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% Introduction

* The HH analyses in CMS experiment
* Overview of HH analyses

% HH combination

* Summary
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* The Higgs field potential:

H ===-- Q:
o }‘2 " 1‘2 : m%, 9 ‘ plus effect of cov. =
V=pH + 7H + mH - TH derivative on ¢ in &, 4 - . "
p 4 p
Mass-term e tiinear A, quartic C,,, VVHH N g s
self-coupling self-coupling coupling Beyond reach at

accessible energies

* Measurement of self-couplings A3 /A4 crucial for understanding the field potential
- Mediates our understanding of how EWSB is realized
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> Summary table of main HH analyses in CMS

adapted from arXiv:1708.08249
Channe Publication |Include ggF?| Include VBF? BR HH—xxyy .

bb ZZ(41) arXiv:2206.10657 Yes No (my =125 GeV)
bb Yy JHEP (2021) Yes Yes 10*
bb TT arXiv:2206.09401 Yes Yes : P
bb bb (resolved) | arxiv:2202.09617 Yes Yes M .
bb bb (boosed) | arXiv:2205.06667 Yes Yes |0.3%|0.1%| 6
MultiLepton arXiv:2206.10268 Yes Yes - .
WW 7Y Pre-approved Yes No | s ' 5 . rare:o*s



https://arxiv.org/abs/2206.10657
https://link.springer.com/content/pdf/10.1007/JHEP03(2021)257.pdf
https://arxiv.org/abs/2206.09401
https://arxiv.org/abs/2202.09617
https://arxiv.org/abs/2205.06667
https://arxiv.org/abs/2206.10268
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> Introduction to this analysis:

e In this analysis, we used Full-RunlIIl data:
— ggHH and VBF HH production modes are investigated

— Small branch ratio, but clean signal extraction
— Probing constrain the k, and k,, , kia= A/Asy ky=cy/c,™
— Considered Single-Higgs as backgrounds

— Main non-resonant backgrounds: yy + Jets, y + Jets , ttH

— Also investigated a range of EFT parameterised BSM interpretations

1 2 3 4 5 6 7 8 9 10 11 12 SM

Ky 79 1.0 1.0 35 1. 24 50 150 1.0 10.0 24 150 1.0
Ky 1.0 1.0 1.0 1.5 1.0 1.0 1.0 1.0 1.0 15 1.0 10 . 19
¢, —1.0 05 - 15 30 00 00 00 0.0 1.0 -1.0 00 1.0 0.0
00 -0.8 g0 00 06 02 02 10 06 0.0 10 00 00
Cog 0.0 06 —-038 0. 1.0 02 02 1.0 0.6 00 -10 00 0.0

EFT parameters




> Main analysis strategies

VBF HH
Phase-space

e

MX>500 GeV

MX<500 GeV

v

v

Training with mixed
signal (SM and C2V=0)

Training with mixed

signal (SM and C2V=0)

v

v

MVAO0>a0

MVA1>a1

.

Phase-space

A/
Training with
all ggHH signals

ttH Phase-space:
4 leptonic &
4 hadronic cats

*for HH+H combination

No E N‘fs

VBF HH cat_0

VBF HH cat_1

12 ggHH cats
based on MVA and MX

Total 14 categories
Simultaneous fit to M(gg) x M(jj)
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> Signal and background modeling
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Used multi-Gaussians and DCB to modeling signal

137 fb™! (13 TeV)
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The backgrounds derived from sideband events




6, B(HH — yybb) (fb)

Gygr uy B(HH — yYbb) (fb)

CMS

137 b (13 TeV)

~ 95% CL upper limits

- —— Observed

— e Median expected
— [ 68% CL expected
—~  95% CL expected

—& — — Theoretical prediction

[ I 95% CL expected
10 — = Theoretical prediction

CMS 137 b (13 TeV)
E95% CL upper limits -

[ —— Observed HH — yybb ]
102 LLLLD Median expected -
- I 68% CL expected H. =

, Results:

e Observed (expected) limits:

4 GH

e Observed (expected) k; interval:
» -3.3 (-2.5) < k; < 8.5 (8.2)

e Observed (expected) k,, interval:
-1.3 (0.9) < k,, < 3.5 (3.0)

H ¢ 7.7 (5.2) x ot

JHEP 03 (2021) 257
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https://link.springer.com/content/pdf/10.1007/JHEP03(2021)257.pdf
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> Final state with four b-jets, plus extra jet pair for VBF HH signal:
e Highest branching ratio, but large multijet background

e Used dedicated BDTs to separate different signals and backgrounds

CMS Preliminary 138 b (13 TeV) o

O i - : = = i 2 Results: ,,
S il All categories ', |
o [ — serve o '}
T = . .~ HH — bbbb - f .y
3 £ sttty R e Observed(expected) Limits:
& 3000 '..-_. 95% expected , ....... ggF | VBF .:
- 2 Se—— Theoretiqal prediction . _ HH SM

(.

1] R i ,
= e Observed(expected) k;, interval:

+ -2.3 (=5.0) < k, < 9.4 (12)

e Observed(expected) k,, interval:

. 0.1 (-0.4) < ky, < 2.2 (2.5) “_

arXiv:2202.09617



https://arxiv.org/abs/2202.09617
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> Final state with two AK8 jets (+extra jet pair in VBF HH)

e Main backgrounds coming from tt and QCD, used BDT to separation/

categorisation
103 L L L R R L L L L L T 138 fb (13 TeV) B T S R S T A N T A S N R B S S I B A D B A P T B A A P S A O SN AP S SIS
é - — Observe - xpected + i ‘ . .
| ; S""f' Rt | f:eory pfedicﬁon ..... Exﬁec:ej i - { 2 Very good constraints on HH signal strength and ki
| - . i
e Observed (expected) limits:
10

HH HH SM
* OuoF1VBF < 9.9 (5.1) x o 0gF+VBF

e Observed(expected) k;, interval:

-
O

. 29.9 (-5.1) < k, < 16.9 (12.2)

e Observed(expected) k,, interval:

» 0.62 (0.606) < k,, < 1.41 (1.37)

95% CL limit on (pp — HH)B(bbbb) [fb]

arXiv:2205.06667



https://arxiv.org/abs/2205.06667
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» Leading background from QCD, ttbar and DY events, DNN classifier
used to separate background and signal

CM'S' e 'l?b:m: 1:?8lfPl(1§Te'Vl) | PRGRE—— PN , SIS e o g e b i ,
K=K=1 —e— Observed  ====- Median expected ? MOS* S'l'l"lngen'l' llmlfs on lnCIUS|ve HH (Obsel”ved) and VBFHH
Ky =Koy =1 B 68% expected , |
----- 95% expected i e Observed (expected) limits:
2016 " HH HH SM
Expecie: 11 Cgorrvpr < 3-3 (3.2) X 04 vpp
S - oygr < 124 (154) x oy
Observed: 9.5
2018 e Observed (expected) k, interval:
Expected: 8.2
Observed: 5.5
» -1.8 (-3.0) < k; < 8.8 (9.9)
Combined
Expected: 5.2
Observed: 3.3 .. ) e Observed (expected) k,, interval: |
0 5 015200 5 8095 3
95% CL limit on o(pp — HH) / S ! - -0.4 (0.6) < k2v < 2.6 (2.8 |

arXiv:2206.09401



https://arxiv.org/abs/2206.09401
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Overview of all analyses which been included in latest HH combination

s )7 CMS

\\\\\

Best sensitivity achieved by combine all channels

bbZz74]

bbtt

Multi-lepton (4V, 2V2t, 41)

BKG modelling mostly based on Monte Carlo
A few BKG components data-driven (e.g. fake leptons and DY)
Signal extraction made from an MVA
* For bbtt a multi-classification DNN is used to better constrain
the several BKG normalizations and separate the GGF and
VBF components of the signal

32(40) XSM

3.3(5.2) XSM

21(19) XSM

bbyy

4b (resolved topology)

BKG is data-driven (appart from single H processes)

Several sub-categories are made to separate BKG and the GGF
and VBF components of the signal

bbyy: Signal is extracted from looking for a 125 GeV bump
simultaneoully in the reconstructed bb and yy mass spectra

4b: Depending on the category signal is extracted from an MVA
output or from the HH mass spectra

8.4(5.5) XSM

4b (boosted topology, targeting VBF production)

4b (boosted topology, targeting GGF production)

Data-driven BKG modelling of QCD and ttbar
Minor BKG components are taken from MC
Signal extraction made from the HH mass spectra / AK8 jet 2 mass

6.4(4.0) XSM

Future combination will include WWgg and bbWW and other channels + more interpolation results

= REYI Ly R

C.Wang(IHEP CAS)

2022-08-10 11
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> Limits on the HH production

CMS 138 fb' (13 TeV)
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> Parameter scans

e 95% CL 1interval for Higgs boson self-interaction coupling modifier kA:[-1.24, 6.49]

e 95% CL interval for 2 Higgs boson and 2 vector bosons coupling modifer k, :[0.67,1.38]
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» Introduced some HH analyses in CMS.

? The results of latest HH combination are shown:
e SM combination:3.4 (2.5)X SM
e Parameter scans: k, € [-1.24 , 6.49], k,, € [0.67,1.38]

> All results agree with SM prediction

> Expect more exciting results with more channels in Run2 as well as the
H+HH, ATLAS+CMS combination in future.




