z7)

e Narrow width resonance searches

« X — HH for 260 < my < 1000 GeV
e X — Y(zt/yy)H(yy/r7) for 50/70 < my < 800 GeV

e Parametric NN is trained using multiple mass

hypotheses vs backgrounds for each search channel

« pNN output served for event categories

e Signal extraction is performed on m,, distribution
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 Main backgrounds from yy+jets (non-resonant) and single-H production (resonant)

* A maximum likelihood fit on m,, distribution is done for each probed mass and event category

e Some deviations from background-only hypothesis are observed in X = YH channels

« X = Y(rr)H(yy) : 2.60 (2.20) local (global) significance at (my, my)

e X = Y(yy)H(z7) : 3.40 (0.10) logal (global) significance at (my, my)
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e Motivated by Warped Extra Dimensions and Extended Higgs sector models

e HH — bbWW channel has the second largest combined branching fraction

e single-lepton (bb£vqg) and di-lepton (bb£ v V) final states (non-resonant not shown here)

e Narrow width resonances for mass 250 — 900 GeV
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arXiv:2403.09430

o Upper limits for X = HH cross section between 250 — 900 GeV for spin-0 and spin-2 assumption

o Compared to Warped Extra Dimension models (bulk radion and graviton)

. CMS 138 b (13 TeV) . CMS 138 fb™' (13 TeV)
3 1 0 :l | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | — 3 1 O :l | | | | | | | | | | | | | | | | | | | | | | | | | | | | | —
% — —— Observed  ===-- Median expected - % — —— Observed ~ ==--- Median expected —
? B Bulk radion A =1 TeV - + 10 expected N f B Bulk graviton ¥ = 0.3 - + 10 expected o
e | T, = Bulk radion A=3TeV = ===-- + 2 0 expected o Bulk gravitonk =0.5 ~ ====" * 2 0 expected
ol 4 1 — a 4 | —
><cn 10 ; § ><¢/> 10 A == Bulk graviton k=1.0 §
| - | =
o Q
£ 7 L AR 7
o) — ® ' —
S S
= 3 —— —] = 3 — —
E " = = £ 10 — =
5 = = 5 R =
o N T _ Q. . T R R .
Y e a | ! N . e
> o e D - > —: 7 T e . -
c_'J ---------- d Y A N T PO
- .| I TP - 2 e
2 UE 2 0E =
O [ " Lo [ " |
> - Spin-0 2 1 Spin-2
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | l:: | | | | | | | | | | | | | | | | | | | | | | | | | | | | ]
300 400 500 600 700 800 900 300 400 500 600 700 800 900

M, (GeV) M, (GeV)

chayanit@cern.ch Search for new resonances decaying into two Higgs bosons at CMS 6



mailto:chayanit@cern.ch
https://www.arxiv.org/abs/2403.09430

X = HH/YH — bbyy i\ Chula

‘%-g Chulalongkorn University

JHEP 05 (2024) 316

e Motivated by NMSSM: MSSM extended by one more complex singlet, TRSM: SM extended by
two real singlet fields, and WEDs models (HH resonance)

» Signal extraction is performed on (m,,,, m;) plane
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e A simultaneous two-dimensional (2D) fit to (m jj) system in all categories

My
e The largest deviation from background-only hypothesis with local (global) significance of 3.80
(2.80) is observed for my = 650 GeV and my = 90 GeV

e coincides with a similar excess observed in H = yy (arXiv:2405.18149)
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e All searches are performed by assuming narrow-width approximation

T L T

X = HH — 2b 2W (resolved) arXiv:2403.09430 (submitted to JHEP)

Warped Extra Dimension X = HH = 2b 2W (merged) JHEP 05 (2022) 005
Spin-0 radion X — HH — multileptons JHEP 07 (2023) 095
Spin-2 graviton
% X — HH/YH — 2b 27T JHEP 11 (2021) 057
Extended Higgs Sector X = HH/YH = 2b 2y JHEP 05 (2024) 316
X — HH/YH = 2b 2b Phys. Lett. B 842 (2023) 137392
A — ZH — 2f 21 JHEP 03 (2020) 065
Extended Higgs Sector
A = ZH — 2£/2v 2b EPJC 79 (2019) 564

X — VH already covered by Daniel Hundhausen (previous talk)
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Combination of X & HH/YH
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https://www.hepdata.net/record/146897

« X denotes as spin-0 radion in WED and new scalar boson in extended Higgs sector models
e Y denotes as additional boson in NMSSM/TRSM

G denotes as spin-2 graviton in WED
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e Six searches for X — HH and their combination (red curve)

e [he strongest observed limits to date on resonant HH

production below masses of 320 GeV and above 800 GeV
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The combination excludes values of k larger than about 0.3 at

The strongest exclusion limits of about 12 TeV expected

and 16 TeV observed are reached near mg = 1.2 TeV

95% CL for the large mass range 0.3 <mg < 1.5 TeV
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MSSM — hMSSM 2HDM (from A — ZH decay)
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CMS Slmulatlon
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e CMS has published many results on

“Search for new resonances decaying into two Higgs bosons”

arXiv:2403.16926

* Machine learning techniques play crucial role in various aspects (13-14 TeV)

- CMS Projection HH Combination
I —— Run 2

——300fb™" (S1 scenario)
——1000 fb™' (S2 scenario)
~— 3000 fb' (S2 scenario)

e object reconstruction (Deepdet, Deeplau, ParticleNet,...)
e signal vs background discriminants

* clC.

95% CL lower limit on Ay [TeV]

e Small excess observed but no strong deviation from SM

* more data will be needed to clarify their nature

L Bulk radion, kr_x = 35

0.5 1 1.5 2 2.5 3 3.5 4
m,, [TeV]

* Many more results to come — Stay Tuned for Run 3 analyses!
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Extended Higgs Sector
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Extend SM with singlets

e Additional one real singlet leads to
new scalar X (my > or < myy)

e using the singlet model for a finite
width study in this report

o three free parameters (Z, symmetry) :
tanf}, mixing angle a, and my

e At low sina, X = HH is dominant

e Two real singlets (TRSM)

e second new scalar Y

e X—->HH X—-YH and X —>YY
become possible

1 T B

Extend SM with doublets

 Two Higgs doublet models (2HDMs)

e 5 Higgs bosons : H*, A (CP-odd), X and
H (CP-even)

o 4 types (Type |, Type Il (MSSM), Type X,
Type Y) with natural flavor and CP
conservation, depending on how two
doublets couple to the SM particles

e Heavy Higgs bosons X and A decays in
2HDMs

« X — HH (scalar)
e« A — ZH (CP-odd scalar)

e Adding additional singlet or doublet:
e defines the N2HDMs and 2HDM+S

chavanit@cern.ch

Search for new resonances decaying into two Higgs bosons at CMS

arXiv:2403.16926 (submitted to Physics Reports)

2HDM type 1 m, =500 GeV

N S O WO | T Y
-0.04 -0.02 0 0.02 0.04
cos(p - a)

2HDM type 2 m =500 GeV

2HDM type 1 cos(f - o) = 0.02

300 400 500 600 700 800 9001000

m, [GeV]

2HDM type 2 cos(p - a) = 0.02
T T

14]

63 0.1
4 0.05
2
e e e e by 94 1y B by Lo b b b b aay
-0.04 -0.02 0 0.02 0.04 300 400 500 600 700 800 9001000°
cos(p - o) my [GeV]
Type 0 Type 1l Type X Type Y

e X —=> YHand X = YY are dominant
I d
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Warped Extra Dimension (WED) it Chula
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e The model predicts the existence of a narrow spin-0 (Radion) and a spin-2 (KK-Graviton)

e Different benchmarks are considered for KK-Graviton : RS1 and bulk-RS

e the BR to IS among the dominant on the bulk-RS scenario
e For large radion masses, the branching fraction to IS approximately 25%
arXiv:2403.16926 (submitted to Physics Reports)
< 1 S > 1 — e
2 5 RS1 X : = sozsmocmommmmmmmos — G0
1 T 1 e momm——===—=m———en _dee |
3 ) 3 A\
< 0.100- — % R 0.100 > —1"
- — Ts ; — bb
— & — vy
1 ]
0.010 ; 0.010 — HH
i — WW ? — WW -
— vy —zz
— tt
0.001 0.001 tt
i — HH S I I R | B AR W Nt Ll T RS1
500 1000 5000 10* 500 1000 5000 10* 500 1000 5000 10*
m; [GeV] m, [GeV] m_ [GeV]

chayanit@cern.ch Search for new resonances decaying into two Higgs bosons at CMS 17



mailto:chayanit@cern.ch
https://arxiv.org/abs/2403.16926

Interpretations - Extended Higgs Sector it Chula
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. Mﬁzs scenarios

CMS 138 fb™' (13 TeV) CMS 35.9-138 fb' (13 TeV)
«ol 10 ' ' ' ' ' <ol 10 Y
c 9ol M2 o c 9F Observed
_'cg . ’ = (Observed exclusion 95% CL _,CE 3 exclusion 95% CL
7 — / 2 Expected
.\ | Expected exclusion 95% CL 6 N\ exclusion 95% CL
6 § ] 5L ¢ — TT
: oo
5 —| | === HH Combination : JHEP 07 (2023) 73
¢ — tt
JHEP 04 (2020) 171
4 | | m—HH — 4W/4t/2W27
H— WW
JHEP 03 (2020) 34
3 = | === HH — bb,WW — = 1l (resolved) A — ZH (Iker)
JHEP 03 (2020) 65
e HH — Dbt
, ) X— HH *
——— HH — bbyyy [ o 1252 3 Gev
. . . . . 1 L e A : : :
260 300 400 500 600 700 100 200 300 400 500 * 1381
m, [GeV] m, [GeV]
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Effects of finite width and interference i\ Chula
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¢ mX — 500 GeV, Sina — OOB, AHHX — ‘600 GeV, K/l :1 .O, and Rint — i]O%

,CMS Slmulatlon 138 fo! (13TeV) CMS S/mulatlon 138 fo! (13TeV)
r— 1 u | 1 | 1 1 ] — 1 1 1 1

= 0 : My = 500.0 GeV, sin o = 0.03, Aty = — 600.0 GeV, ky = 1.0 : > 102k My = 500.0 GeV, sin o = 0.03, Ay = 600.0 GeV, kA—1O_E
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