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Probing the Higgs potential with HH

e HH production provides direct access to a key parameter of the SM: the Higgs self-coupling 4,

1. Probe the shape of the BEH potential, with 2.Deeply test the SM, as A4 is linked to
deep cosmological implications the mass of the Higgs and the vacuum
expectation value:
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Why bb77 ?

* The Higgs decays through several modes

bb

WW

« ATLAS and CMS are now exploring ag
(almost) the whole phase space through Vi
multi-leptons and multi-bosons searches B”-”m

» Several silver channels, among which ZZ ‘
(ordered by sensitivity in Run2 analyses)

Decay
channel

Branching
ratio

vy 0.265% | 0.098%

High branching ratio

0.070%

0.029% | 0.012% | 0.001%

77 vy

Complex QCD
background

Branching Fraction (%)

CMS-HIG-25-014

ATLAS and CMS —e— Observed
LHC Run 2 ---- Expected (uffim° = 0)
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CMS| I 3.5 2.6 3.6
ATLAS| | ¢ 4 29 2.4 35
Combined|- i "i’ 25 1.7 28
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

1 2 3 4 5 6 7 8 9 10 11 12
95% CL upper limit on HH signal strength upy

Constraint on K
from Run 2

CMS-HIG-20-005
[—2.3, 9.4]

Compromise between branching ratio and
background discrimination (tau purity)

CMS-HIG-20-010
[—1.7, 8.7]
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Easy to trigger,
reconstruct

Low branching ratio

CMS-HIG-19-018
[—3.3, 8.5]



https://arxiv.org/abs/2510.07527
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-010/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-018/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-25-014/index.html

Several topologies and.. challenges
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Beyond standard triggers

» Trigger strategy aims to maximise Introduced Triggering on wrt Run?
the signhal acceptance

- DiTau + Jet +13 % on DiTau trigger
« Baseline (Run 2): lepton-based
triggers (single and cross lepton) BoostedTau pair New topology
* Major Run 3 improvements VBF (+ lepton/tau) | >20% on lepton triggers
QuaddJet + b-jet + tau| +15 % on DiTau trigger
_ CMSPreliminary 0917,2024(186TeV)
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Sl reeowe e e | R Data Parking:
3 R e » Exploits the available HLT bandwidth as
f T the instantaneous luminosity decreases
i o - — Increase signal acceptance
: * Dedicated HH and VBF parking streams
2r 0.50 Iﬂ Run 3
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Defining signal regions

* Improved reconstruction of H - bb and H — 7t candidates using advanced algorithms
« Better background rejection
* More precise inputs for the final discriminator

H - 7
10 signal regions are defined

1. H — 77 candidate: KT
e T-pair reconstruction
« NN regression for improved m__ resolution o Xz,
and background rejection (30%) wrt Run 2 ittt

7,7,

O

2. H—> bb candidate:- boosted-bb vbf resib res2b H — bb
 Advanced b-tagging: ParticleNet / UParT
 Higgs b-jet assignment (HHBTag) reaches >95% purity in HH events
 VBF, boosted and resolved jet topologies are identified

boosted-7,7,
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Background modelling

* All processes are obtained from MC simulations, except for data-driven fake 7 background

q— Zly

DRELL-YAN
g

Events where a jet is reconstructed as 7

Dedicated method for

-Fs derivation:

* Define CRs in QCD, tf and W+j
 |n each CR, transfer factor FF? =

ets, binned in (py, 1)
events 7 ID
events anti-7 ID

. FFR= Z r,F'FP, r fraction of process p in anti-ID SR
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Events / 20.0 GeV

CMS Preliminary 172 fb~1 (13.6 TeV)
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Signal extraction

N ENT INF O s e——
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What limits the measurement?

 The analysis remains statistically limited, but systematics still play a significant role

e Statistical uncertainties still dominate:

o Statistics (74%)

* Finite MC sample sizes, mainly DY and
1t (35%)

* Theory modelling remains significant
* HH uncertainties (31%)

* Large single-Higgs + HF: (dedicated Statistical
simulations under investigations)

Fake Factors

b-tagging
Experimental Lepton corrections and triggers

Jet energy corrections

Other experimental

Overall

Finite MC sample sizes

 Fake-factor uncertainties (25%) are the HH
leading experimental limitation Theoretical Single-H
* Significant is also b-tagging (10%) Background

O 20 40 60 80

Contributions estimated by freezing nuisance- Relative contribution to signal strength uncertainty

parameter groups in the likelihood fit
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Improved HH sensitivity in Run 3

CMS-PAS-HIG-25-008

¢ 25% improvement in expected sensitivity wrt CMS Preliminary __ bbw, 1721 (136 TeV)
Run 2 analySiS (52 — 3.9 X% SM) K;|\=Kt=1 —e— Observed L Median expected
Ky =Koy =1 B 68% expected
 Observed (expected) 6.6 (3.9) x SM at 9%%¢cL. (| & 95% expected
» For VBF, halving the expected limit of Run 2 ver | )
anaIySiS 81 (85) X SM a.t 95% CI_ ObZerved.: 21 B N
bb-boosted

Expected: 21

CMS Preliminary bb tt, 310 b (13, 13.6 TeV)
I I I I I I I | I I I I I I I I | I I I I I

] . — | Observed: 16
6 +10% lumi K, = K =1 1—-— Observed ----- Median expected (u=0) resolved 1b1j B -
Ky = Kpy = i
4\ +15% strategy e — e oot peced 1

B 68% expected Observed: 18
----- 95% expected —
- — resolved 2b

13 TeV Expected: 4.2
Expected (u=0): 5.3 Observed: 7.5
Expected (u=1): 6.2
Observed: 3.5

13.6 TeV
Expected (u=0): 3.9
Expected (u=1): 4.6
Observed: 6.6

4.5

Combined
Expected: 3.9

Observed: 6.6

11 | | | II | | | | | | 11
1 10 100

95% CL limit on o(pp — HH) / O heory

1,5

Combined
Expected (u=0): 3.0
Expected (u=1): 3.9
Observed: 4.0

Expected Upper Limits
W

¢« Combined Run2 and Run3 inclusive
95% CL limit on (;I((F))pe-IHZH)/O HH results: 4.0 (30 eXpeCted) x SM

Theory
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-010/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-008/index.html

e 1D likelihood scans:

Constraining Higgs interactions

e 310 b1 of data collected at 13 and 13.6 TeV provide stronger constraints on the Higgs couplings

» +22% improvement on expected k), constraints compared to Run 2
» +32% on expected k,, constraints compared to Run 2

CMS Preliminary
25 I I I I I I I I I I I

bb tt, 310 fb‘1 (13, 13.6 TeV)
I I I

I Ky = Ky =Koy =1

—25<k; <94

-2 A log(L)

20

[ [
—— 13 TeV, 3. 6+33

13.6 TeV, 1 5 77
—— Combined, 0. 7+ °
----- Standard Model
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CMS Preliminary
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-010/index.html

Constraining Higgs interactions

CMS Preliminary bb tt, 310 fb' (

13, 13.6 TeV)
| | | I I 1 I 1 I_|_

e 310 b of data collected at 13 and 13.6 TeV
provide stronger constraints on the Higgs
couplings 3

Koy
N

* Improved VBF sensitivity helps disentangle &,
and k,, contributions >

e 2D likelihood scans:

» Simultaneous fit of k, and k,,, accounting
for possible degeneracies

 Best-fit point: (k;,k,,) = (7.1, 0.6) 0
« SM hypothesis compatible within 68% CL
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Conclusions

« CMS-PAS-HIG-25-008 brings major improvements across the entire analysis chain: triggers,
reconstruction, categorisation and signal extraction

EXTRACT

TRIGGER uMENEEPSS RECONSTRUCT o

New standard | , Innovative data- Retrained DNN,

Improved b-jets,

7 and boosted-t driven take-z

estimation

triggers and new

,. varking strategies multivariate fit

« 25% lower expected HH upper limit compared with Run 2
* ~10% from lumi scaling, ~15% from improvements along the analysis workflow
* ...with a x2 improvement in the VBF expected upper Iimit

* Run 2 + Run 3 combination further strengthens constraints on k, and k,,, couplings

 Towards full Run 3: more data, improved acceptance, enhanced coupling sensitivity and further
optimisation of the analysis strategy..
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HH production process

 Gluon fusion (ggF) cross section has it minimum at 2.4 —-maximum destructive interference of ggF diagrams
* Large [k)|: softer m,, spectrum and large cross section
* Medium |x)|: harder m,, spectrum

4
10 : : : | l l l l ]
HH production at pp colliders at NLO in QCD HH production at 14 TeV LHC at (N)LO in QCD
1o? L Mn=125 GeV, MSTW2008 NLO pdf (68%cl) L — M=125 GeV, MSTW2008 (N)LO pdf (68%c)
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HH production process

* Gluon fusion (ggF) cross section has it minimum at 2.4 - maximum destructive interference of ggF diagrams

» Large Ik,
* Medium

: softer m,;, spectrum and large cross section

K;l: harder m,;, spectrum

=103 | fr=10m==4 2103} fix = 1.0 ==
O Ky = 2.0 O == ==__ ky = —1.0 =
=y — = —=_
i 10~ === Ky = 2.4 ) —é 04 == —=_ Ky = 3.0 =™ i
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S F 5 pomamc o Teseao. 1 S F PpRLEC | ==
10—6 ! NLO, o = mhh/2 ‘r% 10—6 _ NLO, = mhh/2 _—*—:=_=§
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= T e — g 10
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HH production process

: : .. q q q
» VBF cross section has it minimum at 1.65 ¢ —7 1 —— —  —
K
* K,,—1: softer m,;, spectrum and large V2 m . H y Lol Vryy, --H
cross section o Ky K i - ey
e Lar : harder m rum — / / /
arge |©,,| der my,, spectru ¢ ¢ ¢
boosted topologies q q q

https://arxiv.org/pdf/1611.03860
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HH production process

» Cross section as a function of the k5, and k5, :

* Sensitivity particularly striking for |6,,| =1
where the cross section is enhanced x50

» Sensitivity is crucial for measuring k,, with
good precision (even if small rate)

* Sensitivity comes from events from the tail
of the m,, distribution

» Sensitivity on Ky is relatively weak :

« Comes from events near to the Higgs
threshold mhh ~ 2mh

521/ — Koy, — 1

Oy = Ky — 1
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https://arxiv.org/pdf/1611.03860

50:—
S o p
N
10.‘ \\
| \ //
5} \\ /
| \ /
— \ /
- /
~ /
S /
1 o a ) B
0.5
10 -05 00 05 1.0

18


https://arxiv.org/pdf/1611.03860

Boosted Tau reconstruction

« H tt reconstruction and identification efficiency

CMS simulation Preliminary (13 TeV
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Efficiency
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https://cds.cern.ch/record/2941434

CMS simulation Preliminary
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Event categorisation

-——H — 77 reconstruction ————H — bb reconstruction

j ~Signal channels

j Two AK4 Puppi Jets

Baseline — ; . :
selections A R A CA LA OR
\boosted 7,7, One AKS jet

: Is there a good AK8 candidate? I—No—> Are there 2 VBF jets candidates? I

Topological Yos
selections
J How many good b-Jets’?I
One Two
| \ 4

Boosted categoryi VBF catego Res1 b category LEest category

Signal l | 1 - 1 1 _
- | ! 'VBF DNN| | GGF DNN| | l
extraction GGF DNN L:] L.:::j GGF DNN
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SM results

CMS Preliminary bb tt, 172 fb™' (13.6 TeV) CMS Preliminary bb tt, 172 fb (13.6 TeV)
I 1 | | | | | | | I 1 | | | | | | | I 1 | || | | | I 1T 11 || | | | I 1T 11 || | | | I 1T 11 || | | |
i =K =1 —e— Observed ~ ----- Median expected K, =K =1 —e— Observed ~ ----- Median expected
Ky =Koy =1 B 68% expected Ky =Koy =1 B 68% expected
----- 95% expected ----- 95% expected

bb-boosted
Expected: 1078

Observed: 754

VBF
Expected: 23

Observed: 21

bb-boosted
Expected: 21

Observed: 16

resolved 1b1]j
Expected: 1920
Observed: 1978

resolved 2b
Expected: 469

Observed: 733

resolved 1b1j
Expected: 15
Observed: 18

resolved 2b VBF
Expected: 4.2 * Expected: 91
Observed: 7.5 Observed: 79
Combined Combined
Expected: 3.9 * Expected: 85
Observed: 6.6 || | | || | | | | | | | || Observed: 81 ] 1 | | | 1 1 1 11 | | | | | | | | 1 1 11 I| | | |
1 10 100 1 10 100 1000
o . . o . .
95% CL limit on o(pp — HH) / oTheory 95% CL limit on o(pp — qqHH) / oTheory
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1D scans

CMS Preliminary bb tt, 172 b (13.6 TeV) CMS Preliminary bb tt, 172 b (13.6 TeV)
3 L | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | ] 3 i | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | ]
= [ K=Ky=Ky =1 —— Observed ~ ----- Median expected - = K =K =Ky =1 —— Observed ~ ----- Median expected
= - —— Theory prediction B8 68% expected - E 102 —— Theory prediction B8 68% expected -
fo! - o - - -
Q - ¥ SM prediction  ==--- 95% expected e} - ¥ SM prediction  ==--- 95% expected -
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Selections applied to the 77 candidates

pr > 22/26/6 GeV for the cross u-t/single u /VBF+u trigger
|dyy| <0.045cm, |d,| < 0.2cm, 17| < 2.4
Tight Muon ID, PF relative isolation < 0.15
pr > 25/31/13(18) GeV for the cross e-7/single e/ VBF+e trigger
dyy| <0.045cm, |d,| < 0.2cm, [5] < 2.5
Tight electron MVA Isolation+1D
T, Ty, double-T: pp > 40(35) GeV,
double-t+jet: py > 35(31) GeV,
2jets + 1 7 + 1 b+jet: pr > 25(25) GeV
T, Tyt pr > 32GeV
T, Ty pr > 35GeV
d,| <02cm, || < 2.5
DEEPTAU ID working points:
D]Tet Medium, D! VVLoose, D; VLoose/Tight
pr >20GeV, || < 2.5
BOOSTED DEEPTAU vsjet score requirement

Muon

Electron

Tau lepton

Boosted-T

Lepton pair opposite electric charge,
resolved TT: AR > 0.5,
boosted-7},74,: AR < 0.8

Additional additional lepton veto
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 With respect to the 2022, several new triggers have been deployed online in 2023 and 2024
* |n 2023, new parking streams were added in order to increase trigger acceptance for HH production,

LLP signatures, and VBF

* |In 2024, new triggers optimised for low-pT single-muon signhatures for B-physics measurements and

new-physics searches were introduced
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Advances In object reconstruction

* I[mproved b-jet and tau reconstruction with state-of-the-art algorithms

1. H — bb candidate b-tagging (PNet / UParT): 100CMS Simulation Preliminary 13.6 TeV
. . . . > g 4 4 & | | ‘ T e
e >95% b'jetS pur‘lty IN simulated HH events % - tt events, pr > 20 GeV, |n| < 2.4
. . . . = * CSVv1 (Likelihood ratio - Run 1
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