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Motivation

Higgs couplings

e Precise measurements of couplings
o  The key to verify electroweak symmetry breaking
o Or to uncover physics beyond the SM
e Higgs couplings to bosons, fermions and quarks, loop-induced effective couplings, higgs
self-couplings 3

The charm quark Yukawa coupling y, Fe New approach:

t1"H production

CMS Run 2 data

The last measurements: e Challenging in identifying
jets origin and
reconstruction top quark
and Higgs

e Measurements in H — cc™ decay
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e VH associated production
o ATLAS (Run?2):95% CL |k [<4.2 (4.1)
o CMS (Run2): 1.1<[k [<B.5 ([ |<3.4)
e gg fusion production mode - large QCD multijet background
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https://link.springer.com/article/10.1007/JHEP04(2025)075
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061801

Main backgrounds

o 1t + jets
o Jets from from hadronization b and ¢ quarks
m b(c)-jets: at least one b(c-hadron)
m  Ofther jets - light jets
o Event classification
m tt+b, t++22b (t+'bb- MC sample, NLO, POWHEG-BOX-RES, OPENLOOPS)
m  tt+c, t+"+22c, tt +light (t1" inclusive MC sample, NLO, POWHEG v2)

e Single top quark in t (s) channels and Wt production
o NLO, POWHEG v2 (MADGRAPH5 aMC@NLO v2.6.5)

o W, t+Z (tWZ)
o MADGRAPH5 aMC@NLO, NLO (LO)
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Selections

Triggers:

e : e o p,jets>25GeV
High jet and b-jet multiplicities

o |[gl<24

Presence of one (two) isolated leptons
OL channel (fully hadronic) 1L channel (single lepton) 2L channel (dilepton)

o >7 jets(p;>40GeV forsix) e Oneisolated lepton e Two oppositely charged leptons

e p.scalar sum > 500 GeV o p;>26-30GeV o  Onewith p;>25 GeV

o >5 jets o >4 jets
e To suppress Drell-Yan:
o m,, >206GeV

Across all channels: -

: 10
e >3 b(or c)-tagged jets o Veto:76<m_, Jue € 6 GeV
e >1b-tagged jet
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Selections

Selection criteria OL channel 1L channel 2L channel
Number of leptons 0 1 2

Sign and flavor of leptons — e ete”, uteT, utu-
Min. pr of pr-leading electron [GeV] — 29/30/30 25

Electron identification
Electron isolation

Min. pt of pr-leading muon [GeV]
Max. muon relative isolation

Min. mee sy, [GeV]

Range of mec /,,, [GeV]

Min. pt of jets [GeV]

Min. py of 6% jet [GeV]

Max. |17 of jets

Min. number of jets
Min. number of b-tagged jets

Min. number of HF (b- or c-tagged) jets

Min. Hy [GeV]
Min. p7"*° [GeV]

Tight (80% efficiency)
Tight (80% efficiency)
26/29/26
0.15

D = Q1

20

Loose (90% efficiency)
Loose (90% efficiency)

25
0.25

20
<76, >106

25

24
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Jet flavour identification

CMS Simulation 13 TeV
S o |B4 39% 01%0.01% |

i
o

ttH(H —cC) events, |

pr>25GeV,|n < 2.4 -
| — bjets & efficiencies (%) B3 10% 0.2% 0.02% “\

| — cjets & efficiencies (%)

3
g
5
PARTICLENET - graph convolutional neural network Lo |
= light jets & efficiencies (%) [B2 9.2% 0.7% 0.1% | \
o |
e Two discriminants: S | |
. . . . 3] B1 10% 2.2%0.2% / [ I
- - 0.6 ‘
Pg.c - To differentiate heavy-flavour from light jets 5%l oo [ |
N ' ' 1 = 3.8%|3.7%16.0% [
O Pgyc - To distinguish b an c jets & (SEsa el |
e [71% |19% (8.2% B0 10%-6.9% 0.5% N
e 11 exclusive tagging categories: 04 Y
o 5 b-tagging (BO-B4) | A
. \ |
o 5 c-tagging (CO-C4) C2 56% 13% 0.6% |/,
o One untagged (LO) ==y \\
) ) ) L (3 1.7% 12% 04%
To correct mismodelling tagging efficiencies: e e

ParticleNet discriminant pg.c

Typically: 0.75 - 15

[ J

o Flavour-dependent SFs derived

O

o Uncertainties up to 15% fo b-jets, up to 50% for c and light jets
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Rejection factors

Rejection factor

CMS Simulation Supplementary 13 TeV

] T | l | | —

) [ ttH(H—cc) events, pr > 25 GeV, |n| < 2.4 2.0 |

10 3 udsg jets | ParticleNet .y E

- cjets [ DeepJet ' :

- Hl b jets x1.9 ]

10% E

- 1.9 x1.9 x1.6 g

] 18 !

I 21 B x1.5 L i

10%F =

; X x13 -

I x2.2 |

10"k E
100

LO Co C1 Cc2 C3 C4 B1 B2 B3 B4
Tagging category
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Simulation-to-data SFs

e Three data samples enriched in t1- (b-jets), W+jets (c-jets), Z+jets (light-jets)
e SFs as a function of p.. [25, 35,50, 70, 90, 120, «] GeV

e 11 tagging bins (one POT)
o Except LO: in order to preserve unitarity
m To keep overall normalization, SFs correct only efficiencies

e When the contribution of certain jet flavour is too small, SF is not determined well
o SFissettol
o  Assigned uncertainty covers [0.3,3]
o Negligible impact on the analysis results

e Typical values
o 075-15
o Uncertainties up to 15% for b-jets, up to 50% for c and light jets
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Neural network event classifier

Multiclass event classifier

e Inputs:
o pq, E, 5 foreachobject

o Jet flavour encoded in 10 boolean values
o Lepton flag: muon/electron
o Constructs pairwise features as invariant mass, etc...

e Trained and assigned likelihood scores:
o Two tt"H classes (H->bb~, H->cc¢")
o Two tt°Z classes (Z->bb", Z->cc)
o Five t1° + jets classes: t17+b, 11+22b, tt7+c, tt7+22¢, t17+light
o  QCD multijet for OL channel
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Event categorization

D, 2&(;((:5 ?(;GOZinIL) N ject ° Four‘ SRs
e 019 e Five CRs
(OL only) Pgcp < 0.0001 . o
T o Yo estimate the normalizations
 Yes: keep of various tt+jets background
e signal-depleted sideband region
o 04<D,,<06

X .
o Validation region

argmanx(
100 - Dyg 4 jigher
12 Dy er
4-Dgi>oc
2 Dy,
Ihe D&+22b)

Yes: X — c€ |

No: X — bb
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Fit
Bin profiled likelihood fit

e The fitted variable: PART classifier discriminant

e The dominant background tt=+jets estimated from CRs fit
o tt+b, tt+22b, tt7+c, tt7+22¢, t1+light allowed to float independently

e Minor background (single Top, tt"W, tWZ) estimated from MC

Systematic uncertainties (Via nuisance parameters)

o 1t H(H->cc) e 1t H(H->bb")
o Leading uncertainty - statistical o Leading uncertainty - theoretical
o Main systematic uncertainty: m Renormalization and factorization
m Theoretical modelling of tt+c, 1'1'+|l9h1' (32%) SCG'CS, flavour schemel par-'ron

shower modelling of ++'bb” (60%)
Primary experimental uncertainty:

e jet flavor identification efficiencies
11
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Validation of analysis

t+-Z signal strength measurements

e Consistent with SM within uncertainties
e Consistent with measurements in leptonic decay channel

The observed (expected) significances:

e tt+°Z (Z->bb"): 3.5(2.4)
o t+Z (Z->cc’):1.2(1.3)

Pitz(z—ce) = L. 02+8 ng

0.45
Hitz(z—bb) = 1477043,
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Results: ttH (H->bb)

Signal strength

_ 0.26
KitH(H—-bb) = 091752

The observed (expected)

CMS

138 o' (13 TeV)
FLEET LT & BF 5]

[ Background

105 77~ Bkg uncertainty

——————
6L
10°F ¢ Data

B H(H-cT) (U= - 1.6)
fiH(H—cT) (Hsm=1.0)

1.2
1.1:—
1.0p
0.9f
-4

CMS

138 fb=' (13 TeV)
T > F [ > 7 <7 ]

| & Data
105} 1 Background
E ©2~ Bkg uncertainty

10“E

103t

e
o
)

— T

————
Bl ttH(H-bb) (up=0.91)
ttH(H - bb) (ugw=1.0)

il

significances: e - — ; ‘ ‘ i
S, | fH(H-cT) (ui=-16) + Bkg y 7 s o[ — ttH(H-bb) (s =0.91) + Bkg ]
o UH(H-T) (usw=1.0) + Bkg % o tiH(H —bb) (ugw =1.0) + Bkg
- - > L A A = W
e tt"H (H->bb"): 4.4 (4.5) e e 2
o 0.9F 7 o 1o e e o o o o
. R S PR N RSN RS SR R N R PRI R [P R P S S
o & 45 40 35 30 25 20 15 £330 25 20 15 10 05 00
Htth(Hobb) 1S closer fo SM a log+0(S/B) a log10(S/B)
than previous measurement
(ttH, H->bb)
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https://link.springer.com/article/10.1007/JHEP02(2025)097

Results: ttH (H->cc)

138 fb~! (13 TeV)

nggm CMS o '+r ébéer;/ea‘ O 68%expected[
----- Median expected 95% expected
MeH(H—co) = —1.6 £4.5 Al
ohe 78 :
e No excess over background-only oL N
hypothesis s f
e Upper limit is set -
e The observed (expected) 95% CL limits: .12 *
o 7.8(8.7)
e Upper limit on o(+tH)Br(H->cc) Exp.22'5 i
o 0.11(0.13) pb O], . . . . I i ISR
0 10 20 30 40 50

95% CL upper limit on W gHH-co)

14

M.Kholodenko 15th Cours on Physics at the LHC 2026 July 15, 2026



Kappa fr'amewor'k Handbook of LHC Higgs cross-sections

e Used to quantify to deviations of Higgs couplings from their SM values

o k. =y/y*™ - coupling modifier (k =1 for SM)
Production cross sections and partial decay widths are rescaled by the square of the
corresponding coupling modifier

o; = k2 oM, I‘f=h:?¢I"S;M. PH:Z"‘?F?M‘
:

(3 (3

SM 2 2 : . .
BR(H — XX) = BUH —dX) pp e K2 0dRaecay k,,is scaled total Higgs width
T YORISM p=
il S KH

e Main assumptions:
Higgs is sufficiently narrow that production and decay can be factorized. The production and the decay
processes can be treated independently and then connected through the total width.
e  Only the strength of the coupling is modified; the Lorentz/CP structure is assumed to remain SM-like.
e Leading-order interpretation
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https://cds.cern.ch/record/1559921

K-framework interpretation

138 fo-! (13 TeV)
ML D,

[&] 20 IR SR I SR LI T LN O O L
o4 i 1 -
i Observed -=- 68% CL 1 2 p,H—cC
1sF CMS ¢ Ex — 95% CLA 5) — ke Bom
- pected 95% CL B(H—)CC) — —,
i e js-" H—cc 2 H—bb
ok tiH(H - cé/bb) e 14+ (2 —-1)Bg,  + (x5 —1) Bgy,
: s : P | H—bb
- b gt : — KI% BSM_)
o Py 5 B(H—bb) = o TERTE
0._ ................. NeosdesesascafaResenenas (’ ........ ponsesaseeifessenses B 1+(K§_1)BSM +(Kb_1)BSM
-5} e =
-10F ]
A5
20 -3 -2 -1 0 1 2 3 4
Kb

The observed (expected) 95% CL |k_| < 3.0 (3.3)
e k is fixed to SM expectation
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Combined ttH and VH results

Combined analysis with previous VH measurement performed

e Common experimental uncertainties are correlated
o Except jet flavour-tagging
Background modelling uncertainties are uncorrelated
o Different dominant backgrounds
e Theoretical modelling uncertainties for same processes are correlated

e Expected 95% CL limitonu,, :5.6

o 36% (26%) improvement over +tH (VH) alone
e Observed 95% CL limitonu,, , :9.3

o Driven by statistical fluctuation in VH channel
e Observed (expected) 95% CL: |k | < 3.5 (2.7)

17
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061801?__cf_chl_f_tk=2VWpjrmLEfGod8tuM9Id0xO4OrZFLZp0xLmHCdlnsjk-1782977430-1.0.1.1-lDsPynK0fNS0eMV09cpQIZNfHbBPGmFvchoIfOPcqJc

Summary

e Measurement of H->cc™ via t"H production
o  Alongside with H->bb"

e New jet-flavour identification tool and event classification techniques
o Using advanced machine learning algorithms

e The observed (expected) 95% CL limits on B itHHoco) 7.8 (8.7)

e Combined ttH and VH measurements:
o Observed (expected) 95% CL: |k | < 3.5 (2.7)

o The most stringent constraint to date

18
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Backup

19
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ParticleNET

Outputs eight probabilities:

® Py Pope P Pecr Pugs: Py Pileup and other sources

_ Po + Pob + Pc + Pec B Pb + Pbb
B pb+pbb+pc+pcc+puds+pg pb+Pbb+Pc+PCC

20
M.Kholodenko 15th Cours on Physics at the LHC 2026 July 15, 2026



Distribution of PART discriminants

. CMS Supplementary 138 fb=! (13 TeV)
2 "7 F Post-fit | Data BN fH(H-cC) B fiZ(Z—ct) [ fiH(H-other) W ff+22b ff+22c [ ti+light]
% ; Pvaluas08 7 Totalunc. = fiH(H-bb) B ffiZ(Z—bb) [ fiZ(Z—other) HH fi+b [ tivc  EEE Other ]
- 10s0L 1L 2L |
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Event classifier discriminants
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Uncertainties breakdown
_ Ap (Ap/ Apiior)
Uncertainty source HiTH (H—ce) MetH (H-bb)
Statistical 3.3  (74%) 0.14 (57%)
tt+jets normalizations 1.4 (32%) 0.06 (26%)
ttZ normalizations 0.4 (8.4%) 0.06 (30%)
Theory 21 (47%) 0.18 (75%)
Signal 0.7 (15%) 011 (47%)
tt+>1b 0.7 (15%) 0.14 (60%)
tt+>1c 1.4 (32%) 0.01 (5.8%)
tt+light 1.3 (29%) 0.01 (5.2%)
Minor backgrounds 0.2 (4.6%) 0.01 (4.6%)
Experimental 20 (47%) 0.07 (31%)
Jet flavor tagging 1.7 (39%) 0.07 (28%)
Size of the simulated samples 1.1 (24%) 0.05 (21%)
Jet energy scale and resolution 0.8 (18%) 0.02 (8.6%)
Lepton identification 0.3 (6.0%) 0.02 (6.3%)
Integrated luminosity 0.1 (2.0%) 0.02 (6.2%)
Total 4.5 (100%) 0.24 (100%)
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