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The Higgs in the Standard Model

2

Gauge interactions (0 pars.)

Yukawa interactions (fermion masses => 
proton, neutron masses), CKM matrix and CP violation (13 
pars.: )6 × mq + 3 × mℓ + 4 × θCKM

Higgs potential (2 pars.)

ℒSM = −
1
4

FμνFμν + iψ̄Dψ

+ |DμΦ |2

−V(Φ)
+ψiyijψjΦ

Electroweak (3 pars.) and QCD sector (1 pars.)

Out of 19 free parameters in the Standard Model Lagrangian, 15 are in the scalar sector 

Higgs mass, Higgs self-couplings, 
 fermion masses, CKM parameters

1/2 of the SM Lagrangian is about Higgs!
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The Higgs potential

• 3 parameters: , ,  

• Relationships between them are fixed in the SM: 

• Characterizing the Higgs potential means measuring the H boson 
mass (μ) and the strength of its self coupling (λ)

v mH λ

3

V(Φ) = −μ2Φ†Φ+λ(Φ†Φ)2

V(H) = V0+
1
2

m2
HH2+λvH3+

1
4

λH4

Expanding around potential minimum (SM):

λ =
m2

H

2v2

Test of the SM!

While minimal, this extension presents several interesting features, including universal modifications of the Higgs
boson couplings to SM particles, the presence of an additional scalar state that, if sufficiently heavy, can decay into
a pair of Higgs bosons, and modified ω3 and ω4. The enriched scalar potential dynamics enable the possibility of
a strong FOPT, as explored in [67, 71–73]. This phase transition could also be probed in a complementary way
through gravitational wave observations [68]. Additionally, the stability of the vacuum for large field configurations
can be affected [5, 7], potentially leading to further constraints.

Figure 6: (Top) BEH potentials in various models which predict a
first-order phase transition [70]. The models are compared with the
SM BEH potential. Two approaches (SMEFT 6 and HH-driven) are
used to show the expected uncertainties on the Higgs self-coupling
achieved by combining ATLAS and CMS at 3 ab→1 in the S3 sce-
nario. The dashed lines show the boundary of the regions for which
the alternative models predict a strong first-order phase transition. The
arrows indicate the region where the strong first-order phase transition
happens. Further details can be found in the text. The bottom panel
shows the difference between the potential V (ω) and its SM expecta-
tion VSM (ω). Here, the 68% and 95% CL uncertainty bands on the
shape of V (ω) are shown, for the HH-driven and SMEFT 6 poten-
tials (see text). (Bottom) A zoom into the V (ω)→ VSM (ω) difference
around the minimum of V (ω), corresponding to the validity range of
the HH-driven band.

Given the broad phenomenology of the
singlet extension, a comprehensive set of preci-
sion measurements and searches conducted by
the ATLAS and CMS Collaborations can be uti-
lized to constrain the model. These searches are
very powerful in excluding effectively the param-
eter space configurations that would otherwise
allow a strong FOPT as shown in the following.

The first category of searches involves
resonant scalar decays into vector bosons (V V )
and HH . These constraints can be further
strengthened by limits on ω3 obtained from non-
resonant HH searches, as discussed in Section 3.
Additionally, upper bounds on universal modifi-
cations to Higgs boson couplings with SM par-
ticles provide further restrictions on the model’s
viability.

A summary of the expected ATLAS+CMS
exclusions with 3 ab→1 is presented in Fig. 7
(top-left) in the plane of the scalar portal cou-
pling, a2, versus the scalar singlet mixing angle
ε [70], for a given exemplary choice of the the-
ory parameters mS , b3, and b4 [70] for which
a strong FOPT is possible. A significant por-
tion of the viable parameter space is excluded,
thanks to the interplay between measurements
and searches. The dark blue hatched region iden-
tifies the parameter space where a strong FOPT
is possible, leading to an explanation of the uni-
verse matter-antimatter asymmetry. Note that the
exclusion by the searches is different here than in
the case of a strong FOPT within the EFT frame-
work (see Fig. 6), as here the symmetry breaking
dynamics can be richer with a two step transi-
tion with different low energy scales. The EFT
approach, on the other hand, is valid only in the
assumption that the scale of new physics is suffi-
ciently high.

Figure 7 (top-right) shows the 68% and
95% CL HL-LHC exclusion reach in the plane
of the Higgs boson coupling to ZZ relative to
the SM one versus ω3 , as discussed for exam-
ple in Ref. [74]. The projected bounds on ω3 and
the Higgs boson coupling to ZZ are compared
to the exclusion regions from the direct searches
for S → HH and S → ZZ, for the same choice
of mS , b3, and b4 as in the top-left plot of Fig. 7.
Most of the strong FOPT phase space is excluded
for this choice of parameters by the complementarity of measurements and searches. Similar or stronger conclu-
sions can be reached in Figs. A.6 and A.7 for a benchmark of few representative choices of the mS , b3, and b4

9

 in SM and beyondV(ϕ)

: vacuum exp. valuev = ( 1

2GF )
1/2
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SM free parameter s

4

Low energy measurements (muon decay lifetime) determine the vacuum expectation value  
of the SM

v

E << mW E > mW

Effective couplings

35Nicholas Wardle

GF
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In Fermi theory for the muon decay, low energy measurements are to constrain the 
SM parameters à Fermi theory an EFT for the SM! *

E* At least for theory of weak interactions

Effective field (Fermi) theory
E > mW

Standard Model 
E << mW

GF

2

Effective couplings

35Nicholas Wardle

GF
<latexit sha1_base64="mghrK3S1q8pWzmCw+ALvMmVyfvk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0haRb0VBfVYwbSFNpTNdtMu3WzC7kYoob/BiwdFvPqDvPlv3LYBtfpg4PHeDDPzgoQzpR3n0yosLa+srhXXSxubW9s75d29popTSahHYh7LdoAV5UxQTzPNaTuRFEcBp61gdDX1Ww9UKhaLez1OqB/hgWAhI1gbybvpZdeTXrni2Bdu7dStIcd2Zvgmbk4qkKPRK390+zFJIyo04Vipjusk2s+w1IxwOil1U0UTTEZ4QDuGChxR5WezYyfoyCh9FMbSlNBopv6cyHCk1DgKTGeE9VAtelPxP6+T6vDcz5hIUk0FmS8KU450jKafoz6TlGg+NgQTycytiAyxxESbfEomBHfx5b+kWbXdml29O6nUL/M4inAAh3AMLpxBHW6hAR4QYPAIz/BiCevJerXe5q0FK5/Zh1+w3r8AxyCOqg==</latexit>

In Fermi theory for the muon decay, low energy measurements are to constrain the 
SM parameters à Fermi theory an EFT for the SM! *

E* At least for theory of weak interactions

Effective field (Fermi) theory
E > mW

Standard Model 
E << mW

g

2 2

g

2 2

1
q2 − M2

W

 remains the only  
free parameter of the SM !

mH1
τμ

= Γμ ∝
m5

μ

v4

Fermi theory & the muon decay

84Nicholas Wardle

In the limit q2 à 0, fermi constant is completely determined by the Higgs vacuum 
expectation value ν
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Couplings to gauge bosons

5

|DμΦ |2 :    minimal gauge invariant couplings

Higgs Production and Decay

9Nicholas Wardle

WH / ZH

VBF

ggH

gg→
ZH

gb→tHW qg→tHq
ttHbbH

D
ecreasing cross-section H

�

�

H

�

�

H

b, ⌧, µ

b, ⌧, µ

H

W,Z

W,Z

Hàff HàVV

Hàγγ

Many production and decay 
modes to study Higgs for  
mH~125 GeV … access to 
many Higgs-SM couplings

gHVV ∝
M2

V

v gHHVV ∝
M2

V

v2

The SM determines the relationships between masses and gauge couplings:

Crucial test of the SM paradigm: 
Consistency of these predictions at a quantum level with a scalar field : 
- loop effects in W and Z propagators 
- Unitarity preservation in VV  VV scattering 

 => direct measurement of the Higgs couplings to W and Z

ϕ

→
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Couplings to fermions

6

LYuk = yijψ̄ i
Lψ j

Rϕ ,    with ϕ → H + v

Yukawa  
Higgs couplings

Fermion masses 
(i.e. masses of matter particles)

yi,j ∝
mf

v
δij

The Yukawa part of the SM Lagrangian determines the mass of the quarks and leptons 

The SM though, doesn’t explain: 
• Why the hierarchy of the fermion masses 
• Why the hierarchy of the Yukawa couplings  
• The rotation between the mass and flavour states (CKM matrix)

Higgs Production and Decay

7Nicholas Wardle

WH / ZH

VBF

ggH

gg→
ZH

gb→tHW qg→tHq
ttHbbH

D
ecreasing cross-section H

�

�

H

�

�

H

b, ⌧, µ

b, ⌧, µ

H

W,Z

W,Z

Hàff HàVV

Hàγγ

Many production and decay 
modes to study Higgs for  
mH~125 GeV
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Higgs production at the LHC
• About 28 million Higgs bosons produced by LHC during 

Run2 + Run3 

• For  a wide range of production and 
decay modes accessible 

• Establishing each production mode and studying its 
properties  

mH ∼ 125 GeV

7

Higgs 
From Discovery to Precision

Probing Higgs Couplings at the LHC �4
The Higgs boson at the LHC.
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µ = 1.07± 0.22 (at 68%CL)

In the kappa framework , fit for 6 
coupling strength modifiers (κ)  

for  mH = 125.38 GeV

CMS p-value for SM hypothesis (all κ=1): 44% 

for the first time, meaningful 68% and 95% 
confidence intervals for a Higgs boson coupling to a 

second generation fermion

CMS-HIG-19-006 
JHEP 01 (2021) 148

gluon fusion 
ggH

vector boson 
fusion (VBF)

W,Z associated 
production 

WH/ZH

 associated 
production

tt̄H

D
ecreasing cross-section

Higgs prod & decay

83Nicholas Wardle

Production mode Cross section (pb) Decay channel Branching fraction (%)

ggH 48.31 ± 2.44 bb 57.63 ± 0.70

VBF 3.771± 0.807 WW 22.00 ± 0.33

WH 1.359± 0.028 gg 8.15 ± 0.42

ZH 0.877± 0.036 tt 6.21 ± 0.09

ttH 0.503± 0.035 cc 2.86 ± 0.09

bbH 0.482± 0.097 ZZ 2.71 ± 0.04

tH 0.092± 0.008 gg 0.227 ± 0.005

Zg 0.157 ± 0.009

ss 0.025 ± 0.001

µµ 0.0216± 0.0004

Higgs production 
cross sections 

at  GeVmH ∼ 125
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From Discovery to Precision

Probing Higgs Couplings at the LHC �4
The Higgs boson at the LHC.

Higgs boson production

g

g

H

t

q

H

q

q

q

V

H

Vq

q̄

V

g

g

H

t

t̄

Main production
channel

2 forward jets, little
hadronic activity in
between

Tag W and Z

leptonic and
hadronic decays

Tag 2 top quarks

Higgs boson decays

 [GeV]HM
100 120 140 160 180 200

H
ig

gs
 B

R
 +

 T
ot

al
 U

nc
er

t

-310

-210

-110

1

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
1

bb

ττ

cc

gg

γγ γZ

WW

ZZ

5 main decay channels at LHC
Decay branching fractions @ mH =
125 GeV

H ! bb̄ 57.7%
H ! WW

⇤ 21.5%
H ! ⌧⌧ 6.3%
H ! ZZ

⇤ 2.6%
H ! �� 0.23%

() Oct 28, 2014 6 / 29
 [GeV]HM

80 100 120 140 160 180 200

H
ig

g
s 

B
R

 +
 T

o
ta

l U
n

ce
rt

-410

-310

-210

-110

1

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1

3

bb

ττ

µµ

cc

gg

γγ γZ

WW

ZZ • H→bb: 58 %

• H→WW*: 21%

• H→τ+τ-: 6.3%

• H→ZZ*: 2.6%

• H→γγ: 0.23%

5 key decay channels

Decay branching fractions for mH = 125 GeV

Tag 2 top quarksMain production 
channel: gluon-

gluon fusion

2 forward jets, 
little central 

hadronic activity

Tag W and Z 
decays

6.9M
3.8 pb
520k

2.3 pb
320k

0.5 pb
70k

49 pb

4 main production modes

σ [pb]
 #Higgs produced during 

Run-2

Probing Higgs Couplings at the LHC �4
The Higgs boson at the LHC.

Higgs boson production

g

g

H

t

q

H

q

q

q

V

H

Vq

q̄

V

g

g

H

t

t̄

Main production
channel

2 forward jets, little
hadronic activity in
between

Tag W and Z

leptonic and
hadronic decays

Tag 2 top quarks

Higgs boson decays

 [GeV]HM
100 120 140 160 180 200

H
ig

gs
 B

R
 +

 T
ot

al
 U

nc
er

t

-310

-210

-110

1
LH

C
 H

IG
G

S 
XS

 W
G

 2
01

1

bb

ττ

cc

gg

γγ γZ

WW

ZZ

5 main decay channels at LHC
Decay branching fractions @ mH =
125 GeV

H ! bb̄ 57.7%
H ! WW

⇤ 21.5%
H ! ⌧⌧ 6.3%
H ! ZZ

⇤ 2.6%
H ! �� 0.23%

() Oct 28, 2014 6 / 29
 [GeV]HM

80 100 120 140 160 180 200

H
ig

g
s 

B
R

 +
 T

o
ta

l U
n

ce
rt

-410

-310

-210

-110

1

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1

3

bb

ττ

µµ

cc

gg

γγ γZ

WW

ZZ • H→bb: 58 %

• H→WW*: 21%

• H→τ+τ-: 6.3%

• H→ZZ*: 2.6%

• H→γγ: 0.23%

5 key decay channels

Decay branching fractions for mH = 125 GeV

Tag 2 top quarksMain production 
channel: gluon-

gluon fusion

2 forward jets, 
little central 

hadronic activity

Tag W and Z 
decays

6.9M
3.8 pb
520k

2.3 pb
320k

0.5 pb
70k

49 pb

4 main production modes

σ [pb]
 #Higgs produced during 

Run-2

June 7, 2021 CMS Highlights 

Summary of Higgs Couplings

17

<latexit sha1_base64="tYAmcl1f0JDYQjGwNORT1PHKSvg="></latexit>

µ = 1.07± 0.22 (at 68%CL)

In the kappa framework , fit for 6 
coupling strength modifiers (κ)  

for  mH = 125.38 GeV

CMS p-value for SM hypothesis (all κ=1): 44% 

for the first time, meaningful 68% and 95% 
confidence intervals for a Higgs boson coupling to a 

second generation fermion

CMS-HIG-19-006 
JHEP 01 (2021) 148

49 pb 
24.5M

Higgs 
From Discovery to Precision

Probing Higgs Couplings at the LHC �4
The Higgs boson at the LHC.

Higgs boson production

g

g

H

t

q

H

q

q

q

V

H

Vq

q̄

V

g

g

H

t

t̄

Main production
channel

2 forward jets, little
hadronic activity in
between

Tag W and Z

leptonic and
hadronic decays

Tag 2 top quarks

Higgs boson decays

 [GeV]HM
100 120 140 160 180 200

H
ig

gs
 B

R
 +

 T
ot

al
 U

nc
er

t

-310

-210

-110

1

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
1

bb

ττ

cc

gg

γγ γZ

WW

ZZ

5 main decay channels at LHC
Decay branching fractions @ mH =
125 GeV

H ! bb̄ 57.7%
H ! WW

⇤ 21.5%
H ! ⌧⌧ 6.3%
H ! ZZ

⇤ 2.6%
H ! �� 0.23%

() Oct 28, 2014 6 / 29
 [GeV]HM

80 100 120 140 160 180 200

H
ig

g
s 

B
R

 +
 T

o
ta

l U
n

ce
rt

-410

-310

-210

-110

1

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1

3

bb

ττ

µµ

cc

gg

γγ γZ

WW

ZZ • H→bb: 58 %

• H→WW*: 21%

• H→τ+τ-: 6.3%

• H→ZZ*: 2.6%

• H→γγ: 0.23%

5 key decay channels

Decay branching fractions for mH = 125 GeV

Tag 2 top quarksMain production 
channel: gluon-

gluon fusion

2 forward jets, 
little central 

hadronic activity

Tag W and Z 
decays

6.9M
3.8 pb
520k

2.3 pb
320k

0.5 pb
70k

49 pb

4 main production modes

σ [pb]
 #Higgs produced during 

Run-2

Probing Higgs Couplings at the LHC �4
The Higgs boson at the LHC.

Higgs boson production

g

g

H

t

q

H

q

q

q

V

H

Vq

q̄

V

g

g

H

t

t̄

Main production
channel

2 forward jets, little
hadronic activity in
between

Tag W and Z

leptonic and
hadronic decays

Tag 2 top quarks

Higgs boson decays

 [GeV]HM
100 120 140 160 180 200

H
ig

gs
 B

R
 +

 T
ot

al
 U

nc
er

t

-310

-210

-110

1

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
1

bb

ττ

cc

gg

γγ γZ

WW

ZZ

5 main decay channels at LHC
Decay branching fractions @ mH =
125 GeV

H ! bb̄ 57.7%
H ! WW

⇤ 21.5%
H ! ⌧⌧ 6.3%
H ! ZZ

⇤ 2.6%
H ! �� 0.23%

() Oct 28, 2014 6 / 29
 [GeV]HM

80 100 120 140 160 180 200

H
ig

g
s 

B
R

 +
 T

o
ta

l U
n

ce
rt

-410

-310

-210

-110

1

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

0
1

3

bb

ττ

µµ

cc

gg

γγ γZ

WW

ZZ • H→bb: 58 %

• H→WW*: 21%

• H→τ+τ-: 6.3%

• H→ZZ*: 2.6%

• H→γγ: 0.23%

5 key decay channels

Decay branching fractions for mH = 125 GeV

Tag 2 top quarksMain production 
channel: gluon-

gluon fusion

2 forward jets, 
little central 

hadronic activity

Tag W and Z 
decays

6.9M
3.8 pb
520k

2.3 pb
320k

0.5 pb
70k

49 pb

4 main production modes

σ [pb]
 #Higgs produced during 

Run-2

June 7, 2021 CMS Highlights 

Summary of Higgs Couplings

17

<latexit sha1_base64="tYAmcl1f0JDYQjGwNORT1PHKSvg="></latexit>

µ = 1.07± 0.22 (at 68%CL)

In the kappa framework , fit for 6 
coupling strength modifiers (κ)  

for  mH = 125.38 GeV

CMS p-value for SM hypothesis (all κ=1): 44% 

for the first time, meaningful 68% and 95% 
confidence intervals for a Higgs boson coupling to a 

second generation fermion
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In the kappa framework , fit for 6 
coupling strength modifiers (κ)  

for  mH = 125.38 GeV
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Production mode Cross section (pb) Decay channel Branching fraction (%)
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VBF 3.771± 0.807 WW 22.00 ± 0.33
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at a hadron collider!
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SM Higgs production and decay at the LHC 
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SM Higgs production and decay at the LHC 
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Parameter value

γZµ

µµµ

bbµ

ττµ

WWµ

ZZµ

γγµ

 (13 TeV)-1138 fb

Observed 1 SD (stat)±

 syst)⊕1 SD (stat ± 1 SD (syst)±
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6H = ⁄8 8IJ
CMS, arXiv:2207.00043

ggH VBF WH/ZH

ttH tHq

Each Higgs coupling appears in several production and decay modes 

: checking all  allows over-constraint test of the SM Higgsκi =
gi

gSM
i

ki = 1
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6 / 7 TeV

13 TeV

13.6 TeV

LHC from Run 1 to Run 3

10

Integrated luminosity > 500 f-1 by now, means ~30 millions of Higgs bosons recorded by 
CMS (and the same quantity by ATLAS) 
- Run3 is ~ Run2 => expect nice results from LHC phase1 dataset

Entering the attobarn era!

≈ 540 fb−1

x 2 (ATLAS+CMS) 
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Higgs bosons in CMS

11

 candidate 
 

pp → tt̄H( → μμ)
t → W( → q1q2)b1
t̄ → W( → eν)b2
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Zoom inside a Higgs event in ATLAS

12

How many ways are there to measure  
the Higgs boson?

Nature 607, 52 (2022)

22

ttH ⇒ tree-level Higgs-top coupling  

⇒Exploit the different decay channels.  

Precisions per experiments in Run2 : 
• H→γγ: ~35%  
• H→ML: ~25%  
• H→bb: ~26-27%, 

H→bb has the largest Higgs BR (58%) 
BUT: it is a complex signature:  
4b + 2 W (1 or 2 leptons (e|μ)) 
Can we do better? Higgs PAG Summary Plots

b-jet (Higgs)

b-jet (Higgs)

b-jet (top)

b-jet (top)
jet (W)

jet (W)

electron (W)

Reconstructing Higgs 
bosons from the 

products of its decays 

pp → ttH(H → bb̄)
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Why do we need the  measurement?mH

13

It’s a parameter not predicted by the SM. Measuring it, allows predicting: 
• all the other Higgs properties (cross sections, couplings)  
•EWK observables ( )mW, mt, sin θW

11

7 Discussion

In this paper we report the first W boson mass measurement by the CMS Collaboration at the
CERN LHC. The result is significantly more precise than previous LHC measurements. The W
boson mass is extracted from a sample of 117 million selected W → µν events, collected in 2016
at the proton-proton collision energy of 13 TeV, via a highly granular binned maximum likeli-
hood fit to the three-dimensional distribution of the muon pµ

T, ηµ , and electric charge. Novel
experimental techniques have been used, together with state-of-the-art theoretical models, to
improve the measurement accuracy. The muon momentum calibration, based on J/ε → µµ
decays, as well as the data analysis methods and the treatment of the theory calculations used
in the mW measurement have been extensively validated by extracting mZ and pZ

T both from a
direct Z → µµ dimuon analysis and from a W-like analysis of the Z boson data.

Figure 4: Comparison with other experiments and the EW fit prediction. The mW measurement
from this analysis (in red) is compared with the combined measurement of experiments at
LEP [54], and with the measurements performed by the D0 [55], CDF [11], LHCb [9], and
ATLAS [10] experiments. The global EW fit prediction [5] is represented by the gray vertical
band, with the shaded band showing its uncertainty.

As shown in Fig. 4, the measured value, mW = 80 360.2 ± 9.9 MeV, agrees with the standard
model expectation from the electroweak fit and is in disagreement with the measurement re-
ported by the CDF Collaboration. Our result has similar precision to the CDF Collaboration
measurement and is significantly more precise than all other measurements. The dominant
sources of uncertainty are the muon momentum calibration and the parton distribution func-
tions. Uncertainties in the modeling of W boson production are subdominant due to novel
approaches used to parameterize and constrain the predictions and their corresponding un-
certainties in situ with the data. This result constitutes a significant step towards achieving
an experimental measurement of mW with a precision matching that of the EW fit. Together
with other recent measurements performed by the CMS Collaboration, including the top quark
mass [56] and the effective electroweak mixing angle [57], this work demonstrates the power of
the CMS detector and of the LHC as instruments for precision measurements of the parameters
of the standard model.

A precise  measurement, together with  and  is connected to the universe stabilitymH mW mt

The Higgs boson mass: “is not” vs “is”

4

•The Higgs boson mass is not a prediction of the 
theory but the Higgs boson mass is a free input 
parameter of the the theory  

•The Higgs boson mass is not a test of the SM but 
the Higgs boson mass is an important ingredient in 
SM predictions of many “mH-dependent” SM 
observables: 
‣Higgs boson observables: couplings, BRs, width 
‣Electroweak observables: mass of the W boson, 
mass of the top quark, effective weak mixing 
angle, … 

•The Higgs boson mass value is connected to the 
Fermi and the Planck scales and ultimately with the 
vacuum stability

Alessandro Tarabini

 measured with  precisionmW 10−4

Nature 652, 321–327 (2026)

ATL-PHYS-PUB-2025-018  
CMS-HIG-25-002

https://doi.org/10.1038/s41586-026-10168-5
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-25-002/ESU2025_ATLAS_CMS_submitted_ESU.pdf
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-25-002/ESU2025_ATLAS_CMS_submitted_ESU.pdf
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How to measure the Higgs mass ( )H → γγ

14

Need an excellent ECAL

Photon energy measurements in CMS

A dedicated calibration 
of each ECAL channel 
has been performed [3], 
[4], [5].

Thanks to this effort, 
the 𝑚𝛾𝛾  resolution is 
improved by 5% to 15%.

Clustering Amplitude fit Laser correction

𝐸𝑒,𝛾 = ∑𝑖 (𝐴𝑖 × 𝐺 × 𝐶𝑖 × 𝐿𝐶𝑖) × 𝐹𝑒,𝛾

,*, ,*1 -*, -*1 .*, .*1 /*,
?nuop]h�xƾx

,*,,,

,*,,1

,*,-,

,*,-1

,*,.,

,*,.1

Ej
pa
n)_

]h
e^
n]
pek
j�
ln
a_
eo
ek
j

� � 14*4�b^͍-�$-/�PaR%

A?=H
ǊE?�Ǉ,

ǊE?�A+l
ǊE?�Vaa
ǊE?�_ki^ej]pekj

  CMS Preliminary 2018 

0.08 0.1 0.12 0.14 0.16 0.18 0.2
 invariant mass (GeV)γγ

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000
 p

ai
rs

γγ
N

um
be

r o
f 

data
Fit model
Signal
Background

ECAL Barrel
 = -0.03η

(13 TeV)CMSPreliminary 2018

Intercalibration RegressionADC to GeV

LHCP 2026 - Paris CMS H → 𝛾𝛾 mass measurement May 18, 2026 4 / 13

Single channel energy



Emanuele Di Marco Les Rencontres de Noirmoutier   2/6/2026 15
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Photon energy measurements in CMS
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Photon energy measurements in CMS
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Electromagnetic 
shower
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Single channel energy Detector response vs time
Photon energy measurements in CMS

A dedicated calibration 
of each ECAL channel 
has been performed [3], 
[4], [5].

Thanks to this effort, 
the 𝑚𝛾𝛾  resolution is 
improved by 5% to 15%.

Clustering Amplitude fit Laser correction
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Electromagnetic 
shower
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Calibrations
Cluster corrections (ML)

How to measure the Higgs mass ( )H → γγ
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From electrons to photons
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Mass measurement in the H→ɣɣ channel

7

New calibration strategy for photons to account for data and simulation differences 
The most critical component of this measurement is the photon energy measurement

Alessandro Tarabini
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After a granular data-simulation calibration with Z→ee events, the residual electron-photon scale 
difference is computed with the FSR photons from Z→μμɣ

Run2

CMS-PAS-HIG-24-007

Joker talk given by Paul Gaigne

 is a clean & copious source of e.m. clusters at LHC, very similar to photons. 
Used to do granular data/simulation corrections (vs )
Z → e+e−

η, pT, …

Back to physics... electrons vs photons
• For energies >> 1 MeV electrons / photons:

• First hard interaction is a bremmstrhalung / conversion
• They curve / go straight in the B field
• Interaction length (affecting 1° interaction) is X0 / 1.3 X0

Feb. 19 2025 𝑯 → 𝜸𝜸: where we are - Ruben Gargiulo – CMS Roma-I 5

CMS ECAL

Next 3 slides: 
3 effects taken into 
account trying to 
explain the observed 
differences

Perfect data/MC closure after 
 correctionsZ → ee

BUT: electrons / photons: 
- first hard interaction is a brem / conversion 

- Interaction length is  / 1 X0 1.3 X0
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20

Mass measurement in the H→ɣɣ channel
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New calibration strategy for photons to account for data and simulation differences 
The most critical component of this measurement is the photon energy measurement
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Once applied on real photons in  events (  from muon FSR), a residual small 
energy shift is observed  derive e/  residual corrections

Z → μμγ γ
⇒ γ

Residual photon energy scale from Z → μμ𝛾 events

The same analytical framework [6] is adapted to real photons using Z → μμ𝛾 events after applying the electron 
calibration and uniformity corrections to photons, providing, for the first time in CMS, a direct photon 
calibration at high 𝑝T.

Result in this analysis:
‣ measured in bins of 𝑝T, |𝜂| and 𝑅9
‣ typical correction: 0.5% → 0.8% in the barrel
‣ main limitations: limited Z → μμ𝛾 statistics and sensitivity to the muon momentum scale
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Corrections within 0.5%  0.8% in barrel 
Limited by: the  sample and muon scale systematics

→
Z → μμγ
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New Higgs mass measurement (CMS)
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  Run 1 + Run 2l4→ATLAS H
Phys. Lett. B 843 (2023) 137880

  Run 1 + Run 2l4→CMS H
Phys. Rev. D 111 (2025) 092014

  Run 1 + Run 2γγ→ATLAS H
Phys. Lett. B 847 (2023) 138315

  Run 1 + Run 2γγ→CMS H
CMS-PAS-HIG-24-007
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CMS Preliminary
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Tot Stat Syst
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12

tribution of that set to the total uncertainty in mH. The expected uncertainties are evaluated
using an Asimov dataset [42] generated from the expected SM signal with the best-fit back-
ground model. The observed impact of individual sources of uncertainty is summarised in
Table 1. The leading systematic uncertainty arises from the limited number of events in the
data and simulated Z ! µµg samples used to derive residual corrections to the photon energy
scale. The next largest contribution comes from the uncertainty in the extraction of the energy
scale corrections for photons with ET > 80 GeV in the Z ! µµg sample. The systematic un-
certainty associated with the interference between the gluon-fusion-induced H ! gg signal
process and the continuum diphoton background is estimated from the difference between fits
using the standard signal simulation and a signal simulation that includes interference, and is
found to be 27 MeV. Finally, the 13 MeV contribution labelled ‘other sources’ accounts for un-
certainties related to the luminosity measurement, simulation-to-data corrections applied to the
signal, and theoretical uncertainties in the signal prediction, including the branching fraction,
the strong coupling constant aS, the renormalization and factorization scales, and the choice of
parton distribution functions.

Table 1: Observed impact of the different sources of systematic uncer-
tainty in the measurement of mH

Source Contribution (MeV)
Photon energy scale

Statistical uncertainty of muon sample 75
Residual non-linearity 64
Muon momentum 38
Electromagnetic shower 23

Photon energy resolution 7
Interference between ggH signal and background 27
Other sources 13
Statistical uncertainty 100
Total uncertainty 150

9 Results
To extract the measured value of mH and its uncertainty, a simultaneous binned maximum
likelihood fit is performed to the mgg distributions of all analysis categories in the range 100 <
mgg < 180 GeV, using a bin size of 125 MeV, which is small compared to the mass resolution.
The results are obtained with an asymptotic approach [43, 44], using a test statistic based on
the profile likelihood ratio [42]. In the fit, the signal strength, µ = s/sSM, is allowed to vary,
while GH is fixed to 4 MeV. The data and the combined signal-plus-background model for all
categories, both unweighted and weighted by their S/(S+B) ratios, are shown in Fig. 6.

The best-fit value of the Higgs boson mass is found to be:

mH = 125.14 ± 0.10 (stat) ± 0.11 (syst) GeV. (1)

For comparison, the expected uncertainties are ±0.10 (stat) ± 0.11 (syst) GeV. A scan of twice
the negative logarithm of the likelihood as a function of mH is shown in Fig. 7. To val-
idate our signal model, based on Voigtian functions with an additional parameter GH, we
also measure the signal strength µH!gg using the full Run 2 dataset, obtaining µH!gg =

0
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ATLAS+CMS combination is ongoing, in the meantime… 
Chi-square combination 

  
0.6 per mille precision

mH = 125.09 ± 0.07

CMS Run2 mass result in H→ɣɣ

Mass measurement in the H→ɣɣ channel
Run2
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  Run 1 + Run 2l4→ATLAS H
Phys. Lett. B 843 (2023) 137880

  Run 1 + Run 2l4→CMS H
Phys. Rev. D 111 (2025) 092014

  Run 1 + Run 2γγ→ATLAS H
Phys. Lett. B 847 (2023) 138315

  Run 1 + Run 2γγ→CMS H
CMS-PAS-HIG-24-007
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 0.05) GeV± 0.10 ± 0.12 ( ±125.08 
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 0.10) GeV± 0.09 ± 0.13 ( ±125.07 

CMS Preliminary

 (13 TeV)-1 (8 TeV) + 138 fb-1 (7 TeV) + 19.7 fb-15.1 fb
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Measurement precision:  
from both ATLAS and CMS 

δmH /mH ∼ 10−3

Main systematics from muon scale 
( ) and ECAL scale ( )Z → μμγ Z → ee
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Higgs boson total width
• Another way to look for invisible decays: measure the 

total Higgs width  

•  (⇔ lifetime ) too small 

to be measured directly: 
• ΓH<1.1 GeV from on-shell Higgs, limited by detector 

resolution  

• Textbook use of Heisenberg uncertainty principle:  

• finite particle lifetime => off-shell production must 
exist 

• Higgs width can be extracted from the ratio of       
on-shell and off-shell yields

ΓH

ΓSM
H = 4.1 MeV τH ∼ 1.6 × 10−22s

22
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Figure S3: Shown are the m2`2n (left) and m4` (right) distributions for the gg ! 2`2n and EW
ZZ(! 4`) + qq processes, respectively. These processes involve the SM H boson and inter-
fering continuum ZZ production contributions. The color code and the coupling constraints
are indicated on the legends below. The dashed green histogram is the direct sum of the H
boson signal and continuum ZZ contributions without their destructive interference, whereas
the solid magenta histogram is the amplitude-level sum with the interference included. The
distributions are shown after parton shower and inclusively in the number of generator-level
jets.

q

q̄
0

V

Z

qq̄
0 ! V Z:

Figure S4: The Feynman diagrams contributing to the qq ! ZZ and qq 0
! WZ processes

at tree level are represented with a single diagram. These two processes constitute the major
irreducible, noninterfering background contributions in the off-shell region.
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Higgs width measurement (off-shell)
• Strong evidence of Higgs off-shell production in both CMS and ATLAS: 

• 3.7σ in ATLAS HZZ, 3.6σ in CMS HZZ, 3.4σ in CMS HWW

23

ΓH = 4.3 +2.7
−1.9 MeV ΓH = 3.9 +2.7

−2.2 MeVH → WW*H → ZZ (4ℓ + 2ℓ2ν)

Neural Simulation Based Inference (ATLAS) multidim fit (CMS) help in presence of interference  
Measurements down to 50% precision ! 
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 candidateH → ZZ → 2μ2νμ

24

μ1

μ2

pmiss
T (ν1 + ν2)

Jet1

Jet2

, VBF candidatepp → H → ZZ( → 2μ2ν) + 2 jets

Higgs width 

81Nicholas Wardle

Slide by M. 
Delmastro
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Higgs width measurement (on-shell)
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• The presence of the interference induces distortions in the 
S+I spectrum and also a shift in the Higgs boson mass peak 
→ exploit this feature to measure ΓH from the m𝛾𝛾 distr. shape. 

• Relation between the H→𝛾𝛾 on-shell signal strength (μF) and 
the product of couplings (cg𝛾): 

• Differential cross section including both ggH resonant 
diphoton production (signal) and interference with the 
continuum diphoton process:

γF = μmeasured

μSM
=

c2
gσ /→

c2
gσ,SM /→SM

= c2
gσ

→SM

→

dμggΓHΓσσ
onffshell

dmσσ
+ dμInt

dmσσ
= c2

gσ
→SM

→ SggH + cgσ I =

= γF SggH + cgσ I = (γF ff cgσ) SggH + cgσ (SggH + I)
SggH and I templates do not depend on ΓH as ΓH << exp. resolution   

g

g

H

γ

γ

gg → H → γγ

LO : gg

γ

γ

g

g

gg → γγ

g

g

H

γ

γ

gg → H → γγ

LO : gg

γ

γ

g

g

gg → γγ

g

g

H

γ

γ

gg → H → γγ

LO : gg

γ

γ

g

g

gg → γγ

g

g

H

γ

γ

gg → H → γγ

LO : gg

γ

γ

g

g

gg → γγ

: the interference between resonant and non-resonant di-photon 
production interferes and distorts the Breit-Wigner depending on 
pp → (H) → γγ

ΓH

9

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

 0

 0.05

 0.1

 0.15

-20 -15 -10 -5  0  5  10  15  20

√s = 13.6 TeV

pT,γ > 20 GeV   |ηγ| < 2.5

pT,γ1
 pT,γ2

 > (35 GeV)2 

∆ Rγ1,2
 > 0.4

dσ
/d

m
γγ

 [f
b/

M
eV

]

mγγ - mH [MeV]

NLO(gg)
NLOsv(gg)

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

 0

 0.05

 0.1

 0.15

-20 -15 -10 -5  0  5  10  15  20

√s = 13.6 TeV

pT,γ > 20 GeV   |ηγ| < 2.5

pT,γ1
 pT,γ2

 > (35 GeV)2 

∆ Rγ1,2
 > 0.4

dσ
/d

m
γγ

 [f
b/

M
eV

]

mγγ - mH [MeV]

 NLO
 NLOsv

Fig. 3 Left pane: comparison of the exact NLO calculation and the soft-virtual approximation in the gg channel. Right pane:
complete NLO prediction, inclusive of all channels, compared to the corresponding soft-virtual approximation
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Fig. 4 Signal-background interference contribution to the
diphoton invariant mass distribution after Gaussian smearing.
Bands represent the envelope given by the scale variation.

The smallness of the LO imaginary part is indeed seen
in Fig. 5. In our setup, we find

‡LO

S
= 24.21+15%

≠14%
fb, ‡LO

I
= ≠0.11+20%

≠17%
fb. (21)

Here and in the following the quoted uncertainties are
obtained by coherently varying the renormalisation and
factorisation scales by a factor of two around the cen-
tral value µ = m““/2. At LO, we find that more than
80% of the destructive interference quoted above comes
from the imaginary part of the signal interfering with
the real part of the background. This gives us confi-
dence that neglecting mass e�ects in the background
prediction does not significantly impact our result. Fur-
thermore, as far as the signal goes, we note that the
bulk (about 95%) of the imaginary part is generated by
bottom-mass e�ects in the production amplitude. This

is easy to understand just by looking at the relative
importance of the top, bottom and W contributions to
the production and decay amplitudes.

At higher orders however, a larger interference is gen-
erated by the imaginary part of the background, which
no longer requires the presence of bottom quarks (see
the discussion in Sec. 3). Because of this, beyond LO
we only compute radiative corrections in the infinite-
top approximation and drop any mass dependence in
the background amplitudes. At NLO, we obtain

‡NLO

S
= 58.12+20%

≠14%
fb, ‡NLO

I
= ≠0.72+27%

≠21%
fb. (22)

These results are consistent with the analysis in
Ref. [26]. Our best prediction beyond NLO is ob-
tained within the soft-virtual approximation described
in Sec. 3. We find

‡NNLOsv
Õ

S
= 72.21+8%

≠8%
fb, ‡NNLOsv

I
= ≠1.21+7%

≠10%
fb,

(23)

hence the destructive interference reduces the total
rate by 1.7%.5 Given the theoretical [62] (see also
Refs. [63, 64]) and experimental [35, 36] uncertainty on
the Higgs total cross section, this e�ect is actually not
negligible and it can be used to further constrain the
Higgs width [26]. We do not pursue this line of investi-
gation here, but we estimate that, with current uncer-
tainties, one could already constrain the Higgs width to
about 20-30 times the Standard Model.

We can finally present the main result of our study, i.e.
the prediction for the mass-shift at NNLO. As discussed
5We point out that the theory uncertainties for the signal cross
section in Eq. (23) have been computed employing the exact
NNLO QCD scale variations.
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• The presence of the interference induces distortions in the 
S+I spectrum and also a shift in the Higgs boson mass peak 
→ exploit this feature to measure ΓH from the m𝛾𝛾 distr. shape. 

• Relation between the H→𝛾𝛾 on-shell signal strength (μF) and 
the product of couplings (cg𝛾): 

• Differential cross section including both ggH resonant 
diphoton production (signal) and interference with the 
continuum diphoton process:
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• Maximum likelihood fit to the data, combining all categories and data-taking years. 

•  < 91.8 MeV (expected  < 138.2 MeV) at 95% CL. 

• Previous CMS result from H→ZZ→4ℓ on-shell only:  < 330 MeV.
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Higgs with gauge bosons
• Couplings to vector bosons in H→ZZ, H→WW and indirectly in H→γγ well 

established since Run-1  

- gluon-fusion production (loop process) precisely determined: ~5% uncertainty 

- VBF production observed at > 5  (ATLAS+CMS)σ

27A. Gilbert (CERN)10/4/18

Combined Higgs measurements

• At ~125 GeV wide range of production and decay modes accessible 

• Important to establish unambiguous observation ( > 5σ signi"cance)  of these 
processes as a stepping stone on the way to precision tests of the couplings 

• The uncertainties on the theoretical predictions are also important: in some 
measurements already the same order as stat. and experimental uncertainties
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Higgs and 3rd generation fermions
• Couplings to 3rd generation fermions: 

- : observed at > 5  

- : observed in the associated VH(bb) production at > 5  

• Top quark Yukawa coupling :  

- can be inferred indirectly from loops in ggH production and  decay  

- observed directly in ttH associated production in combination of different channels, 
and also in a single channel mode ( ) 

H → ττ σ

H → bb̄ σ

yt ∼ 1
H → γγ

H → γγ

28

H → τ+τ−

H → bb̄

A. Gilbert (CERN)10/4/18

Combined Higgs measurements

• At ~125 GeV wide range of production and decay modes accessible 

• Important to establish unambiguous observation ( > 5σ signi"cance)  of these 
processes as a stepping stone on the way to precision tests of the couplings 

• The uncertainties on the theoretical predictions are also important: in some 
measurements already the same order as stat. and experimental uncertainties
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Results:  productionttH(H→bb)

● μttH(H→bb) = 0.91 +0.26/-0.22 — 4.4σ observed 
■ Good agreement with SM expectation 
■ Robust to variations of the tt+jets background model
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● Compared to previous 
results: 
■ More sophisticated & 

granular background 
model 

■ More inclusive selection 
■ Better MVA

[JHEP 02 (2025) 097]

tt̄H(H → bb̄)

Luc Le Pottier    LHCP 2026    May 22nd, 2026⋅ ⋅

Observed data:  spectrummαα
All events weighted by  and 
plotted here 

Colored lines: post-fit model prediction

• continuum background

• resonant background

• ttH + background / other signals

• tH + background / other signals  

Impacts from  and  are shown in the 
top/bottom panels respectively

• Changing “signal” definition in weighting

ln (1 + S/B)

tH tt̄H
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Higgs and 2nd generation fermions

29

• Couplings to 2nd generation (small BRs: ): 

- Evidence of  at 3.0  for both CMS and ATLAS 

- challenging 

yf ∝ mf

H → μμ σ
H → cc̄

H → μ+μ−

A. Gilbert (CERN)10/4/18

Combined Higgs measurements

• At ~125 GeV wide range of production and decay modes accessible 

• Important to establish unambiguous observation ( > 5σ signi"cance)  of these 
processes as a stepping stone on the way to precision tests of the couplings 

• The uncertainties on the theoretical predictions are also important: in some 
measurements already the same order as stat. and experimental uncertainties
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Results: coupling interpretation

● 1D constraints on : | | ≲ 3.0 obs. (3.3 exp.) 
● Most stringent constraints to date! 
● Combined with VH(cc): | | < 3.5 (< 2.7 exp.) 
■ About 20% improvement! 

● μ(H→cc) < 9.3 (5.6 expected)

κc κc

κc
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Measuring couplings from experimental data

30

10

are contained in bin d. In principle the functions rsig depends on both the POIs and the NPs,
i.e., the model POIs can change the expected shape of the signal. For this combination we
do not consider shape modifications from the POIs, except for a short discussion on those
induced by SMEFT operators (see Section 11.2). The signal contributions from each production
process i, and decay channel f , in analysis region r are summed over. For the most part, the
analysis regions are defined to target the different Higgs boson decay channels separately to
ensure orthogonality between input analyses. Therefore the contributions in each region r, are
typically dominated by a single decay channel, f . The term br(~q) is the expected background
yield in region r, and rbkg,rd(~q) is the fraction of background events that are contained in bin d.
Note that the normalisation and shape dependence of the background estimate is limited to the
NPs. The background estimate consists of the sum over different processes, e.g., QCD multijet,
tt and V+jets.

The pdfs rsig and rbkg, are constructed using histograms for template-based fits e.g. in the H !
WW ! `n`n [41] and H ! tt [42] channels, and analytic functions for binned parametric fits
e.g. in the H ! gg [39] and H ! Zg [45] inputs. The pdfs are estimated using simulation
for the signal and both data and simulation for the background. For parametric analyses, the
analytic functions are integrated over the bin dimensions to obtain the fraction of total events
expected in that bin.

For analyses based on unbinned fits, which only includes the onshell H ! ZZ ! 4` anal-
ysis [40] in this combination, the probability density term in the likelihood function can be
written as,

p(~x;~a,~q) =
1

Âi f s
i f

r (~a,~q) + br(~q)

⇣
Â
i f

s
i f

r (~a,~q)ri f

sig,r(~x;~a,~q) + br(~q)rbkg,r(~x;~q)
⌘

, (3)

where r
i f

sig,r(x;~a,~q) is now the signal pdf for Higgs boson production i and decay channel f in
analysis region r, over observables ~x. The corresponding background pdfs for analysis region r

are given by rbkg,r(~x;~a,~q). For a data set with n entries {~xd} where d runs from 1 to n, a Poisson
probability term is included in the definition of Lr,

Lr(~x;~a,~q) = Pois
⇣

n ; Â
i f

s
i f

r (~a,~q) + br(~q)
⌘
· ’

d

p(~xd;~a,~q). (4)

The combined likelihood function L, is defined as the product of likelihoods over all mutually-
exclusive analysis regions Lr, multiplied by an additional constraint term for each NP,

L(~x;~a,~q) = ’
r

Lr(~x;~a,~q)’
l

pl(yl ; ql), (5)

where each constrained NP ql 2 ~q is paired with a corresponding auxiliary observable yl . The
constraint term provides information about how well the NP is known a-priori. The proba-
bility distributions for the auxilliary observables pl(yl ; ql) can be normal, Poisson or uniform,
depending on the type of NP. In this likelihood function we assume that all yl are statistically
independent from each other and from the fitted observables. An individual NP represents a
single source of systematic uncertainty, and its effect is considered fully correlated between all
input analysis included in the fit.

The experimental likelihood is constructed in each channel “ ” to extract the Higgs signal 

rate ( ) on top of (usually) a much larger background  
•Simultaneously in many production modes “ ” and several decays “ ” 
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Measuring couplings from experimental data

31

10

are contained in bin d. In principle the functions rsig depends on both the POIs and the NPs,
i.e., the model POIs can change the expected shape of the signal. For this combination we
do not consider shape modifications from the POIs, except for a short discussion on those
induced by SMEFT operators (see Section 11.2). The signal contributions from each production
process i, and decay channel f , in analysis region r are summed over. For the most part, the
analysis regions are defined to target the different Higgs boson decay channels separately to
ensure orthogonality between input analyses. Therefore the contributions in each region r, are
typically dominated by a single decay channel, f . The term br(~q) is the expected background
yield in region r, and rbkg,rd(~q) is the fraction of background events that are contained in bin d.
Note that the normalisation and shape dependence of the background estimate is limited to the
NPs. The background estimate consists of the sum over different processes, e.g., QCD multijet,
tt and V+jets.

The pdfs rsig and rbkg, are constructed using histograms for template-based fits e.g. in the H !
WW ! `n`n [41] and H ! tt [42] channels, and analytic functions for binned parametric fits
e.g. in the H ! gg [39] and H ! Zg [45] inputs. The pdfs are estimated using simulation
for the signal and both data and simulation for the background. For parametric analyses, the
analytic functions are integrated over the bin dimensions to obtain the fraction of total events
expected in that bin.

For analyses based on unbinned fits, which only includes the onshell H ! ZZ ! 4` anal-
ysis [40] in this combination, the probability density term in the likelihood function can be
written as,

p(~x;~a,~q) =
1

Âi f s
i f

r (~a,~q) + br(~q)

⇣
Â
i f

s
i f

r (~a,~q)ri f

sig,r(~x;~a,~q) + br(~q)rbkg,r(~x;~q)
⌘

, (3)

where r
i f

sig,r(x;~a,~q) is now the signal pdf for Higgs boson production i and decay channel f in
analysis region r, over observables ~x. The corresponding background pdfs for analysis region r

are given by rbkg,r(~x;~a,~q). For a data set with n entries {~xd} where d runs from 1 to n, a Poisson
probability term is included in the definition of Lr,

Lr(~x;~a,~q) = Pois
⇣

n ; Â
i f

s
i f

r (~a,~q) + br(~q)
⌘
· ’

d

p(~xd;~a,~q). (4)

The combined likelihood function L, is defined as the product of likelihoods over all mutually-
exclusive analysis regions Lr, multiplied by an additional constraint term for each NP,

L(~x;~a,~q) = ’
r

Lr(~x;~a,~q)’
l

pl(yl ; ql), (5)

where each constrained NP ql 2 ~q is paired with a corresponding auxiliary observable yl . The
constraint term provides information about how well the NP is known a-priori. The proba-
bility distributions for the auxilliary observables pl(yl ; ql) can be normal, Poisson or uniform,
depending on the type of NP. In this likelihood function we assume that all yl are statistically
independent from each other and from the fitted observables. An individual NP represents a
single source of systematic uncertainty, and its effect is considered fully correlated between all
input analysis included in the fit.

The experimental likelihood is constructed in each channel “ ” to extract the Higgs signal 

rate ( ) on top of (usually) a much larger background  
•Simultaneously in many production modes “ ” and several decays “ ” 
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Measuring couplings from experimental data
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are contained in bin d. In principle the functions rsig depends on both the POIs and the NPs,
i.e., the model POIs can change the expected shape of the signal. For this combination we
do not consider shape modifications from the POIs, except for a short discussion on those
induced by SMEFT operators (see Section 11.2). The signal contributions from each production
process i, and decay channel f , in analysis region r are summed over. For the most part, the
analysis regions are defined to target the different Higgs boson decay channels separately to
ensure orthogonality between input analyses. Therefore the contributions in each region r, are
typically dominated by a single decay channel, f . The term br(~q) is the expected background
yield in region r, and rbkg,rd(~q) is the fraction of background events that are contained in bin d.
Note that the normalisation and shape dependence of the background estimate is limited to the
NPs. The background estimate consists of the sum over different processes, e.g., QCD multijet,
tt and V+jets.

The pdfs rsig and rbkg, are constructed using histograms for template-based fits e.g. in the H !
WW ! `n`n [41] and H ! tt [42] channels, and analytic functions for binned parametric fits
e.g. in the H ! gg [39] and H ! Zg [45] inputs. The pdfs are estimated using simulation
for the signal and both data and simulation for the background. For parametric analyses, the
analytic functions are integrated over the bin dimensions to obtain the fraction of total events
expected in that bin.

For analyses based on unbinned fits, which only includes the onshell H ! ZZ ! 4` anal-
ysis [40] in this combination, the probability density term in the likelihood function can be
written as,

p(~x;~a,~q) =
1
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r (~a,~q) + br(~q)

⇣
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sig,r(~x;~a,~q) + br(~q)rbkg,r(~x;~q)
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, (3)

where r
i f

sig,r(x;~a,~q) is now the signal pdf for Higgs boson production i and decay channel f in
analysis region r, over observables ~x. The corresponding background pdfs for analysis region r

are given by rbkg,r(~x;~a,~q). For a data set with n entries {~xd} where d runs from 1 to n, a Poisson
probability term is included in the definition of Lr,
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depending on the type of NP. In this likelihood function we assume that all yl are statistically
independent from each other and from the fitted observables. An individual NP represents a
single source of systematic uncertainty, and its effect is considered fully correlated between all
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“Signal strengths” approach: rates relative to SM:
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μf =
BRf

BRf
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and
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State of the art
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Figure 3: Summary of the signal-strength modifier measurements. The white circles and black
lines represent the best-fit points and 68% CL intervals, respectively. The orange lines indicate
the systematic components of the total 68% CL intervals. The left-hand panel shows the mea-
surements of the per-decay channel signal-strengths, whilst the grey band shows the 68% CL
interval on the inclusive signal-strength modifier. The other panels show the measurements
of the per-production-times-decay channel signal-strength modifiers, µi f . Within these pan-
els, the blue bands indicate the 68% CL intervals on the per-production mode signal-strength
modifiers. The SM predicted values are indicated by the red lines, and the pSM value from
the per-production-times-decay channel fit is shown in the plot to indicate the compatibility
with the SM hypothesis. The central values and 68% CL intervals for the µi f parameters are
explicitly written in each panel of the plot. The H ! ZZ signal-strengths are constrained to
be non-negative as indicated by the hatched boxes. Additionally, the WH, ZH and ttH + tH
production modes for the H ! Zg channel are constrained to the SM predictions, a feature
which is also indicated by hatched boxes.

Relaxed theory assumptions: 
 and  separate for each 

production mode and for each 
decay mode 

μi μf

arXiv:2602.18611

State of the art

https://arxiv.org/abs/2602.18611
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Figure 8: The best fit values (white circles) and 68% CL intervals (coloured lines) for the cross section times branching fraction fit. Theory
uncertainties which affect the cross section normalisations and branching fractions are included in the fit. The best-fit cross section times
branching fractions are obtained by multiplying the fit parameters µi f by the SM predictions at the highest-available order. Different panels
show the measurements for the different Higgs boson decay channels. The (ttH p

H
T > 300 GeV, H ! bb), (ggH p

H
T > 300 GeV, H ! WW)

and (ggH 0J p
H
T < 10 GeV, H ! tt) best-fit values and 68% CL intervals are entirely contained in the negative domain, and are represented

by arrows as they cannot be added to the log-scale axes. The H ! gg and H ! ZZ parameters are restricted to non-negative values which
is marked by the hatched grey lines in the corresponding panels.

Measured 97 :σi × BRf

Higgs cross sections 
measured over 4 

orders of magnitude

μif =
[σi × BRf]obs

[σi × BRf]SM

Evidence for rare 
decays: , H → μμ

H → Zγ

arXiv:2602.18611 State of the art

https://arxiv.org/abs/2602.18611
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The likelihood can be explicitly written in terms of “coupling modifiers”: -framework κ

μi =
σi

σi
SM

μf =
BRf

BRf
SM

and
L(~µ,~⌫) =

Y

n

p

0

@xn;
X

i,f

µiµ
fSf

i,n(~⌫) +
X

k

Bk(~⌫)

1

A ·
Y

i

p(yi; ⌫i)

17Nicholas Wardle

“Signal strengths” parameterized in 
terms of “coupling modifiers” κ

Standard model defined by     and

We construct a likelihood to interpret the combined datasets from across Higgs channels ….

µ ! µ()

 = 1 µ(1) = 1
<latexit sha1_base64="Pf/U2nqOtjUI/OGm6UOdi8aJpvM=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahXspuK+hFKHrxWMF+QLuUbJptQ5PsmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeUHMmTau++3k1tY3Nrfy24Wd3b39g+LhUUtHiSK0SSIeqU6ANeVM0qZhhtNOrCgWAaftYHw789tPVGkWyQcziakv8FCykBFsrNTpiaTsnV97/WLJrbhzoFXiZaQEGRr94ldvEJFEUGkIx1p3PTc2foqVYYTTaaGXaBpjMsZD2rVUYkG1n87vnaIzqwxQGClb0qC5+nsixULriQhsp8BmpJe9mfif101MeOWnTMaJoZIsFoUJRyZCs+fRgClKDJ9Ygoli9lZERlhhYmxEBRuCt/zyKmlVK16tUr2/KNVvsjjycAKnUAYPLqEOd9CAJhDg8Ayv8OY8Oi/Ou/OxaM052cwx/IHz+QOLHo78</latexit>
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Z

2
H

<latexit sha1_base64="37lwoWz1WZ9DxmbQYqAaXxCFy68="></latexit>

Experimental Higgs Likelihood

μggH ⋅ μZZ ∝
(1.04κ2

t + 0.002κ2
b − 0.038κtκb) ⋅ κ2

Z

κ2
H

In the SM, Higgs couplings to particles are 
proportional to particle masses => test the SM 
- Couplings to W/Z at 5-10% 
- Couplings to 3rd generation to 10-20% 
- Couplings to 2nd generation 50%
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In the SM, all . In BSM, κi = 1 κ = 1 + Δκ
, so precision on  ⇔ reach in new physics scale, , to the TeV rangeΔκ ∝ v2/Λ2
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Figure 1: The projected uncertainty in the combined coupling signal strength modifiers (left) and their ratios (right) with 3 ab→1

of pp collisions under the S2 systematic uncertainty scenario.

(ggF) Higgs boson production cross-section times the branching fraction to diphoton B(H → ωω), evaluated in137

the STXS bin for |yH | < 2.5 and pHT > 650 GeV, is 79% in the S2 scenario at 3 ab→1, where the predicted cross138

section is 0.005 ± 0.001 fb. Other decay channels, such as boosted H → εε [31] and H → bb̄ [32, 33], will139

significantly enhance the measurement precision in this phase space. Furthermore, as shown in Ref. [34], the ggF140

contribution to the total Higgs boson production cross-section becomes more subdominant compared to vector-141

boson-associated (V H , V = W,Z) production for pHT > 1 TeV. Reference [9] presents the projections for the142

measurement of the WH and ZH production modes in H → bb̄ decays, based on the ATLAS full Run-2 dataset.143

The projected ATLAS+CMS uncertainty in the V H cross section times B(H → bb̄) with pVT > 600 GeV is 19%144

for WH and 22% for ZH at 3 ab→1 in the S2 scenario, assuming the same sensitivity for both experiments.145

The V H production mode is also crucial for probing the Higgs boson coupling to charm quarks [9]. Con-146

sidering the recent improvements in b- and c-jet tagging techniques, a 1.6ϑ significance over the background-only147

hypothesis is expected for the V H → cc̄ process with 3 ab→1 for ATLAS+CMS. Additionally, the H-to-c quark148

coupling modifier ϖc can be constrained to |ϖc| < 1.5 at 95% CL, improving the previous constraint from direct149

searches by 30% [3].150

The determination of the H → Zω signal strength and the effective coupling modifier ϖZω is heavily151

limited by statistical uncertainties. Recently, evidence for the H → Zω decay with a significance of three standard152

deviations [35] was achieved through a combination of ATLAS [36] and CMS [37] searches based on the full Run-2153

dataset, with an observed signal strength of µ = 2.2±0.7. Deviations from the SM coupling are expected in several154

BSM models [38, 39]. The projections presented here are based on the latest analyses and their combination.155

Table 1 summarizes the projected precision of the signal strength measurement for H → Zω.156

The H → µµ decay is the most promising channel for measuring Higgs boson interactions with second-157

generation fermions at the LHC. The ATLAS [40] and CMS [41] analyses, based on the full Run-2 dataset, have158

been extrapolated to the HL-LHC [8, 42], accounting for higher signal and background production cross sections,159

and expected improvements in dimuon mass resolution due to detector upgrades up to 30% [43, 44]. Table 1160

summarizes the projected precision of the signal strength measurement for H → µµ.161

In addition, the large number of produced Higgs bosons (↑350 million for 3 ab→1 per experiment) makes162

ATLAS and CMS uniquely sensitive to rare Higgs boson decays, such as H → J/ϱ ω and H → ς ω, as well as163

exotic final states, like H → eµ or multi-body decays, predicted by many BSM extensions of the Higgs sector.164

The most recent ATLAS projections based on full Run-2 analyses (H → ωω, Zω, µµ [8], V H → bb̄ [9],165

H → εε [45]) have been combined with previous projections [24] (H → ZZ, H → WW , ttH → bb̄,166

ttH → multilepton) to simultaneously extract the Higgs boson coupling modifiers [8]: ϖω (Higgs-photon), ϖW167

(Higgs-W boson), ϖZ (Higgs-Z boson) , ϖg (Higgs-gluon), ϖt (Higgs-top), ϖb (Higgs-bottom), ϖε (Higgs-tau), ϖµ168

(Higgs-muon), and ϖZω (Higgs-Z-photon). In the results for the ϖj parameters presented here the Higgs boson169
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Figure 24: Expected uncertainties on the coupling modifiers in the e!ective parameterization for the analysis in this
note (blue bars) and for the previous analysis presented in Ref. [3] (orange bars). For 𝐿𝐿𝑀 and 𝐿𝑁, results including
Run 3 data as mentioned in the text are also shown (red bars).
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ATLAS-only: Lumi ~ 300 f-1

ATLAS-CONF-2025-006

ATL-PHYS-PUB-2025-018  
CMS-HIG-25-002

State of the art

https://cds.cern.ch/record/2937634/files/ATLAS-CONF-2025-006.pdf
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-25-002/ESU2025_ATLAS_CMS_submitted_ESU.pdf
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-25-002/ESU2025_ATLAS_CMS_submitted_ESU.pdf
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Figure 5: Measured fiducial and total cross-sections: (left panel) fiducial cross-sections for the four individual final
states; (middle panel) inclusive fiducial cross-section obtained by combining all 4𝐿 final states assuming relative
SM branching ratios; (right panel) total cross-section obtained after accounting for the branching ratio of the Higgs
boson into four leptons and the fiducial acceptance as determined from the simulated SM Higgs boson samples.
The measurement in data is shown as black markers with error bands indicating the total and boxes indicating the
systematic uncertainty. The measurements are compared to theoretical predictions with their associated uncertainties.

8.2 Di!erential cross-sections

Figure 6 and Figure 7 show the expected (pre-fit) and observed distributions of the 𝑀
4𝐿
T , 𝑁4𝐿 , 𝑂12, 𝑂34, 𝑃jets,

ω𝑄 𝑀 𝑀 , 𝑄 observables used for the di!erential cross-section measurements, and the 𝑀
4𝐿
T vs. 𝑂34 distribution

used for the double-di!erential cross-section measurement. The data are found to be largely in agreement
with the prediction.

The corresponding measured di!erential cross-sections obtained from these distributions using the procedure
discussed in Section 6.1 as well as the corresponding normalisation factors for the background are depicted
in Figure 8 and Figure 9. Uncertainties are statistically dominated, and the subdominant systematic
component arises primarily from lepton e"ciency and (for jet-related observables) jet energy calibration
uncertainties. The data are compared with SM expectations constructed from the ggF predictions provided
by P!"#$% and M&’G(&)#5_&MC@NLO, which are normalised to N3LO cross-section as described
in Section 3.2.2, with k-factors of 1.1 and 1.5 respectively. The uncertainty for P!"#$% predictions is
estimated from the procedure described in Section 7, while those for M&’G(&)#5_&MC@NLO are
estimated from varying factorisation and renormalisation scales. The probability of compatibility of
the measured di!erential cross-section and the SM expectation ranges from 5% to approximately 100%,
with the 𝑂12 being the least compatible with SM predictions due to a fluctuation in the first bin of the
distribution.
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 and   
 from 7 to 13.6 TeV

H → γγ H → ZZ → 4ℓ
s

Total Higgs cross section Fiducial cross sections

Kinematics at particle level defined in 
phase spaces to match the detector 

level selection

Look for new physics effects in the 
tails with reduced model 

assumptions  

Differential cross sections

All in good agreement with SM expectations: precise and model independent
Increasing granularity in phase space

Eur. Phys. J. C 84 (2024) 78
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Matter - Antimatter

42

Why matter >> anti-matter in the universe, i.e.  [baryon-asymmetry] ?  
The only known source  of CP-violation (CPV) is the CKM matrix in the quark sector

nB ≫ nB̄
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CP violation from Higgs decays

43

CP structure of H-ViVi interactions can be constrained well from  completely 
reconstructed final state kinematics

H → ZZ* → 4ℓ

categorize events), background (to isolate signal), or an
alternative H boson coupling model (to measure coupling
parameters). The “int” label refers to the interference
between the two model contributions. The probability
densities P are calculated from the matrix elements
provided by the MELA package and are normalized to give
the same integrated cross section for both processes in the
relevant phase space. This normalization leads to a bal-
anced distribution of events in the range between 0 and 1
for the Dalt discriminants, or between −1 and 1 for Dint.
In the special case where the Dint is calculated between
CP-even and CP-odd models, it is denoted as DCP. The
DCP observable is CP odd, and a forward-backward
asymmetry in its distribution would indicate CP violation.
This motivates the index “CP.”
When events are split into the VBF-1/2jet and VH-

hadronic categories, a set of discriminants D1=2jet is con-
structed, following Eq. (20), where Psig corresponds to the

signal probability density for the VBF (WH or ZH)
production hypothesis in the VBF-tagged (VH-tagged)
category, and Palt corresponds to that of H boson produc-
tion in association with two jets via gluon fusion. When
more than two jets pass the selection criteria, the two jets
with the highest pT are chosen for the matrix element
calculations. Thereby, the D1=2jet discriminants separate the
target production mode of each category from gluon fusion
production, in all cases using only the kinematic properties
of the H boson and two associated jets. The application of
the D1=2jet discriminants is described in Sec. III, where we
introduce four types of discriminants DVBF

1jet , D
VBF;i
2jet , DZH;i

2jet ,
and DWH;i

2jet , with the SM and the four anomalous coupling
hypotheses i considered in the signal model.
Several arrays of observables x⃗ are defined in each

category of events, uniquely targeting kinematic features of
each category, and are listed in Table IV. One observable,

FIG. 8. Four topologies of the H boson production and decay: gluon or EW vector boson fusion qq → V1V2ðqqÞ → HðqqÞ →
ðVVÞðqqÞ (upper left); associated production qq → V → VH → ðffÞðVVÞ (upper right);H boson production in association with the top
quarks tt̄H or tH (lower left); and four-lepton decay H → VV → 4l where the incoming gluons gg indicate the collision axis (lower
right), and which proceeds either with or without associated particles. The incoming partons are shown in brown and the intermediate or
final-state particles are shown in red and green. The angles characterizing kinematic distributions are shown in blue and are defined in
the respective rest frames [29,31,32]. The subsequent top quark decay is not shown. See Ref. [32] for details.
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gg→H→VV→4ℓ

of interactions [32] or the experimental signatures that
would allow its isolation from the other more dominant
production mechanisms.

A. Parametrization of production and decay amplitudes

Anomalous effects in theH boson couplings to fermions,
such as in the tt̄H and bb̄H production and partially in the
tH and gg → ZH production, can be parametrized with the
amplitude

AðHffÞ ¼ −
mf

v
ψ̄ fðκf þ iκ̃fγ5Þψ f ; ð1Þ

defined for each fermion type f, where ψ̄ f and ψ f are the
fermions’ Dirac spinors, κf and κ̃f are the corresponding

coupling strengths,mf is the fermion mass, and v is the SM
Higgs field vacuum expectation value. In the SM, the
coupling strengths are κf ¼ 1 and κ̃f ¼ 0. The presence of
both CP-even κf and CP-odd κ̃f couplings will lead to CP
violation. In an experimental analysis of the bb̄H process it
is not possible to resolve the κb and κ̃b couplings [32], but it
is possible to resolve the κt and κ̃t couplings in the tt̄H and
tH processes, which we explore in this paper.
Anomalous effects in EW H boson production (VBF,

ZH, and WH), ggH production, H → VV decay, and
partially in the tH and gg → ZH production, are described
by theHV1V2 couplings. The scattering amplitude describ-
ing the interaction between a spin-zero H boson and two
spin-one gauge bosons V1V2, such as ZZ, Zγ, γγ, WW, or
gg, is written as

AðHV1V2Þ ¼
1

v

!
aVV1 þ κVV1 q2V1 þ κVV2 q2V2

ðΛVV
1 Þ2

þ κVV3 ðqV1 þ qV2Þ2

ðΛVV
Q Þ2

"
m2

V1ϵ
%
V1ϵ

%
V2 þ

1

v
aVV2 f%ð1Þμν f%ð2Þ;μν þ 1

v
aVV3 f%ð1Þμν f̃%ð2Þ;μν; ð2Þ

where fðiÞμν ¼ ϵμViq
ν
Vi − ϵνViq

μ
Vi, f̃ðiÞμν ¼ 1

2 ϵμνρσf
ðiÞ;ρσ, and

ϵVi, qVi, and mVi are the polarization vector, four-
momentum, and pole mass of a gauge boson i ¼ 1 or 2.
The constants Λ1 and ΛQ are the scales of BSM physics
necessary to keep the κVVi couplings unitless, and aVV1 , aVV2 ,
aVV3 , κVV1 , κVV2 , and κVV3 are real numbers that modify the
corresponding amplitude terms. Equation (2) describes
couplings to both EW bosons and gluons, so HV1V2

can stand for HVV or Hgg.
In Eq. (2), the only nonzero tree-level contributions

in the SM are aZZ1 ≠ 0 and aWW
1 ≠ 0. In the SM,

aZZ1 ¼ aWW
1 ¼ 2. The rest of the ZZ and WW couplings

are considered to be anomalous contributions, which are
either small contributions arising in the SM because of
loop effects or new BSM contributions. Among the
anomalous contributions, considerations of symmetry
and gauge invariance require κZZ1 ¼ κZZ2 , κWW

1 ¼ κWW
2 ,

and aZγ1 ¼aγγ1 ¼agg1 ¼ κγγ1 ¼ κγγ2 ¼ κgg1 ¼ κgg2 ¼ κZγ1 ¼ κVV3 ¼0
[33]. Therefore, there are a total of 13 independent
parameters describing couplings of the H boson to EW
gauge bosons and two parameters describing couplings to
gluons. The presence of any of the CP-odd couplings aVV3

together with any of the other couplings, which are all CP
even, will lead to CP violation in a given process.
Since in our analysis it is not possible to disentangle the

top quark, bottom quark, and any other heavy BSM particle
contributions to the gluon fusion loop from kinematic
features of the event, we parametrize the Hgg coupling
with only two parameters: CP-even agg2 and CP-odd agg3 ,
which absorb all SM and BSM loop contributions.
However, when the gluon fusion process is analyzed jointly
with the tt̄H and tH processes, it may be possible to
disentangle the top quark contributions in the loop from
the relative rates of the processes, and we allow these
contributions to be separated.

B. Symmetry considerations and SMEFT formulation

The formulation in Eqs. (1) and (2) is presented in
the approach of anomalous amplitude decomposition.
However, it is fully equivalent to the Lagrangian para-
metrization with dimension-4 operators, such as the aVV1
term in Eq. (2), and dimension-6 operators, such as the
other terms in Eq. (2), using the mass eigenstate basis [28].
The dimension-8 and higher-dimension contributions are

Ht

t

t

g

g
Z

Z

Ht

t

g

g

t

t Z

FIG. 5. Leading-order Feynman diagrams for the gg → ZH production mode.
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scale Λ ≫ ΛEWK
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Dedicated observables to CP
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If Higgs is an admixture of CP-even ( ) and CP-odd ( ) states, build two 
dedicated discriminants: 

ACP even ACP odd

   =         +       2Re            +            |A |2 |ACP even |2 (ACP evenA*CP odd) |ACP odd |2

SM term, 
discriminate vs backgrounds

Doesn’t change rates,  
only kinematics 

CP-sensitive observable 
(Induces a shape asymmetry)

BSM term, 
discriminate vs SM
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FIG. 7: Two discriminants defined in Eq. (44) (left) and Eq. (45) (middle) for the measurement of the CP-sensitive
parameter fVBF

g4
in VBF production. Also shown is the ��JJ observable (right). The values of fVBF

g4
= ±0.5

correspond to 50% mixtures of the CP-even and CP-odd contributions.
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FIG. 8: Two discriminants defined in Eq. (44) (left) and Eq. (45) (middle) for the measurement of the CP-sensitive
parameter fggH

g4
in ggH production. Also shown is the ��JJ observable (right). The values of fggH

g4
= ±0.5 correspond

to 50% mixtures of the CP-even and CP-odd contributions. A requirement mJJ > 300 GeV is applied to enhance the
VBF-like topology of events.

angle di↵erence between the first and the second jets, or �1 � �2. In vector notation,

��JJ =
(ĵT1 ⇥ ĵT2) · ẑ

|(ĵT1 ⇥ ĵT2) · ẑ|
·
(~j1 �~j2) · ẑ

|(~j1 �~j2) · ẑ|
· cos�1

⇣
ĵT1 · ĵT2

⌘
, (47)

where the angle between ~jT1 and ~jT2 defines ��JJ and the two ratios provide the sign convention. This definition is
invariant under the exchange of the two jets and the choice of the positive z axis direction.

The information content of the observables can be illustrated with the Receiver Operating Characteristic (ROC)
curve, which is a graphical plot that illustrates the diagnostic ability of a binary classifier system as its discrimination
threshold is varied. Figure 9 (left) shows the ROC curves illustrating discrimination between scalar and pseudoscalar
models in the VBF process using the D0� and ��JJ observables. The optimal observable D0�, which incorporates all
kinematic and dynamic information, has the clear advantage. Figure 9 (right) shows the same comparison in the ggH
process. The gain in using the optimal observable in the ggH process is not as large as in VBF because of the smaller
di↵erences in dynamics of the scalar and pseudoscalar models, as both are generated by higher-dimension operators
with the same powers of q2

i
in Eq. (1). While the D0� observable incorporates all kinematic and dynamic information,

the truly CP-sensitive observable DCP does not rely on dynamics. It provides optimal separation between the models
with maximal mixing of the CP-even and CP-odd contributions and opposite phases. We illustrate this in Fig. 9
(middle) with a ROC curve for discrimination between the fg4 = ±0.5 models in the VBF process.
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ĵT1 · ĵT2
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are subdivided into bins based on transverse momentum or mass of various objects, for example the H boson and
associated jets. At future stages, the available information may be subdivided further. This approach became a strong
framework for collaborative work of both theorists and experimentalists, as information from all LHC experiments
and theoretical calculations can be combined and shared in an e�cient way. Nonetheless, as we illustrate below, this
approach is still limited in its application for two important reasons. First, the STXS measurements are based on the
analysis of SM-like kinematics. The measurement strategy may not be appropriate for interpretations appearing with
new tensor structures or new virtual particles (such as �⇤ in place of Z⇤) unless a full detector simulation of such
e↵ects is performed. Additionally, the binning of STXS may not be optimal for all the measurements of interest.

A. Matrix element technique

The matrix element likelihood approach (MELA) [1–4] was designed to extract all essential information from the
complex kinematics of both production and decay of the H boson and retain it in the minimal set of observables.
Two types of discriminants were defined for either the production or the decay process, and here we generalize it for
any sequential process of both production and decay:

Dalt(⌦) =
Psig(⌦)

Psig(⌦) + Palt(⌦)
, (44)

Dint(⌦) =
Pint(⌦)

2
p

Psig(⌦)⇥ Palt(⌦)
, (45)

where Psig, Palt, and Pint represent the probability distribution for a signal model of interest, an alternative model to
be rejected (either background, a di↵erent production process of the H boson, or an alternative anomalous coupling
of the H boson), and the interference contribution, which may in general be positive or negative. The probabilities
are obtained from the matrix elements squared, calculated by the MELA library described in Section IV, and do
not generally need to be normalized. The denominator in Eq. (45) is chosen to reduce correlation between the
discriminants, but this choice is equivalent to that of Ref. [3]. The above definition leads to the convenient arrangement
0  Dalt  1 and �1  Dint  1.

These discriminants retain all multidimentional correlations essential for the measurements of interest. For a
simple discrimination of two hypotheses, the Neyman-Pearson lemma [104] guarantees that the ratio of probabilities
P for the two hypotheses provides optimal discrimination power. However, for a continuous set of hypotheses with an
arbitrary quantum-mechanical mixture several discriminants are required for an optimal measurement of their relative
contributions. There are three interference discriminants when anomalous couplings appear both in production and in
decay. Let us conside only real g1 and g4 couplings in Eq. (1), which appear once in production and once in decay, as
shown in Eq. (32). The total amplitude squared would have five terms proportional to (g4/g1)m with m = 0, 1, 2, 3, 4:

P (⌦; g1, g4) /

4X

m=0

(g4/g1)
m
⇥ P

m
(⌦) , (46)

where we absorb g4
1
and the width into the overall normalization. Equation (44) corresponds to the ratio of the

m = 4 and m = 0 terms. Three other ratios give rise to interference discriminants. The four discriminants may
be re-arranged into two discriminants of the form in Eq. (44) and two of the form in Eq. (45), in each case one
observable defined purely for the production process and the other for the decay process. One could apply the
Neyman-Pearson lemma to each pair of points in the parameter space of (g1, g4), but this would require a continuous,
and therefore infinite, set of probability ratios. However, equivalent information is contained in a linear combination
of only four probability ratios, which can be treated as four independent observables. Above the 2mV threshold,
there are also interference discriminants appearing due to interference between the o↵-shell tail of the signal process
and the background. A subset of equivalent optimal observables was also introduced independently in earlier work on
di↵erent topics [105–107].

The number of discriminants in Eqs. (44, 45) is still limited if we consider just one anomalous coupling. Nonethe-
less, this number grows quickly as we consider multiple anomalous couplings, especially the number of interference
discriminants. A subset of these discriminants may contain most of the information, depending on the situation. For
the near-term LHC measurements, the Dalt using full production and decay information and Dint using production
information from correlation of associated particles provide the most optimal information. In the very long term, the
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and therefore infinite, set of probability ratios. However, equivalent information is contained in a linear combination
of only four probability ratios, which can be treated as four independent observables. Above the 2mV threshold,
there are also interference discriminants appearing due to interference between the o↵-shell tail of the signal process
and the background. A subset of equivalent optimal observables was also introduced independently in earlier work on
di↵erent topics [105–107].

The number of discriminants in Eqs. (44, 45) is still limited if we consider just one anomalous coupling. Nonethe-
less, this number grows quickly as we consider multiple anomalous couplings, especially the number of interference
discriminants. A subset of these discriminants may contain most of the information, depending on the situation. For
the near-term LHC measurements, the Dalt using full production and decay information and Dint using production
information from correlation of associated particles provide the most optimal information. In the very long term, the

VV ⇒ HVV ⇒ H

CP-odd CP-even+mix-mix
JP = 0+JP = 0∼

V*V* ⇒ H
process

ACP even
2

+2Re (ACP evenA*CP odd) + ACP odd
2

∫ = 0 − kinematic 
distributions 

true CP-sensitive observation

discriminate against 
    Standard Model

Standard Model term,
discriminate against

background 

From 1st principles: 2 iscriminants to isolate an EFT perator ( ):× ≫ ACP

JHUGen 

A 2 =

V = W, Z, ν, g

Dedicated Observables: Matrix Element Approach

February 11, 2022

VBF production,  
any decay
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CPV in HVV (CMS )H → γγ
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Figure 8: Likelihood scan for the expected and observed HVV coupling parameter fa3 cos(fa3).
The scan shown in blue corresponds to the scenario where all other parameters are fixed to zero,
while the scan shown in red allows all other parameters to float freely. The scan is performed
with µ f = 1 fixed and using the categories optimized for the VH and VBF production modes.

Parameter Observed [⇥10�4] Expected [⇥10�4]
H ! gg (68% CL) H ! gg (68% CL)

fa3 0.00+0.39
�0.39 [+2.1,�2.1]

fa2 �0.81+0.65
�2.0 [�2.3,+3.1]

fL1 �0.014+0.032
�0.14 [�0.12,+0.35]

f Zg
L1 0.83+1.5

�0.92 [�3.3,+3.7]

Fraction of CP-odd  

HVV amplitude ≲ 10−4
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Probe polarisation-dependent scale factors  and 
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2603.20087

EFT interpretation: 
Constraints on the CP-odd 

operator cHW̃

 arXiv:2605.14245v1

arXiv:2603.20087v1

https://arxiv.org/abs/2605.14245v1
https://arxiv.org/abs/2603.20087v1
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Combination of the HVV CP properties

46

HVV CP combination ATLAS

11Alessandro Tarabini

First simultaneous fit constraining the 
coefficients of three CP-violating operators

First ATLAS combined measurement of the CP properties of the HVV vertex using SMEFT in the Warsaw basis 
Shape-based measurements of CP-odd sensitive observables are used to constrain CP-violating effects

Run2

2603.20117HVV CP combination ATLAS

11Alessandro Tarabini

First simultaneous fit constraining the 
coefficients of three CP-violating operators

First ATLAS combined measurement of the CP properties of the HVV vertex using SMEFT in the Warsaw basis 
Shape-based measurements of CP-odd sensitive observables are used to constrain CP-violating effects

Run2

2603.20117

Combination of CP properties of the HVV vertex from ATLAS, in the context of the SMEFT 
Constraints for several Wilson coefficients 

arXiv:2603.20117

https://arxiv.org/abs/2603.20117
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Higgs polarisation

47

Decay of a scalar Higgs to vector gauge bosons sensitive to its polarisation:  

‣  produces a superposition of  polarisations  
‣ measurement of the Higgs spin density matrix 

H → ZZ* → 4ℓ | + + ⟩, |00⟩, | − − ⟩
ρ

6

notation is defined in the (e+e�)(µ+µ�) final state, all four-lepton final states are included in
the polarization measurements.

It is convenient to express the transverse polarization amplitudes in terms of the CP-even com-
ponent Ak and the CP-odd component A?, and to relate these, along with the longitudinal
polarization amplitude A00, to Eq. (1) as follows [47]:

A00 = �
p

1 + x m
2
H

v
a1(m1, m2)�

xm1m2
v

a2(m1, m2) , (10)

Ak =
A++ + A��p

2
=

p
2m

2
H

v
a1(m1, m2) , (11)

A? =
A++ � A��p

2
= i

p
2x m1m2

v
a3(m1, m2) , (12)

where x =

 
m

2
H � m

2
1 � m

2
2

2m1m2

!2

� 1 .

The six remaining Al1l2
are equal to zero due to the conservation of angular momentum in the

decay of a spin-zero H boson.

The determination of the amplitudes Al1l2
has traditionally been an important aspect of study-

ing the decay of spin-zero particles into two vector particles, for instance, in analyses of B me-
son decays into spin-one or tensor mesons [48, 49]. The polarization analysis of the H boson
decays has attracted limited attention so far, primarily because the amplitudes Al1l2

do not
have fixed values: they depend on the varying masses of the off-shell Z1 and Z2 bosons. In
the H ! ZZ decay, at least one of the Z bosons must be significantly off-shell, leading to
considerable variation in the decay amplitudes. Nevertheless, examining the average polariza-
tion states and their interference offers valuable insight into the underlying interactions, with
potential BSM effects manifesting as deviations from SM predictions.

As shown in Eqs. (10–12), each of the three amplitudes exhibits a distinct dependence on the
masses, which complicates the description of the overall ZZ quantum state. The coherence
between different ZZ spin polarization states is encoded in the polarization density matrix
rl1l2,l3l4

, which is a 9 ⇥ 9 matrix. However, only 9 of its elements are non-zero for the spin-
zero H boson decay. The diagonal elements describe probabilities of the ZZ system being in
each spin polarization state, while the off-diagonal elements describe quantum interference
between different spin polarization states. The mass dependence is averaged over the proba-
bility density P(m1, m2) in the H ! ZZ ! (e+e�)(µ+µ�) decay, leading to evaluation of the
polarization density matrix as

r =
Z

dm1dm2 P(m1, m2)
|A++|2 + |A00|2 + |A��|2

0

BBBBBBBBBBBB@

0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 A++A

⇤
++ 0 A++A

⇤
00 0 A++A

⇤
�� 0 0

0 0 0 0 0 0 0 0 0
0 0 A00A

⇤
++ 0 A00A

⇤
00 0 A00A

⇤
�� 0 0

0 0 0 0 0 0 0 0 0
0 0 A��A

⇤
++ 0 A��A

⇤
00 0 A��A

⇤
�� 0 0

0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0

1

CCCCCCCCCCCCA

(13)

The central element of the r matrix represents the average fraction of the longitudinal polariza-

Can be used to measure the fractions of longitudinal ( ) and the two transverse ( , ) polarisations 
Assuming no CPV, rejecting the longitudinal polarisation  => quantum entangled state 
* first test of entanglement in massive vector bosons

fL f⊥ f∥
|00⟩
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Higgs polarisation results

48

(a) 𝐿2,1,2,→1 (b) 𝐿2,2,2,→2

Figure 4: The observed distributions of events (full circles) overlaid on the expected (shaded) distributions of the
estimator (a) 𝐿2,1,2,→1 and (b) 𝐿2,2,2,→2 for the entangled hypothesis (blue solid line) and the separable non-QE
hypothesis (orange dashed line) and background.

from products of spherical harmonics 𝑀𝐿

𝑀
(𝑁, 𝑂) from event-by-event real-valued estimators [18],

𝐿2 𝐿1 2 𝐿2 = 40𝑃 ↑
(
𝑀𝐿1

2 (𝑁1, 𝑂1) ↓ 𝑀𝐿2
2 (𝑁2, 𝑂2)

)
,

where the integers 𝑄1 = →𝑄2 are either 1 or 2. The values of the SDM coe!cients𝑅2 𝐿1 2 𝐿2 = ↔𝐿2 𝐿1 2 𝐿2↗
are obtained from the averages of these event-by-event estimators over events within the kinematic region
defined by the dilepton and four-lepton mass requirements listed in the previous paragraph. During the
calculation of the average values corrections are applied for the e"ects of background processes, detector
acceptance, reconstruction e"ects, and higher-order electroweak corrections, as described in End Matter B.
In the same-flavor decay channels (4𝑆, 4𝑇), quantum interference arising from multiple indistinguishable
assignments of identical leptons to the intermediate 𝑈 bosons leads to modifications of the SDM elements
at the level of roughly 10% [44]. These e"ects are corrected for as described in End Matter B.

At leading order in perturbation theory and under the assumption described above, the density matrix of the
𝑈𝑈↘ system has a well-defined structure with only nine of the 81 elements being non-zero [18]. Of the six
o"-diagonal elements, the four that are products of |0, 0↗ and |±,≃↗ are equal to 1

3𝑅2,1,2,→1, while the two
that are products of |+,→↗ and |→,+↗ are equal to 1

3𝑅2,2,2,→2. The Peres-Horodecki conditions [26, 27] for
the 𝑈𝑈↘ system then imply that the system is entangled if and only if at least one of the coe!cients 𝑅2,1,2,→1
or 𝑅2,2,2,→2 is non-zero [18]. A non-zero value of either of them serves as a marker of entanglement in the
𝑈𝑈↘ system. The null hypothesis in which both coe!cients vanish corresponds physically to the situation
in which the 𝑈 bosons are in a pure separable |00↗ state, with a single remaining non-zero SDM element.

The sensitivity to entanglement from measurements of the coe!cients 𝑅2,1,2,→1 and 𝑅2,2,2,→2 is limited,
since they rely on estimating the mean of a broad underlying distribution using the mean of the data sample.

6

 (equivalent to ) extracted from 
the mean of the distribution.  

Entanglement is proven at 4.7

C2,1,2,−1 A00A*++

σ

Extreme points  and  excluded at
 proves  is an entangled state

fL = 0 fL = 1
> 6σ ZZ*

CMS-PAS-HIG-25-015 arXiv:2603.26463

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-015/index.html
https://arxiv.org/abs/2603.26463
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Pushing towards rare productions

49

Coupling to 3rd generation fermions established at ~10% precision 
Evidence of couplings to muons  
Next step is couplings to charm quarks: very challenging!

1601.04.25 | Sebastian Wuchterl

Higgs couplings - where do we stand?
● No clear indication of BSM physics → where to look at? 
■ Higgs boson as a discovery tool! 

● 10+ years after the Higgs discovery: 
■ In depth-characterisation of the Higgs boson 
■ Couplings to third generation and bosons established (O(10%)) 
■ Evidence for coupling to muons 

→ Constrain the coupling to charm quarks!

3

✅

✅
✅

✅

❌

❓

❌
❌

❌

[CMS-HIG-21-018]

Charm is ~what is left 
(not considering first generation)

1601.04.25 | Sebastian Wuchterl

So far: probing the Higgs-charm coupling

4

● Several methods explored by ATLAS and CMS to probe the Higgs-charm Yukawa coupling (yc)
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● Differential distributions 
are sensitive to yc

Model dependence?

[CMS-HIG-21-008][ATLAS-HIGG-2020-20]

● VH as the “golden channel”

c: coupling wrt. SM 
expectation

κ

μ < 12 μ < 14
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● Differential distributions 
are sensitive to yc

Model dependence?

[CMS-HIG-21-008][ATLAS-HIGG-2020-20]

● VH as the “golden channel”
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● Differential distributions 
are sensitive to yc

Model dependence?

[CMS-HIG-21-008][ATLAS-HIGG-2020-20]

● VH as the “golden channel”

c: coupling wrt. SM 
expectation

κ

μ < 12 μ < 14

Direct searches with 
 decaysH → cc̄

WH, ZH or ttH productions to 
supress the huge QCD multi-jet 

background  

1601.04.25 | Sebastian Wuchterl

What’s next?

● Presenting for the first time a 

search for   
■ HIG-24-018 
■ Full Run 2 (138 fb-1) 
■ Combination of 0L/1L/2L 

channels 
■ Smart usage of physics-

oriented machine learning to 
achieve high sensitivity

ttH(H→cc)

5

●  important piece in the observation of  
 

●  as a new puzzle piece in the game 

■ Challenging measurement, only 2000  events 
produced in LHC Run 2

ttH(H→bb) H→bb

ttH(H→cc)
ttH(H→cc)

HIG-18-016

H

g

g

t

c

c

t

ωc
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The flavor tagging challenge

50

Advanced algorithms (eg. GNN):                        
x 4 (x6)  better rejection for light-jets (c-jets) than before

15

➡ GloParT algorithm used for HH→4b boosted analysis 

‣ generalises jet identification/mass regression tasks of ParticleNet 

‣ includes large variety of output nodes: X→bb signal vs QCD, tt 

‣ 25% (5%) signal efficiency improvement to ParticleNet for 0.2%(1%) 
background efficiency 

‣ improvement of mass resolution by 9%, same effect on scale 
compared to standard soft-drop mass scale/resolution 

➡ Run 3 calibration of AK8 
GloParT using Z→bb 
proxy 

‣ due to overwhelming QCD, 
pass/fail tag/probe is difficult  

‣ Z+jets yields before tagging 
selection from Z(→µµ) + jets 

‣ combined fit for Z(→µµ) + 
Z→bb high purity regions → 
efficiency corrections (SF) 
close to unity 

CMS PAS-JME-25-001 

Flavour tagging calibration techniques 

CERN-EP-2026-101 

 mass in-situ 
calibration

Z → bb̄

• At LHC, challenging hadronic decays:  and  : 
• trigger, large backgrounds, poor energy resolution 

• Vibrant developments for jet flavor tagging using b/c-hadron properties: 
• long lifetime,  decay multiplicity, jet composition, heavy-quark fragmentation 

H → bb̄ H → cc̄

arXiv:2604.27044

FTAG-2023-007

https://arxiv.org/abs/2604.27044
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-07/
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Double challenge for H->cc

51

1. Separate heavy flavour (c-jets) from light flavour (u,d,s,g)-jets 
2. Separate 2 kinds of heavy flavour jets: c-jets from b-jets

b-
lik

e
c-

lik
e

u,d,s,c-like b,c-like

Use the detector max granularity + and advanced 
algorithms (Graph Neural Networks):                        x2 

better than before ⇔ 4 times more data

13Unified approach for jet tagging 

➡ Vibrant developments towards unified approach to 
jet tagging for different tasks: flavour classification, 
regression

‣ several built-in tasks: flavour classification, regression, quantile 
regression (resolution) 

‣ extended classes for hadronic tau classification and s-tagging 
separating standard uds class 

‣ model developments: from ParticleNet to Transformers

‣ tested adversarial attacks to improve training robustness 
against mismodeling in perturbed data 

➡ Several improvements in state of the art taggers: 
UParT new Run 3 best model  

‣ will be used in the next generation of CMS HH Run 3 analyses 

CMS-DP-2024-066 

Better

Better

CMS-PAS-BTV-25-002

PRL 136 (2026) 011801

https://cds.cern.ch/record/2961397?ln=en
https://doi.org/10.1103/9nwb-splk
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The name of the complexity: ttH(cc/bb)
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1601.04.25 | Sebastian Wuchterl

Comparing data to prediction in the full fit distribution

● Four POIs simultaneously extracted – , , ,  
→ Very good pre- and post-fit agreement!

ttH(H→cc) ttH(H→bb) ttZ(Z→cc) ttZ(Z→bb)

11

 SRsttH

Measure simultaneously ttH(H->bb) and ttH(H->cc), and SM candles ttZ(bb/cc)

PRL 136 (2026) 011801

https://doi.org/10.1103/9nwb-splk
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Limits on 2nd generation Higgs-Yukawa
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Observed limits on μttH(H→cc): ≲ 7.8 wrt. SM 
in Run2 done 18-years equivalent of progress in 3 years 

We also measure the ttH(bb) process: 
μttH(H→bb) = 0.91 +0.26/-0.22  (4.4σ)

ttH( )H → cc̄ VBF( )H → cc̄

Observed limits on 
 μVBF(H→cc): ≲ 41 wrt. SM 

PRL 136 (2026) 011801
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 Rare decays:  and H → μμ H → Zγ
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 ( ): direct probe of the Higgs Yukawa couplings to 2nd generation fermions 
 ( ): Loop-induced => sensitive to BSM effects

H → μμ ℬ = 0.022 %
H → Zγ ℬ = 0.13 %

of the total. The leading systematic contribution arises from
background modeling, followed by theory uncertainties,
muon-related effects, and the knowledge of the integrated
luminosity.
The signal-plus-background model is used to fit to the

observed mμμ spectra in the 23 categories simultaneously.
Events in Fig. 1 are weighted by lnð1þ S=BÞ, with S and B
denoting the observed signal and background yields,
respectively, as extracted from the fit to data in the mμμ ¼
120–130 GeV range. The corresponding values for S, B,
and other relevant quantities for each category are sum-
marized in Table II.
The best-fit value of the signal-strength parameter,

defined as the ratio of the observed signal yield to the
SM expectation, is μ ¼ 1.6% 0.6, and corresponds to an
observed (expected) significance of 2.8 (1.8) standard
deviations, σ, with respect to the background-only hypoth-
esis. The measured signal strengths in each group of
categories, together with the combined Run-3 result, are
shown in Fig. 2. The compatibility of the measured signal
strengths between the 23 categories is tested by repeating
the fit after allowing each category to have its own signal
strength parameter. The probability of compatibility is at
the 68% level. Using the same methodology, the probability
of compatibility between the signal strengths of the six
groups of categories shown in Fig. 2 is 54%.
The results presented in this Letter are combined with the

analysis of the full ATLAS Run-2 dataset [8]. Experimental
uncertainties are taken as uncorrelated between the two

datasets, while theory sources are treated as fully corre-
lated, except for those related to PDFs. An excess of events
over background is observed with an observed (expected)
significance of 3.4 ð2.5Þσ. The measured signal strength in
the combined fit is μ ¼ 1.4% 0.4, and the individual results
for Run 2 and Run 3 are compatible within 68%. The
measured signal strengths for the Run-2 and Run-3 data-
sets, as well as their combination, are shown in Fig. 2.
Assuming the SM values for the Higgs-boson production
cross sections, this result corresponds to a branching
fraction of BðH → μμÞ ¼ ð3.0% 0.9Þ × 10−4.
In conclusion, the ATLAS experiment sees evidence for

the rare decay of the Higgs boson into two muons, and
hence for the Higgs-boson Yukawa coupling to second-
generation fermions, with an observed (expected) signifi-
cance over the background-only hypothesis of 3.4 ð2.5Þσ.
The result is obtained by analyzing 165 fb−1 of pp data
collected at

ffiffiffi
s

p
¼ 13.6 TeV and combining with the results

from 140 fb−1 of data collected at
ffiffiffi
s

p
¼ 13 TeV. This

result is compatible with the SM expectation.
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FIG. 2. Best-fit values of the signal-strength parameters for the
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FIG. 1. Observed dimuon invariant mass spectrum combining
all of the Run-3 categories. The events and probability density
functions (pdfs) are weighted by lnð1þ S=BÞ, where S and B are
the signal and background yields, respectively, evaluated in the
mμμ ¼ 120–130 GeV window. These yields are extracted from
the fit performed in the mass range mμμ ¼ 110–160 GeV,
providing a signal strength of μ ¼ 1.6% 0.6. The background
and signal pdfs are obtained from the fit to the data. The lower
panel shows the data with the background model subtracted, and
the fitted signal pdf, normalized to the signal best-fit value. Error
bars represent the data statistical uncertainties.
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ATLAS  candidateH → μμ
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(ATLAS)  Candidate EventH ∼ μμ
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Summary
• The LHC Run2 provided data for a lot of results characterizing the Higgs boson 

- mass measured with 0.1% precision, and width measured for the first time with 50% precision 

- the production cross section are now measured differentially in many decay bins, in all production modes  

- fiducial cross sections and coupling modifiers measured at 5-10% level, allowing interesting EFT 
interpretations
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Summary
• The LHC Run2 provided data for a lot of results characterizing the Higgs boson 

- mass measured with 0.1% precision, and width measured for the first time with 50% precision 

- the production cross section are now measured differentially in many decay bins, in all production modes  

- fiducial cross sections and coupling modifiers measured at 5-10% level, allowing interesting EFT 
interpretations 

- couplings to 2nd generation established with , for  in Run2 done 18-years equivalent of 
progress in 3 years 

- CP violation studied in many channels, including rare ttH

H → μ+μ− H → cc̄

57



Emanuele Di Marco Les Rencontres de Noirmoutier   2/6/2026

Summary
• The LHC Run2 provided data for a lot of results characterizing the Higgs boson 

- mass measured with 0.1% precision, and width measured for the first time with 50% precision 

- the production cross section are now measured differentially in many decay bins, in all production modes  

- fiducial cross sections and coupling modifiers measured at 5-10% level, allowing interesting EFT 
interpretations 

- couplings to 2nd generation established with , for  in Run2 done 18-years equivalent of 
progress in 3 years 

- CP violation studied in many channels, including rare ttH 

• The LHC has just ended pp Run3 (and the phase-1) with after having collected  ~500 f-1 per 
experiment, i.e. ~ 1 ab-1 total 

- a unique opportunity to continue characterizing the Higgs potential: entering the precision era for the 
Higgs field already now

H → μ+μ− H → cc̄

58



Emanuele Di Marco Les Rencontres de Noirmoutier   2/6/2026

Summary
• The LHC Run2 provided data for a lot of results characterizing the Higgs boson 

- mass measured with 0.1% precision, and width measured for the first time with 50% precision 

- the production cross section are now measured differentially in many decay bins, in all production modes  

- fiducial cross sections and coupling modifiers measured at 5-10% level, allowing interesting EFT 
interpretations 

- couplings to 2nd generation established with , for  in Run2 done 18-years equivalent of 
progress in 3 years 

- CP violation studied in many channels, including rare ttH 

• The LHC has just ended pp Run3 (and the phase-1) with after having collected  ~500 f-1 per 
experiment, i.e. ~ 1 ab-1 total 

- a unique opportunity to continue characterizing the Higgs potential: entering the precision era for the 
Higgs field already now 

• After the end of Run3: 

- Expect 20x more data by the end of HL-LHC 

- Expect improvements from analysis techniques to boost new physics search in the Higgs sector

H → μ+μ− H → cc̄
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Higgs as BSM discovery tool
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The SM can be the tip of the iceberg.  
Higgs discovered 13 years ago was the last SM piece, still many questions:

10. Interpretation of measurements in the k-framework 39

fier to muons is measured with a 68% CL interval of 20%. These measurements show decent
compatibility with the SM hypothesis, with an overall p-value of pSM = 0.12.

Figure 9: The measured coupling modifiers of the Higgs boson to fermions and gauge bosons,
as measured in the resolved coupling modifier fit. The measurements are shown as functions
of the fermion or gauge boson mass, where v is the vacuum expectation value of the BEH
field. The particle masses are evaluated at the Higgs boson mass scale. The uncertainties in
the particle mass values are not shown in the plot. For gauge bosons, the square root of the
coupling modifier is plotted to keep a linear proportionality to the mass, as predicted by the
SM.

10.2 Constraints on coupling modifiers with effective loops

The effective coupling modifier configuration is fit with three different assumptions on the
Higgs boson total decay width. Figure 10 summarises the results from each of the three mod-
els. The first model assumes no BSM contributions to the Higgs boson total decay width; the
results of which are shown in blue. The second model introduces Binv and Bundet as additional
parameters, however an external constraint is imposed which requires |kW | and |kZ | to be less
than or equal to one. This alleviates a complete degeneracy in the Higgs boson total decay
width, where each coupling modifier can be scaled up equally to account for a non-zero Bundet.
The results are shown in orange in Fig. 10, where the excluded parameter space is indicated
by the hatched boxes. In this fit, the Binv and Bundet parameters are constrained to be less than
12% and 11% at the 95% CL, respectively.

In the third model, the offshell H ! ZZ ! 4` input channel is introduced into the combination

•Is the 125 GeV particle the SM H boson? 

BSM?
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Higgs as BSM discovery tool
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The SM can be the tip of the iceberg.  
Higgs discovered 13 years ago was the last SM piece, still many questions:

W
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10. Interpretation of measurements in the k-framework 39

fier to muons is measured with a 68% CL interval of 20%. These measurements show decent
compatibility with the SM hypothesis, with an overall p-value of pSM = 0.12.

Figure 9: The measured coupling modifiers of the Higgs boson to fermions and gauge bosons,
as measured in the resolved coupling modifier fit. The measurements are shown as functions
of the fermion or gauge boson mass, where v is the vacuum expectation value of the BEH
field. The particle masses are evaluated at the Higgs boson mass scale. The uncertainties in
the particle mass values are not shown in the plot. For gauge bosons, the square root of the
coupling modifier is plotted to keep a linear proportionality to the mass, as predicted by the
SM.

10.2 Constraints on coupling modifiers with effective loops

The effective coupling modifier configuration is fit with three different assumptions on the
Higgs boson total decay width. Figure 10 summarises the results from each of the three mod-
els. The first model assumes no BSM contributions to the Higgs boson total decay width; the
results of which are shown in blue. The second model introduces Binv and Bundet as additional
parameters, however an external constraint is imposed which requires |kW | and |kZ | to be less
than or equal to one. This alleviates a complete degeneracy in the Higgs boson total decay
width, where each coupling modifier can be scaled up equally to account for a non-zero Bundet.
The results are shown in orange in Fig. 10, where the excluded parameter space is indicated
by the hatched boxes. In this fit, the Binv and Bundet parameters are constrained to be less than
12% and 11% at the 95% CL, respectively.

In the third model, the offshell H ! ZZ ! 4` input channel is introduced into the combination

•Is the 125 GeV particle the SM H boson? 
•What makes ~70% of the Universe energy? 
• Of the remaining ~30% (i.e. matter) ~85% is still 
unknown: Dark Matter (DM)? 
• If DM are massive particles, do they couple to the 
Higgs? 

DM ?

https://wmap.gsfc.nasa.gov/universe/uni_matter.html
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Higgs as BSM discovery tool
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The SM can be the tip of the iceberg.  
Higgs discovered 13 years ago was the last SM piece, still many questions:

10. Interpretation of measurements in the k-framework 39

fier to muons is measured with a 68% CL interval of 20%. These measurements show decent
compatibility with the SM hypothesis, with an overall p-value of pSM = 0.12.

Figure 9: The measured coupling modifiers of the Higgs boson to fermions and gauge bosons,
as measured in the resolved coupling modifier fit. The measurements are shown as functions
of the fermion or gauge boson mass, where v is the vacuum expectation value of the BEH
field. The particle masses are evaluated at the Higgs boson mass scale. The uncertainties in
the particle mass values are not shown in the plot. For gauge bosons, the square root of the
coupling modifier is plotted to keep a linear proportionality to the mass, as predicted by the
SM.

10.2 Constraints on coupling modifiers with effective loops

The effective coupling modifier configuration is fit with three different assumptions on the
Higgs boson total decay width. Figure 10 summarises the results from each of the three mod-
els. The first model assumes no BSM contributions to the Higgs boson total decay width; the
results of which are shown in blue. The second model introduces Binv and Bundet as additional
parameters, however an external constraint is imposed which requires |kW | and |kZ | to be less
than or equal to one. This alleviates a complete degeneracy in the Higgs boson total decay
width, where each coupling modifier can be scaled up equally to account for a non-zero Bundet.
The results are shown in orange in Fig. 10, where the excluded parameter space is indicated
by the hatched boxes. In this fit, the Binv and Bundet parameters are constrained to be less than
12% and 11% at the 95% CL, respectively.

In the third model, the offshell H ! ZZ ! 4` input channel is introduced into the combination

•Is the 125 GeV particle the SM H boson? 
•What makes ~70% of the Universe energy? 
• Of the remaining ~30% (i.e. matter) ~85% is still 
unknown: Dark Matter (DM)? 
• If DM are massive particles, do they couple to the 
Higgs? 

•Why there is more matter than antimatter in the 
universe?

DM ?
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Higgs as direct BSM probe

64

Current measurements of Higgs couplings still allow decay modes to BSM particles: 
- Undetected decay modes (eg. 2HDM+s, nMSSM,…) 
- Invisible particles (eg. Dark Matter) 
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Current measurements of Higgs boson couplings allow 
for “missing” decay modes to light particles

Higgs boson decays to BSM particles modify 
the total width through 
• undetected modes (2HDM+s, nMSSM…) 
• invisible particles (Dark Matter)
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Figure 10: The measured Higgs boson coupling modifiers in the effective coupling configu-
ration. The best-fit values, and 68% and 95% CL intervals are shown for each of the models
considered. The results where no additional BSM contributions to the Higgs boson total decay
width are shown in blue. The results for the model which introduces BSM contributions but
places an external constraint (hatched boxes) on |kW | and |kZ | are shown in orange. The results
for the fit in which the offshell analysis regions are included are shown in purple.

BRinv = 0.04 ± 0.04
BRUndet = 0.03 ± 0.03


