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HH search at the LHC

< The shape of the Higgs potential is determined by A, the trilinear Higgs self coupling

¥ Non-resonant HH production gives direct and most sensitive access to A
A

V(@) |

After the Electroweak (EWK) symmetry breaking, the minima
is at v (Vacuum expectation value 246 GeV)




HH search at the LHC

¥ The shape of the Higgs potential is determined by 4, the trilinear Higgs self coupling

Non-resonant HH production gives direct and most sensitive access to 4
A

V(@) |

After the Electroweak (EWK) symmetry breaking, the minima
is at v (Vacuum expectation value 246 GeV)

The expansion of V(¢) around the v can be written in terms
of the Higgs field i, where g = h + v
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HH search at the LHC

¥ The shape of the Higgs potential is determined by 4, the trilinear Higgs self coupling

Non-resonant HH production gives direct and most sensitive access to 4
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HH production modes

The shape of the Higgs potential is determined by 4, the trilinear Higgs self coupling

Non-resonant HH production gives direct and most sensitive access to A

0bs production mode of HH at the LHC.
g K, = H
Y c=34tb@4/s = 13.6 TeV,
| LI Production rate ~ 7000 times smaller than single Higgs boson production
4 O Vector Boson Fusmn “quH” Is the secondary productlon mode W
° © 5=1841b@ 13.6 TeV. }
| € Provide unique access to the coupling between two Higgs boson and two Vector boson
(Cyy) . ]
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HH production modes

The shape of the Higgs potential is determined by 4, the trilinear Higgs self coupling

Non-resonant HH production gives direct and most sensitive access to A

0bs production mode of HH at the LHC.
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k,, = O has already been excluded in Run 2 Phys. Rev. Lett. 131 (2023) 041803
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http://dx.doi.org/10.1103/PhysRevLett.131.041803

Recapitulation of Run 2 CMS HH results

@ CMS combination of Run2 analyses @ \/E = 13TeV, J. Phys. Gii Nucl. Part. Phys. 53 095001

using 138 fb~! of data: Observed (expected) 95% 1o CMS 138 fb' (13 TeV)
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https://iopscience.iop.org/article/10.1088/1361-6471/ae8ff1

Recapitulation of Run 2 CMS HH results
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https://iopscience.iop.org/article/10.1088/1361-6471/ae8ff1

CMS HH analyses in early Run 3

Run 3 improvements go well beyond the increased dataset, with major advances in several analysis techniques .

& CMS already performed the analyses using early Run 3 data in all of the three major channels; Detailed gsiussion by
HH — bbbb, bbzz, bbyy :

BR(HXX, HoYY) | Highlights of |
—AA, N— | ]
Today’s Talk |
arXiv:2604.27044 ' bb
62 fb~! data 2022-23 | T
JHEf?8(2026)01 9 - e
62 fb~! data 2022-23
CMS-PAS-HIG-25-008 |
172 fb~! data 2022-24 T
ZZ | 381% | 11% | 0.33% 0.069%
CMS-PAS-HIG-25-007 |
62 fb~' data 2022-23 Y 0.028% 0.012% 0.0005%
bb Ww e 77 14



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-007/index.html
https://arxiv.org/abs/2604.27044
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-008/index.html

HH — bbbb

Most improved CMS HH analysis in Run 3 compared to Run 2.
arXiv:2604.27044 , Accepted by Phys. Rev. D https://doi.org/10.1103/w2zp-fcki
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https://arxiv.org/abs/2604.27044
https://doi.org/10.1103/w2zp-fckl

HH — bbbb : Key features arXiv:2604.27044

¢ This decay channel of HH, has the largest branching ratio (30% of total HH decays)

¢ Despite having the largest branching ratio, this channel is challenged by overwhelming QCD multijet background
¢ The small expected S/B makes the signal extraction particularly difficult.

¢ The QCD background is poorly modelled from simulation and lacks higher-order corrections

& Allows to access and explore merged topology with (better S/B), depending on the Higgs boson p.

Resolved Topology Merged Topology
™ ¢

H— bb ~_ 4
\\

b- jet

NN HH(4b)

b- jet Leading Higgs boson pt (GeV)

Higgs candidates are reconstructed from four AK4 jets Higgs candidates are reconstructed from two AKS jets
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https://arxiv.org/abs/2604.27044

HH — bbbb: Improvements for online flavour jet flavour tagger arxiv:2604.27044¢

Tremendous improvement in the key aspects on the both HH topology

Graph Neural Network based ParticleNet flavor tagger trained with online HLT jets (both AK4 and AK8) has been deployed at the
HLT beginning of Run 3 data taking period

Better AK4 flavour tagger @HLT level Better AKS8 flavour tagger @HLT level
(13.6 TeV) (13.6 TeV)
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Outperforms previous HLT flavour tagger performance: Reject more background at the same signal efficiency
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https://arxiv.org/abs/2604.27044

HH — bbbb Improvements in HLT arXiv:2604.27044" -

¢ Outperform previous HLT flavor tagger performance

¢ Reduce fake contributions = Loosening the kinematic thresholds at same bandwidth

¢ Significant gain of signal efficiency at the HLT level

¢ In 2023, high rate (150 Hz) data taking stream (ParkingHH)— allows to reduce the online thresholds — further gain on signal

Resolved topology Boosted topology
(13 TeV, 13.6 TeV) (13 TeV, 13.6 TeV)
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https://arxiv.org/abs/2604.27044

HH — bbbb : Offline jet-flavour tagger arXiv:2604.27044

¢ Offline flavour taggers in Run 3 both AK4 (ParticleNet) & AK8 (GloParT) improve the performance substantially over Run 2 tagger.

¥ Suppress the backgrounds (mis-identified as b-jets) more than Run 2, for same signal efficiency.

Better AK4 flavour tagger Better AK8 flavour tagger
- CMS Simulation Preliminary (13.6 TeV) 10° C MS Sir|nu/at( o
e e i St S Stio S | BSOS St ‘ —E -
i tt - 4q+2b i
pt > 30 GeV, |n| < 2.5 | ' H- bbvs QCD
Bl UParT v2 / my =125 GeV

- 400 < pr <600 GeV, |n[<2.4
| 60 <mgp < 150 GeV

=

I—L
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—
i

Background efficiency
o

c/udsg-jet misidentification efficiency

DeepJet ,;,’ , .
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https://arxiv.org/abs/2604.27044

HH — bbbb : Background estimation & signal extraction axiv:2604.27044

& For both resolved and merged topology the major

background is QCD (+ tt) estimated from data.

< DNN based multivariate re-weighing has been performed
to estimate the background in signal region from the
background dominated control regions.

15

A ijet

CR,,

Run 2

SR,, =
Run 3 / mH2
m

H1

Run 3 HLT allows to access 710 times more stat
2b-tag dataset than 3b to estimate background
in 4b, (key limiting factor for Run 2 for the
background estimation in resolved regime)


https://arxiv.org/abs/2604.27044

HH — bbbb : Background estimation & signal extraction aiv:2604.27044

For both resolved and merged topology the major Post-fit DNN distribution in the
background is QCD (+ tt) estimated from data. resolved regime
o M0 ﬂ?'1l(1|3.l6 TeV)
o 7
< DNN based multivariate re-weighing has been performed S P ECMS a z::i .
to estimate the background in signal region from the P 10°E SR, Bkg_im_
background dominated control regions. c 10 SM ggHH,u__ =10
q>) 10 — SM quH,uquH=1OO
& Separate Signal to background separation (SvsB) DNN L] e
has been used for the ggHH and VBFHH tagged 2
categories. 10
10
@ Exploiting full event kinematics for both resolved and 1
merged topology.
107
 ,E " T 7T T 7T - 1T ;3
A binned profile likelihood fit to the DNN distributionis &’ 13— ete eyt +% E
used to extract the signal in the resolved topology | E‘ﬁ 0k ‘e tf'_”::'ii' AR RS T
o6F . |, o T, . . .

_2 IIPIOIStI .Iflltl I IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII _:

0 010203040506070809 1
SvsB DNN score

Data-Pred
ODa’[a
O
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HH — bbbb : Background estimation & signal extraction axiv:2604.27044

For both resolved and merged topology the major Post-fit my, distribution in the High Purity

background is QCD (+ tt) estimated from data. Signal Region (HPSR) for the merged regime
-1 \
P T — 62.0 b (13.6 Tle\/_b
< DNN based multivariate re-weighing has been performed 2 [ CMS ;gi‘:g . :
i in si ; 10~ Mass fit J- e —
to estimate the background in signal region from the fé? PSR W ggHH,u_ =10 -
background dominated control regions. O o VH, VWV agRR =100
w f }

& Separate Signal to background separation (SvsB) DNN 6 .
has been used for the ggHH and VBFHH tagged - -
categories. 4 ~

@ Exploiting full event kinematics for both resolved and 2 —
merged topology.

A binned profile likelihood fit to the DNN distribution is
used to extract the signal in the resolved topology

Data/Pred

0
2 |
s | T —:
1__'"'""2+ """ %"""i """""""" ®
0.5 ¢ post-fit [ Preffit g
O I I I ] I I I I I I I
In the merged topology: Events are first categorized of o
based on the DNN score, followed by a binned profile

likelihood fit to the subleading Higgs boson mass
distribution in each category.

Data-Pred
ODa’[a
S~

_25_ Post-fit
N R TN TN AT TN TN TN (NN TN TN T NN WO TN TN AT TN TN T NN TN SO SO N SN SN N
60 80 100 120 140 160 180 200

H, candidate mass (GeV)
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HH — bbbb : Results from Run 3 (2022 + 2023) arXiv:2604.27044

95% CL UL on the HH signal

Run 3
_R022,33

/~ | Resolved

Obs. 6.4
N\_ EXp. 3.5

e L o

Merged
Obs. 6.8
Exp. 8.1

Combination

Obs. 4.4
Exp. 4.4

62 b (13.6 TeV)

CMS SM —Observed =10
---- Expected +20

1 10
95% CL upper limit on L

¢ Resolved analysis improves the analysis sensitivity by
200% compared to the previous Run 2 result Phys. Rev. Lett.

129 (2022) 081802

¢ Significantly better sensitivity achieved for the VBFHH
production mode also.

¥ The Run 3 merged analysis is also more sensitive than Run 2
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https://arxiv.org/abs/2604.27044

HH — bbbb : Combination of Run 3 with Run2

95% CL UL on the HH signal

Run 3

62 fb (13.6 TeV)

2022,23

e

/| Resolved

Exp. 5.5

Obs. 6.8
Exp. 8.1

CMS

SM — Observed
---- Expected

Combination

Obs. 4.4
Exp. 4.4

2With 62 fb~!, HH— 4b achieves a comparable sensitivity with Run 2 (138 fb~ '), and better than the Run 2

10

searches in bbyy and bbtt

95% CL upper limit on L

Run 3

+

Run 2

Run 2

Obs. 7.5
Exp. 3.8

Run 3

Obs. 4.4
Exp. 4.4

/" Combination

Obs. 4.7
Exp. 2.8

~— =
== S ] e
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138 fb' (13 TeV) + 62 b (13.6 TeV)

CMS SM —Observed =10
---- EXpected +20
| I L1 I
1 10

95% CL upper limit on L
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CMS-PAS-HIG-25-008

HH _) bbTT : Key features CMS Simulation Preliminary (13.6 TeV)

||||||||||||||||||||||||||||||||||

[
o
o

 —— DeepTau
- —— ParticleNet

CMS-DP-2026-001

¢ Sizeable branching fraction (7.3%)

=
o
o

Run 2

¥ Excellent balance between yield and purity : H — bb provides the

large branching fraction, while H — 77 gives clean experimental
signature

[
o
N

Jet misidentification probability

llllllllllllllllllllllllllllllllllll

< Targets all possible decay modes of 7 leptons (et), 47, 7,7},

u

[
o 9

w

ParticleNet / DeepT:
o =
ul o

0.00.3I - lOi4I o IOiSI - lOi6I - 10171 | l.10:8'. ‘I OI9 '110
¢ Several improvements over the Run 2 analyses: T identification efficiency
100 CMS Simulation (13 TeV)
S I T

I
- —— DeepTau (v2.1) vs. jet
10-1 _ DeepTau (v2.5) vs. jet
. JINST 20 (2025) P12032

@Improved online (HLT) and offline 7 identification
@ More inclusive HLT paths, enhancing signal acceptance

@Inclusion of merged event topologies, accessing merged 7;,7;,

Run 2

@Improved 7, momentum assignment with a DNN regression

Jet rﬁiéidentification probability
o

103k pr> 100 GeV -
i In|<2.3 1
I Jets from tt

10—4 L L T T S R S S SR

o) T T T T T T T ./’/J'

S P~ — i

— 1} _

ai b

> ™ | | | | | | | | | | 1 | 1 L 1 1 |

0.7 0.8 0.9 1.0

21 Ty identification efficiency



https://twiki.cern.ch/twiki/bin/view/CMSPublic/DP2026008

CMS-PAS-HIG-25-008 |

HH — bbrzr : Background estimation and signal seperation

Distributions of the reconstructed HH

@tt and with CMS Preliminary 172 fb~! (13.6 TeV)
| | | | > 10000 FmMm T
genuine 7, is modelled from simulation 3 - Resolved 2b category ¢ Data :
| ) _ o | Teth channel I it B Drell-Yan ]
®/Irreducible Drell-Yan Z/y * — tt estimated S aonol Others [ Fakes
from simulation and validated in the Z ~ ' —S;Tj;s?\%s:} "
enriched dedicated control region (CR) 0 <00l — ggHH SM <108
LL]

® Non prompt t, background from QCD, W +

jets, tt derived using fake factor (FF) soool
methods from dedicated CR. _

2000

Dedicated DNN, based on LorentzBoost Network has

been used to separate ggHH & VBFHH signals, from all 012_ —_———————
classes of backgrounds. = 1.2F :
; 1.0 g""‘"-'—-‘-+--‘---o--o---0---0---0---‘---t--‘--‘--—2--’--t-—Q-—*--ﬁ-—;‘--‘i-’**-f-jﬁ*ﬁliﬁ?h’i’-/*’é
© 0.8F E
O 0.6F T o, o, o, .

0 50 100 150 200 250 300

p7™ [GeV]
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CMS-PAS-HIG-25-008

110 fb~' (13.6 TeV)

CMSPreliminary ¢ Data —qggF HH - bbTT (SM) x 2 6 - Drell- Yan -Smgle H B Fakes :
Uncertainty ——VBF HH - bbtt (SM) x 2.6 Mt i Others —

Resolved 1b1j Resolved 2b _f

-- 3

Events

. VBF

DO0O0ST1ea-TtyL T,

boosted-bb Xt
o bOOStEd-IhIh

— —h —h — —h — —
o - o o o o o
o — ) w H &) »

10~

102

Q._ : ! [ | [ [ | [ | [ | | [ | [ | [ '.:

a0 2F

% 1 : . —— | [T ¢ + — S e T + T ’ -

D 0: | | I | I I | | | I | I | | I | | | | | | | | | | | | | | I | | | | | | | | | :

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Bin number

Y Binned Likelihood fit has been used to extract the results from the backgrounds.
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HH — bbzz : Results from Run 3 (2022 - 2024)

95% CL UL on the HH signal

CMS Preiiminary bb tr, 172 fb' (13.6 TeV) The analysis category having two b-tagged jets in
Run 3 | «-«-1 ——Obsoved - Median expected the resolved topology drives the maximum
2022-24 Ky = Koy =1 B 68% expected sensitivity
----- 95% expected

VBF
Expected: 23

Observed: 21

bb-boosted
Expected: 21

Observed: 16

Dominant uncertainties are from the fake factor
— calculation of the 7;, and b-tagging.

resolved 1b1j
Expected: 15
Observed: 18

resolved 2b
Expected: 4.2

Observed: 7.5

/7 Combined ™\
Expected: 3.9 |
Observed: 6.6 7

.
S——— ==

1 10 100

95% CL limit on o(pp — HH) / GTheory
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HH — bbzr : Results combination with Run 2

CMS-PAS-HIG-25-008

Run 3 CMS preiminary

”0223-34

VBF
Expected: 23

Observed: 21

bb-boosted
Expected: 21

Observed: 16

resolved 1b1j
Expected: 15
Observed: 18

resolved 2b
Expected: 4.2

Observed: 7.5

Combined
Expected: 3.9

Observed: 6.6

95% CL UL on the HH signal

bb 11, 172 fb™' (13.6 TeV)

III
K, = K =1

—e— Observed

----- Median expected Run 3
B 68% expected Jb
----- 95% expected
_ Run 2
13 TeV

Expected (u=0): 5.3
Expected (u=1): 6.2
Observed: 3.5

13.6 TeV
Expected (u=0): 3.9
] Expected (u=1): 4.6

" Combined

Expected (u=0): 3.0

\  Expected (u=1):3.9
N\ Observed: 4.0

10

\:‘ — -

100

95% CL limit on o(pp - HH) / ©

Theory

CMS Preliminary bb 1, 310 fo' (13, 13.6 TeV)

K, =K =1 —e— Observed Median expected (u=0)

~
e~

Ky=tey=1 Median expected (u=1)
B 68% expected
----- 95% expected
138 fb
172 fp
310 fb™
| I | | I | | | | | | | | | | | | | | | | |
2 4 6 8 10 12 14
95% CL limiton o(pp > HH) / &
Theory

The Run 3 HH — bbz7 results is almost 20% better compared to the published Run 2 results (Phys. Lett. B 842 (2023) 137531
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HH — bbyy : Key features CMS-PAS-HIG-25-007

< Comparatively small branching ratio of HH — bl_)y;/ (only 0.3%)

¢ Despite being small branching ratio, very high mass resolution
(m},},) 1-2% from the H — yy decay Large xs

ggH + VBF H

@®Non resonant QCD, y(y) + jets 2 b-jets
®Single Higgs boson (H — yy) processes ggH, VBFH, ttH | ttH + bbH
( providing true b-jets )
@ ! Resonant M
VH ggHH
Signal-like
phase space

27

J+ vy
_ . non-resonant
& Easy to distinguish signal over falling continuum background

distribution

Resonant MW
Contributing backgrounds can be classified into three classes




HH — bbyy : Analysis techniques and signal extraction ~ sssezsor

& Multiclass multivariate analysis (MVA) technique has been used to

separated HH — bbyy signal (SvsB BDT score) simultaneously from
all possible background classes.

© MVA is uncorrelated with the m,, distribution, used for the final
signal extraction.

Events

¢ The sensitivity of the analysis is further enhanced by cateqgorising the events
based on the MVA scores

SvsB BDT score

28



HH — bbyy : Analysis techniques and signal extraction =~ ossuezsor

& Multiclass multivariate analysis (MVA) technique has been used to

separated HH — bbyy signal (SvsB BDT score) simultaneously from
all possible background classes.

< MVA is uncorrelated with the m,, distribution, used for the final
signal extraction.

< The sensitivity of the analysis is further enhanced by cateqgorising the events
based on the MVA scores

In each analysis categories:

Continuum background is estimated by fitting the sidebands of the

mass distribution (m},},) with polynomial functions.

¥ Single Higgs (H — yy) and HH signals are modelled from simulation
using by double sided crystal ball (DSCB) and a multi gaussian and fit.

29

Events

SvsB BDTscore

Continuum background

Single H — yy
HH — bbyy




CMS-PAS-HIG-25-007

HH — bbyy : 2D Fit analysis approach

and (b) 2D Fit of of m,, and my.

Results are extracted in two ways (a) 1D Fit of m,,

2D Fit approach: Simultaneous fit of m
H — yvand H — bb.

CMS Preliminary
—IIIIIIIIIIIFII

,, and myj distribution, assuming minimal correlation between

I

61.9 fb (136 TeV) CMS Preliminary 61.9 b (13.6 TeV)
1 T T 71 T 1 T I I | I T T T | T T T | T
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Analysis has also been performed in 1D Fit as well by fitting only H — yy, consistent results.



HH — bbyy : Results from Run 3 (2022 and 2023) CMS-PAS-HIG-25-007

95% CL UL on the HH signal

R = CMS Preliminary 61.9 fb (13.6 TeV) The improvement of about 5-7% at equivalent
LI I LI I 1 1 I LI I LI I L I | L I | L I | L I LI . . .
un 25 strateay e Observed e Modian expected luminosity compared with the Run 2 results
2022-23 h = 0 — SM prediction ~  ----- 68% expected
----- 95% expected

Boosted :

Expected: 49 A |

Observed: 50 ;

Resolved cat3
Expected: 28

Observed: 29

Resolved cat2 :
Expected: 18 'e
Observed: 20 :

Resolved cat1
Expected: 11

Observed: 18

Combined i opg < 7.3(11) X o)
Expected: 7.3 i ¢
Observed: 11 :

I:ﬂlllllIlllIlllllllllllllllllllllllllll
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95% CL limiton o(pp > HH)/ ©
Theory

31



HH — bbWW Dileptonic: Results from Run 3 (2022 and 2023) #=seos01s

Events with exactly two leptons from both W decays are considered (eTe ™, u u~, e*u™)

Each events are assigned to ggHH, qgHH or background dominated classes (¢f, single-top, DY, single Higgs) based

on a multi-class DNN score.

CMS 62 fb~! (13.6 TeV)

m 108_I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |_
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L] E

i B DY+LF VV B other A Systune,

10°  gluon-gluon fusion (HH ggF) vector boson fusion (HH VBF) | tt | t [DY| H | *
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1.0 gl L5 @O 2 - > Z

g o Kf ‘ g R E

© | ' + ! | | | 1|
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Bin number
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95% CL Upper limit on o;;; < 12.0(18.5) X 6,

Combination of Run 3 results with Run2
HH — bbWW with at least one leptons :

oy < 71.9(12.7) X 64y,



Summary : Constrains on «, from early Run 3 analyses

HH — 4b

62 fb' (13.6 TeV)

10°F

10°F

CMS

Excluded

- — Theo. prediction

Koy =Ky =K, =1

95% CL upper limits

—— Observed

- = =+ Median expected
68% expected
95% expected

Observed : k; € [—3.3,9.7]
Expected : k; € [—3.4,10.0]

The constraints has been measured as a function of signal strength (;/=1)

33

/lobs




Summary : Constrains on «, from early Run 3 analyses
HH — 2b2y

The constraints has been measured as a function of cross section

HH — 4b

62 fb' (13.6 TeV)

%‘I 04 = :
=- - CMS 95% CL upper limits .
C I ]
O 103 L Excluded — Obslerved -

CI) - — Theo. prediction - = =+ Median expected E

N - 1 68% expected -

o~ K =Ky =K, = .

'?0 1 02 = 2V v t 95% expected .

(@)) - :

10 —§

1 /\

10 Y

) 7

1 O = R VA W W W e W T TN N T S M M N N T s s o S 3
-10 -5 0 5 10 15

Ky,

Observed : k; € [—3.3,9.7]
Expected : k; € [—3.4,10.0]

x B(bb t1) (fb)

)
—
o

N}
T

95% CL limit on o(pp — HH

HH — 2b2r

CMS Preliminary
L I I I I I 1 I 1 I
[ K=Ky =Ky =1

1 I 1 1 I I I 1 I I I 1
— Observed
—— Theory prediction B8 68% expected

¥ SM prediction  =---- 95% expected

bb tt, 172 fb' (13.6 TeV)
I I I I I I I I | 1 I LI

----- Median expected _

—
o
I'TT

Observed: k; € [—4.1,11.2]
Expected : k;, € [—2.2,9.2]
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CMS Preliminary

61.9 b (13.6 TeV)
1 I | 1 I I I

2D strategy

I I 1 I I I 1 I I
I I I

[ K=Ky =K,y =1 — Observed

—— Theory prediction
¥ SM prediction

Median expected |
68% expected
95% expected

Observed : k;, €

Expected : k; €




Summary : Constrains on «, from early Run 3 analyses
HH — 4b HH — 2b27 HH — 2b2y

CMS Preliminary bb tt, 172 b (13.6 TeV) CMS Preliminary 61.9 fb" (13.6 TeV)
1 ) . L L B L L B ) L L B LB o~ L I L
T10%E 62fb (13.6 TeV)E = [ K=Ky =Ky, =1 — Observed  ----- Median expected _ é K=Ky =X, =1 — Observed ~  ----- Median expected |
=T - CMS 95% CL upper limits ] E —— Theory prediction B8 68% expected f 2D strategy —— Theory prediction----- 68% expected
S . Excluded —— Observed - o X SM prediction  ----- 95% expected T 10°F ¥ SM prediction  =---- 95% expected
o 10°E - - - - - Median expected 5 m T - .
O E — Theo. prediction R . < o |
68% expected —~ 10° [
2 [ Ky =Ky =K =1 o | L = g
'?0 102 | 2V v t 95% expected . T \(_D:
o) - E T ©
B ] %
10 7= ©
2 Z C
7 ; 2
1/\ E 10F
2 _ :
B / @)
107 7 3
(@)
21 o
10 | | | - 1 _
-10 -5 0 ) 10 15 : | | | l | | 1 | . 10 | | | | E
K, -6 —4 -2 0 2 4 6 8 10 12 -10 -5 0 5 10 15
K Loy
Observed : k; € [—3.3,9.7] Observed: k; € [—4.1,11.2] Observed : k;, € [—60.1,12.8
Expected : k; € [—3.4,10.0] Expected : k;, € [—2.2,9.2] Expected : k, € [-3.6,10.5

¢ Very promising results from the CMS with early Run 3 results, significant improvement over Run2

¢ Full Run3 analysis is in progress, please stay tuned. .
Thank you — happy to discuss!
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Extra materials: Run 2 combination results
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K, constrains from the Single Higgs Boson production

K, appears in the Single Higgs at NLO EWK Sensitivity is mostly driven by HH
7/a W)z  CMS 138 fb" (13 TeV)
I > B
e CCI/ - Observed — single-H comb., 5.8j§
g S gl K=ky=Kpy =1 HH comb., 1.0"3 i
S\ - — single-H and HH comb., 31i§g :
x-sec (88H & VBFH) is I ]
modulated by 2-3% at k, € (—2,6) 4 B
| I
g wmm/ 3+ _

g frrm'm'n\ 20

t I

x-sec (ttH & tH) is modulated i
by 8-10% at k, € (—2,6) Uy

’’’’’

1 I 1 1 1 I 1 1 1 I 1 1 1 |
b 8 10 12 14
Seeloe P K)\'

38



K, constrains from the Single Higgs Boson production

K, appears in the Single Higgs at NLO EWK Sensitivity is mostly driven by HH
7/1 W)z s CMS 138 fb™ (13 TeV)
g ~~ L S L LA AL I NI LN I BN
e g TIE single-H and HH comb. — Observed, 4_7:-;
g P - Floating (ky, Koy, K¢, Ky, K7, Kyy) | -
o _
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x-sec (88H & VBFH) is i
modulated by 2-3% at k, € (—2,6) 4:_ R
t
g w.w.m/ 3 B
K\ , cee | :
: 20 -
g frmumm‘\:\ :
, i
x-sec (ttH & tH) is modulated 1E _
by 8-10% at x;, € (—2,6) I
..... . AT BT B
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CMS combination of Run 2 analyses

. . n the VBFHH
UL on the inclusive HH at 95% UL on the at 95%

cms _ _ 138fbT(13TeV) CMS 138 fb™! (13 TeV)

K}»=Kt=KV=K2V=1 lll | lllllll l—l lllllll ) ' llllll'
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CMS combination of Run 2 analyses

. eSMS _  138T7(18TeV)
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Prospects of HH in HL-LHC

Projections are based on the Run & only datacards, so the projection
doesn’t know the improvements for the Runds

S1 : Same uncertainty impacts as of Run 2

S2 : statistical component of uncertainties are scaled by 1/\/Z

L y
— CMS {-'"rqjlegz:lqr?sl o 00R 1 (14 TeV) CMS Projections 3000 fb~! (14 TeV)
< 10 —— S1 scenario —— Stat. Only _ o [ T ]
<t , _ o | S2 scenario !
S2 scenario K=Ky =Koy =1 o | _
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8- - = [ — Stat. Only
- 5 i
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_ o | i
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4 - 3 | i
: Q 2 -
20 1 j
i 1 —
O-I 1 I ol i | l ] | | | | l ] | | l | | |
1 5 6 7 0 1000 2000 3000
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CMS Preliminary
llllllllllllll

Inclusion of merged analysis in the HH — bbyy

The boosted channel is included for the HH — bbyy for the very first time for this decay mode

¥ Selected by considering an AK8 jets with pr > 250 GeV and soft-drop mass (m1¢p) 30-210 GeV
A bb-tagging condition is required on the AKS jet to reduce the fake backgrounds.

61.9fb" (13.6 Te
Illlllllllll

Boosted Category

(o8

&)

IIIIIII]]IIIIII

Events / 2 GeV

N

-
—
| I O N N N |

O
4}

¢ Data
- S+B
- B

O . N W o
TTTT [T T T 1711

A

N

L l I 1

Data - Best Fit Prediction

A
Or

PR R T S RTEN RT R R
150 160 170 180

llllllllllllllll

|

The analysis is suffered by statistics
in the boosted phase space

m,, [GeV]




1D: UL on the inclusive HH at 95%

Boosted
Expected: 49
Observed: 50

Resolved cat3
Expected: 44
Observed: 35

Resolved cat2
Expected: 26
Observed: 28

Resolved cat1
Expected: 14

Observed: 12

Combined
Expected: 8.7

Observed: 7.4
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Comparison of two different Run 3 HH — bbyy approaches

aD: UL on the inclusive HH at 95%

Boosted
Expected: 49
Observed: 50

Resolved cat3
Expected: 28
Observed: 29

Resolved cat2
Expected: 18

Observed: 20

Resolved cat1
Expected: 11
Observed: 18

Combined
Expected: 7.3
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Comparison of two different Run 3 HH — bbyy approaches
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95% CL limit on o(pp — HH) (fb)
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Back ground estimation in the resolved topology

¢ QCD simulation is not perfect to model data due to the lack of high order
correction.

¢ Events are categorised based on b-tag exclusive categories 2b, 3b and 4b
based on the b-tag jets availability in the event.

¢ Base on the signal population signal region (SR) and control region (CR) are
created

R = \/ (myy; — 125)% + (myy, — 120)
SR: Ry < 30 GeV

125 mu1(GeV)
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Back ground estimation in the resolved topology

Machine learning (ML) based DNN reweighing has been used to

use the data in low b-tag region to higher b-tag region

“Network has been trained in the CR.
“The trained has been used in the SR to model the background in
the SRy,
S
:CE» CFas g
O Q
- Q.
- ©
=) £
) =2
= CR,, %
, Score S CR,;, S CRy,
welght = =

Il —score 1 —-Pcr, Pcr,
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The background modelling has been

validated in the SR;,
o 41017 (136 TeV)
O 10°FCMS ¢ Data
o " Background
=1 SRy, Bkg. Unc.
5 106
= 10
S 1o

Data-Pred

Data/Pred

1.2 B
1.1 u
15;-1-@%@-5—@w-i-ii-ﬂ-i-iﬁ-ﬁ-*-++-ﬂf

oF ¢ Postfit () Pre-fit
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- Post-fit ]
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Back ground estimation in the merged topology

9200_| | 0 o o o | I L | o [ I_ 9 1_I T T T T T 11 1 11 1 I
) L i @) C ]
S f - & 0.9F —
0)180_ _ — C CR SR N
0 L {tt CR i S ¢ QCD,B -
g B N += 08__ ]

- - o .
cD16O_ | O - .
= | - p 0.7F y
I - T F -
5 40 B o 0.6 -
C - | - L B
c | i S F :
2120~ QCDCR | SR - * c 0-950 E
Q  F . O .
o L - - F :
L j00f i S %4 E
T 'YOC i D L CRQCD,A CRQCD,C -
CED i 1 0.3:— E
S 801 - - N
P - : 0.2:— E
S 60 | A 0.1 -
CD | | 1 1 | 1 1 | [ 1 [ 1 1 | | L1 1 I el I I L 111 L 111 L 111 L 111 L1 11 I L1 11 I e

60 80 100 120 140 160 180 200 50 60 70 80 90 100 110 120 130 140 150
Leading H—bb candidate mass (GeV) Leading H—bb candidate mass (GeV)

As my, is the final fit variable,
QCD MC is not perfect in the SR
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Back ground estimation in the merged topology

~ “Merged” analysis targets the scenario where both the two Higgs bosons are boosted.
<= Higgs candidates are reconstructed from the two AK8 jets.
~ “Merged” topology has fewer events (statistically limited), but offers a better signal-to-background ratio.

“~ Significant background contribution coming from QCD and ¢¢

1IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

CRQCD,B SR

Same applied to the events
in C to predict the
background in SR

0.4

Sub-leading H—bb-tag score

CRQCD,A CI:‘QCD,C
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0.1
el I | [ 111 | [ 11 1 | [ 11 1 | I I | [ 11 1 | [ 111 | [ 11 1 | I
50 60 70 80 90 100 110 120 130 140 150

Leading H—bb candidate mass (GeV)
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Signal Region
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HH — bbzr systematic uncertainties

@\4\(/ C’§’<
BATEEING
CMS-PAS-HIG-25-008 [/ | L)z
al’ ~
A= ETT ) AN
AN \

Uncertainty source Relative contribution to Ay
Experimental

Fake factors 25%
b-tagging 10%
Lepton corrections and triggers 9%
Jet energy corrections 7%
Other experimental 3%
Statistical

Overall 74%
Bin-by-bin variations 35%
Theoretical

HH 31%
single-H 27%
Background 14%
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HH — bbWW Dileptonic search



HEP 08 (2026) 019

HH — bbWW : in dilepton final state

2 opposite-sign leptons: uu-, e‘e, e*u”*

invariant dilepton mass m;?

I I
20 < my < 70 GeV, pr™ss > 40 GeV 70 <my; < 110 GeV for utu-, e*e my > 110 GeV

\ ¢ ¢

analysis region DY validation region tt validation region
r—--------"-"----"-"-""Frr--n----------------r------ - -——,Y-r - Y - W r-W-——— '|
multiclassification NN« for categorisation |
HH ggF HH VBF tt single t/t DY H
boosted H - bb candidate? boosted H - bb candidate? boosted H - bb candidate? | boosted H - bb candidate? | boosted H - bb candidate? | boosted H - bb candidate?
yes . yes yes yes
yes —— no — yes —— no — no no no no
b-tagged jets? b-tagged jets? b-tagged jets? b-tagged jets? b-tagged jets? b-tagged jets?
1 —2>2 1 — >2 1 — >2 1 — =2 1 — =2 1 — =2
Y v L ' v v v v v v v 3 v L v
boosted 1b >2b boosted 1b >2b 1b >2b 1b >2b 1b >2b 1b >2b boosted
= [___ - _L____ L ____L_
binary NNggr J| | blnary NNuver J|
Distribution in template fit: binary NN output (O), event yield (Y)
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HH — bbWW : Post-fit distributions

CMS 62 fb~1 (13.6 TeV)
(D 108:_I I I I | I I I I | I I I I | I I I I_l I I I I | I I I I _l I I I I_ | I I I I | I I I I |_:
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HH — bbWW : Results

. CMS 62 fb" (13.6 TeV) CMS 62 b (13.6 TeV)
3 10 E 1T 1T 1 | | | | | |. |. | | | | | | .l |. | | 1 1 | | | | 1T 1T 1 E 3 B | | | | | | | |. .| | | | | | | .| .| | | | | | | | | | | | i
= - —— Theory prediction 95% CL limit . St " —— Theory prediction 95% CL limit ]
T . X% SM prediction —— Observed === 68% expected | T . X% SM prediction —— Observed ~ ====- 68% expected |
L - emeas Median expected ===-- 95% expected L . emaas Median expected ===-- 95% expected |
;l\)_ 1045— Koy = K, = Ky = 1 E 1\)_ K, =K, =Ky=1
et 1] g 10 E
© : © i ]
10° E '
10% £ E
10 —1 1 1 1 | 1 1 1 | | || || | | 1 1 1 | | I I | | 1 1 1 | | || || | | 1 1 1 | ] 1 1 |— | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | ]
-20 -15 -10 -5 o) ) 10 15 20 25 2 —1 0 1 2 3 4
Ka Koy
95% CL upper limit Combination with Run 2 in final states with one or two leptons UL at 95%
Observed : 12 CL: 7.9 (12.7) times SM

Expected : 18.5
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HH search at the LHC

The Higgs self coupling A, directly probes the shape of the Higgs potential.

Y At the LHC, A can be directly constrained through non-resonant Higgs boson pair (HH) production.

Fint = 300fb™!

= o X JLdt

eXA=1

/IObS | C-)(l."O-IVI)A

g K) = H : | 107 ¢ production mode of HH at the LHC.

ASM // <R000 “
H 1

N

event er than single Higgs boson production

A obs

Kﬂ_

O(10K) ﬂﬂw

Cobs
K

Stor | !
|
Y 6=1.841b@13.6 TeV. _
¢ Production rate is almost 75 tim' 10

[

| € Provide unique access to the cdl

| HH HHH S H
L==iizzli’====E§EE§E§E§E===E=Eﬁ - { . Process -
) \H

59



HH search at the LHC

The Higgs self coupling 4, directly probes the shape of the Higgs potential.

Y At the LHC, A can be directly constrained through non-resonant Higgs boson pair (HH) production.

_ /| B _1 ¥ production mode of HH at the LHC.
g Ky T H SO 10 Zint = 300fb
Ho ! ¢ B _
- - <) Mnn i — i
Q\ 106; N event = O X JLdt =1er than single Higgs boson production
: K e exA=1 1
"'~ 10° = 5 ) obs

Extremely difficult to probe HH process experimentally due to tiny cross section @ By Cybs

e

| = 4 = - - ~
© 06=1.84fb@13.6 TeV. N 44 O e C E '
| € Production rate is almost 75 tim§ 10°¢ =
. . { - 0(10) -
& Provide unique access to the col - | s
(Chy) : H HH HHH ~ H
— =V — f — Process j -
) \H
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HH — bbbb : Combination with Run 2 dataset arXiv:2604.27044

< Combining the resolved & merged 22-23 analyses:

138 b (13 TeV) + 62 fb™' (13.6 TeV)

138 b (13 TeV) + 62 f5' (13.6 TeV) 138 fb' (13 TeV) + 62 fb' (13.6 TeV)

I — ]

CMS SM —Observed =10 1% " CMS 95% CL upper limits § T [ CMS 95% CL upper limits i

---- Expected +20 CCD 10°k 77 Excluded —— Observed . g 10° 3 Excluded Obs.erved E

_ S - - - -+ Median expected ] o - Theo. prediction - - - - Median expected ]

O - — Theo. prediction 68% expected i Q_I) - 68% expected i

Run 2 3 10°F Ky =Ky =K =1 05% expected = o 10°F M TEvERS 1 95% expected

Exp. 3.8 10 % 7 10 Z

Run 3 - i S 7 E E
Obs. 4.4 e e Q. / ,

Exp. 4.4 w777 A, )Y

T 107 ; 10"

#~ | Combination |5 - ; 2 -
g)?psgg : 10_2? | | oy | | _§ 10_2 S Y W S W N I T T S S Y W W /
— L '1 e b '1'0 _10 _5 0 5 10 15 0O 02 0406 08 1 12 14 16 1.8 2

S K
95% CL upper limit on . ka 2V
¢ ¥ 95% CL constraints on the coupling modifiers:
, k, € [—3.8,10.0] ([-2.0,8.7]) Kk, € [0.74,1.30] ([0.69,1.35])
¢ Observed (expected) UL @95% CL: / 2V
oy < 4.7(2.8) x o While, oyppun < 54(80) X 69nm € Most stringent constrains on the iy,

€ With 62 fb~!, HH— 4b achieves a comparable sensitivity with Run 2 (138 fb~1), and better than the Run 2 searches in bbyy and bbtt
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HH — bbzz : Results from Run 3

Combining the resolved & merged 22-23 analyses:

CMS Preliminary bb 11, 172 fb (13.6 TeV) CMS Preliminary
T T T T T U S B R B H B B H B

K=K =1 —— Observed ~ ----- Median expected
Ky =Koy =1 B 68% expected
----- 95% expected

bb tt, 172 fb™' (13.6 TeV)
1 I 1 1 1 I I I I | I I I | 1 I 1 | I 1 ]
[ K=Ky =Ky =1 —— Observed ~ ----- Median expected _
—— Theory prediction B8 68% expected

¥ SM prediction  ==--- 95% expected

x B(bb 1) (fb)

)
—
o

N
T

VBF
Expected: 23

Observed: 21

bb-boosted
Expected: 21

Observed: 16

resolved 1b1j
Expected: 15
Observed: 18

—
o
LI

resolved 2b
Expected: 4.2

Observed: 7.5

95% CL limit on o(pp — HH

~ Combined
Expected: 3.9

Observed: 6.6

EI | | I | 1 | I | | 1 I | | | I 1 1 | I | | | I | l | | | | | I 1 | I:
1 I1 1 1 1 I1IO 1 1 1 1 1 1 I:IOO _6 _4 _2 O 2 4 6 8 10 12

o i K
95% CL limit on o(pp — HH) / GTheory A

Observed (expected) UL @95% CL.: 95% CL constraints on the coupling modifiers:
opn < 3.9(6.6) X oy While, overnn < 85(81) X 6y kK, € [-4.1,11.2] ([-2.2,9.2])

(Phys. Lett. B 842 (2023) 137531
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HH — bbrz : Combination with Run 2 dataset OMS-PAS-HIG-25-008

CMS Preliminary bb 11, 310 fb™' (13, 13.6 TeV) o2 CMS Preliminary  ___ bb1r, 310 ]‘bl'1 (13, 13.6 TeV)
I I I I I I ] I ] I ] I I I I I I I I | I ] I | 1 I I I I B _— —_
K, =%=1 —e— QObserved ----- Median expected (u=0) § - K= Ky = Kpy =1 — Observed @ ----- Median expected ]
Ky = Koy = r Median expected (u=1) ;\ - 68:/0 eXpeCted
B 68% expected % ----- 95% expected
----- 95% expected 1
— ] o)
13 TeV oS 10 :
Expected (u=0): 5.3 . S i
Expected (u=1): 6.2 =
Observed: 3.5 E
[ ] -
13.6 TeV O
Expected (u=0): 3.9 . S
Expected (u=1): 4.6 @ 1F
‘Observed: 6.6 §
Combmed \
Expected (u=0): 3.0 310 11
Expected (u=1): 3.9 |
Observed 4 O ’ 1 1 | 1 1 1 I | 1 | | 1 | 1 | | | | I | I : :
f 6 8 10 12 14 6
95% CL limit on o(pp — HH) / GTheory
Observed (expected) UL @95% CL.: 95% CL constraints on the coupling modifiers:
oun < 4.40(3.9) X o While, overan < 62(70) X oygpyy K, € [-2.59.4] ([-1.584]) K, €[0.02,2.1] ([—0.1,2.2])
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