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Higgs production at the LHC
• LHC is a Higgs factory  

• About 8 million Higgs bosons produced by LHC 
during Run-2 per experiment 

• Since , a wide range of production 
and decay modes accessible

mH ∼ 125 GeV

2

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
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µ = 1.07± 0.22 (at 68%CL)

In the kappa framework , fit for 6 
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CMS p-value for SM hypothesis (all κ=1): 44% 
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second generation fermion

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

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

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

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

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

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

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

gluon fusion 
ggH: 86%

vector boson 
fusion (VBF): 6.5%

W,Z associated 
production 
WH/ZH: 4%

 associated 
production: 1%
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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Higgs decays

3

Higgs Production and Decay

7Nicholas Wardle
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mH~125 GeV
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Hàγγ

Many production and decay 
modes to study Higgs for  
mH~125 GeV

Over a decade of measurements including all productions & decay 
=> Higgs boson precision probe!

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
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v
δij

~140 T-1

“early” Run-3 
(2022-2023)Run-2 Run-3 2024

~60 T-1 ~100 T-1



Higgs boson cross sections 
and couplings
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0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
Cross-section normalized to SM value

0.5−

8
Total Stat.

Syst. SM

 PreliminaryATLAS
-1 = 13 TeV, 36.1 - 140 fbs

| < 2.5
H
y = 125.09 GeV, |Hm

 = 97%
SM
p              Total      Stat.      Syst.          SM unc.  

bbHggF+  ) 0.05±  ,    0.04±     (  0.06−
 0.07+   1.05   0.058 ±

VBF  ) 0.08−
 0.09+  ,    0.08±     (  0.11−

 0.12+   1.04   0.020 ±

WH  ) 0.09−
 0.10+  ,    0.11±     (  0.15±   0.96   0.020 ±

ZH  ) 0.10−
 0.12+  ,    0.13±     (  0.17−

 0.18+   1.00   0.037 ±

tH+ttH  ) 0.11−
 0.12+  ,    0.09±     (  0.14−

 0.15+   0.97   0.087 ±

Production cross section measurements

5

Precision era for Higgs physics: 

μ = 1.023 ± 0.056 = 1.023 ± 0.028 (stat.)+0.026
−0.25 (exp.)+0.039

−0.036 (sig . theo.) ± 0.012 (bkg . theo.)

New combination of inclusive / per-production / per Higgs decay ’sσ

ATLAS-CONF-2025-006

largest production / decays: 
 :  ~5% precisionσstat ∼ σsyst

Split by production & decay

bb WW ττ ZZ γγ µµ γZ cc
 B normalized to SM prediction× σ                                                                    
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Most granular  times BR fitσ

6

9.
M

easurem
ents

ofsim
plified

tem
plate

cross
sections

35

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

CMS-PAS-HIG-21-018

Production mode     X    increasing   binpH
T

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-018/index.html
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Interpreting the rates as Higgs couplings

7

The likelihood can be explicitly written in terms of “coupling modifiers”: -framework κ

μi =
σi

σi
SM

μf =
BRf

BRf
SM

and : μ → μ(κ) μif(κ) = σi(κ)BRf(κ) =
σi(κ)Γf(κ)

ΓH(κ)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
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Experimental Higgs Likelihood

μggH ⋅ μZZ ∝
(1.04κ2

t + 0.002κ2
b − 0.038κtκb) ⋅ κ2

Z

κ2
H

In the SM, Higgs couplings  
proportional to particle masses => test the SM 
- Couplings to W/Z at 5-10% 
- Couplings to 3rd generation to 10-20% 

Example diagram: 
ggH production,  

 decayH → ZZ

ATLAS-CONF-2025-006
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-006/
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“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>

µ+

µ�

e�

e+

κZ

κtκb,

µggH · µZZ ⇠ (1.062
t
+ 0.012

b
� 0.07bt)2

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.                                 
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%

Example diagram: 
ggH production,  

 decayH → ZZ 2nd generation !

ATLAS-CONF-2025-006

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-006/
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Towards 2 nd generation: H-charm coupling

9

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

Next step down the line 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)

Making use of detector granularity + Graph NNs: 
 2 better with the same data×

CMS-PAS-HIG-24-018

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-018/index.html
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The name of the complexity: ttH(cc/bb)

10

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)

CMS-PAS-HIG-24-018

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-018/index.html
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Limits on 2nd generation Higgs-Yukawa

11

We simultaneously measure the 
ttH(bb) process: 

μttH(H→bb) = 0.91 +0.26/-0.22  (4.4σ)

CMS-PAS-HIG-24-018

0 5 10 15 20 25 30 35

)cVH(c
µ95% CL limit on 

Observed
Expected

σ 1±Expected 
σ 2±Expected 

ATLAS
-1=13 TeV, 140 fbs

c/cb b→VH, H 

0 lepton
 SM×Exp.= 17 
 SM×Obs.= 14 

1 lepton
 SM×Exp.= 17 
 SM×Obs.= 21 

2 lepton
 SM×Exp.= 18 
 SM×Obs.= 22 

Combination
 SM×Exp.= 11 
 SM×Obs.= 12 

μttH(H→cc): ≲ 7.8 wrt. SM  
Similar sensitivity to 

classical channel:
VH(H → cc̄)

ATLAS: JHEP 04 (2025) 075

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-018/index.html
https://doi.org/10.1007/JHEP04(2025)075
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Indirect probes of Higgs Yukawa’s

12

J
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3

Figure 2. Inclusive charge asymmetry A = (σ(W+h) − σ(W−h))/(σ(W+h) + σ(W−h)) at NLO
QCD for the

√
s = 14TeV LHC as a function of individual Yukawa rescaling factors κ̄f for f = u

(red), d (green), s (blue), and c (purple). Shaded bands correspond to scale uncertainties at
1σ from individual σ(W+h) and σ(W−h) production, which are conservatively taken to be fully
uncorrelated. The gray region shows the bound from the direct Higgs width measurement, ΓH <
1.7GeV [4], which excludes κ̄f > 25 for each light quark flavor and is discussed in section 5. The
expected statistical error from this measurement using 3 ab−1 of LHC data is also shown.

partonic hard process from the parent protons spoils this expectation and hence scale and

PDF uncertainties will not generally cancel. We show the 1σ scale uncertainty for the whole

range of κ̄f in figure 2 as a shaded band. We also evaluated the PDF uncertainty using a

leading order calculation interfaced with the leading order NNPDF2.3 and CTEQ6L [37]

PDF sets. The two PDF sets leads to a ≈ 1% disagreement in the asymptotic values of

the charge asymmetry for very large individual κf .

We remark that the statistical precision on the exclusive charge asymmetry, which we

propose to measure in section 4, is expected to be at the subpercent level, which we expect

will improve the overall status of PDF determinations at the LHC [38], regardless of the

sensitivity to light quark Yukawa couplings. Moreover, W±h measurements complement

W±Z and W±+ jets measurements, and improved measurements of the charge asymmetry

in these separate channels will confirm or refute whether W±h production is dominated

by the light quarks as expected in the SM.

Measuring the asymmetry at the collider requires tagging the leptonic decay of the

W boson and using a Higgs decay final state that simultaneously tempers the background

and retains sufficient statistics to enable subpercent level accuracy. In this vein, very clean

Higgs decays, such as h → ZZ∗ → 4ℓ or h → γγ are inadequate for this purpose because

– 6 –

Dominant H-strahlung

Yukawa diagram

At LHC (pp collisions),  vs 
 PDFs generate large 

charge asymmetry:  

ud̄(cs̄)
ūd(c̄s)

A =
σ(W+H) − σ(W−H)
σ(W+H) + σ(W−H)

∼ 0.2

J
H
E
P
0
2
(
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7
)
0
8
3

u, c

d̄, s̄

W+

h

d, s

ū, c̄

W−

h

u, c

d̄, s̄

u, c

d̄, s̄

h

W+

h

W+ d, s

ū, c̄

d, s

ū, c̄

h

W−

h

W−

Figure 1. Leading order W+h (left column) and W−h (right column) production diagrams, show-
ing the Higgsstrahlung process (top row) and Yukawa-mediated contributions (bottom two rows).

in the conclusions about simultaneous deviations in multiple Yukawa couplings. For con-

venience, we also use the κ̄f normalization, which rescales κf into units of ySMb evaluated

at µ = 125GeV:

κ̄f ≡
mf (µ = 125 GeV)

mb(µ = 125 GeV)
κf . (3.1)

In figure 2, we show the inclusive charge asymmetry

A =
σ(W+h)− σ(W−h)

σ(W+h) + σ(W−h)
, (3.2)

for the 14TeV LHC as a function of κ̄f for individually enhanced Yukawa couplings,

f = d, u, s, and c. These results were generated using MadGraph v2.4.3 [31] where the

Yukawa couplings were implemented via a FeynRules [32] model implementing automatic

next-to-leading order (NLO) quantum chromodynamics (QCD) corrections at 1-loop from

NLOCT v1.0 [33] interfaced with the NNPDF2.3 NLO [34] PDF set. Yukawa couplings

were renormalized using the boundary values from the Particle Data Group [35] and run to

the Higgs mass with RunDec [36]. The boundary values are md = 4.8MeV, mu = 2.3MeV,

ms = 0.95GeV at µ = 2GeV, and mc = 1.275GeV at µ = mc. We used a two-step proce-

dure in the renormalization group running to account for the change in the αs behavior at

b-mass scale, mb = 4.18GeV at µ = mb. The extracted SM quark masses at µ = 125GeV

are md = 2.73MeV, mu = 1.31MeV, ms = 54MeV, mc = 634MeV, and mb = 2.79GeV,

which are used in eq. (3.1) to rescale κf to κ̄f . The Higgs coupling to W bosons was fixed

to the SM value for this scan.

While QCD theory uncertainties are formally expected to cancel out in a charge asym-

metry, since QCD interactions respect charge conservation, the factorization of the W±h

– 5 –

ū, c̄

d, s

W−

H

● Contribution of valence quarks 
suppressed by Yukawa couplings

● A is influenced by the diagrams on 
the right

● Deviations of the Higgs-charm 
Yukawa coupling y

c
 from the SM 

expectation affect A

Charge Asymmetry - Deviations

Ralf Schmieder - ralf.schmieder@cern.ch - Karlsruhe Institute for Technology (KIT) - Institute for Experimental Particle Physics (ETP) 5
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W(+/-) H( ) analysisττ

13

Exploit reasonably high BR and clean , with: 
- ,   
- Irreducible backgrounds from sim: VV, ttV, ZH 

- Reducible backgrounds from data: Z+jets,   (1 jet )

H → ττ
W → e/μν H → ττ → μμτh, eμτh, μ/eτhτh

tt̄ → τh/μ/e

CMS-PAS-HIG-23-019
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Figure 3: Distributions of ŷl( · ) in the (upper row) WH signal, and (lower row) WZ and FF
background categories, for all `thth final states and data-taking years combined. For the sta-
tistical inference the NN output classes have been split by the charge of the lepton associated
with the W boson candidate, with positive charge on the left and negative charge on the right.

W+H

;         μ(W+H) = 1.16+0.71
−0.67 μ(W−H) = − 0.09+0.86

−1.03

Aobs = 1.18+0.00
−0.75

Charge asymmetry:

(0.22+0.66
−0.56 exp.)

Consistent with SM 
expectation
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Figure 4: Observed two-dimensional profile likelihood scans for A and s(WH) on the left and
µ(W+H) and µ(W�H) on the right. The likelihood values are overlayed with 68% (solid line)
and 95% (dashed line) confidence level contours obtained from the crossings of the likelihood
at �2D lnL = 2.3 and �2D lnL = 6, respectively. For the likelihood evaluation all nuisance
parameters are profiled in each point in the plane. The black cross represents the best-fit value
and the minimum of the likelihood, while the red diamond corresponds to the SM expectation.

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-019/index.html
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Direct 2nd generation Yukawa: H->μμ

14
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 Simulation ATLAS
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µµ → H
Best resolution  
σ ∼ 2.8GeV

•Rare decay: , with large non-resonant background from   
• S/B ~ 0.1% for inclusive events at 125 GeV 
•Strategies to boost the sensitivity common to ATLAS and CMS: 

•use all production modes: ggF, VBF, VH, ttH 
•improve σ( ): detector alignment, FSR recovery, constrain tracks to beam line, etc

BR(H → μμ) ≈ 2 × 10−4 DY → μμ

mμμ
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Legacy Run-2 CMS result (137 fb-1)

15

Evidence for Second Generation Yukawa Coupling 

- Approximately 2k events produced but very small signal-to-noise 

- Requires a very accurate description of the backgrounds.

- Gain in sensitivity through the separation in production modes.

Analysis overview

- All production modes ggF, VBF, VH, ttH

- Improvements in mass resolution through Brem recovery

- DNN/BDT discriminants in all categories / Sideband region 

used to control backgrounds

Summary of all categories Estimate the background parameters through a fit of an analytical form!

14

Very challenging channel!

μ = 1.2 ± 0.4
significance: 3.0σ (2.5σ exp.)
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gluon-fusion and VBF with similar sensitivity

CMS: JHEP 01 (2021) 148

http://dx.doi.org/10.1007/JHEP01(2021)148
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 ATLAS
-1 = 13.6 TeV, 165 fbs

µµ → H

New ATLAS analysis: Run2 + Run3 (304 fb-1)

16

Analyse Run-3 dataset, 165 T-1 at =13.6 TeV (2022-2024), and combine with Run-2 (139 T-1) 

- Impressive  full-sim NLO DY sample 

- improve the  vertex fit 
- Improve the categorisations, add 2leptons VH, ttH fully hadronic channels

s

5 × 109

H → μμ

5% better resolution from detector studies
Control of analysis BDTs in Run3 data 

over 4 orders of magnitude

HIGP-2024-011
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-11/
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ATLAS evidence for H->  μμ

17

Run3 (165 T-1) only

μ = 1.4 ± 0.4
significance: 3.4σ (2.5σ exp.)HIGP-2024-011

Run2 + Run3 (304 h-1)

μ = 1.6 ± 0.6
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-11/
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Other rare decay modes: H->Zγ

18

Loop-induced (BR~1.3 x 10-3): sensitive to BSM 
ATLAS+ CMS Run-2 combination: 1st evidence of this rare decay. 

First Run2 Combinations ATLAS & CMS (2015-2018 data) 
H→Zγ
• An elusive decay that we have been trying to measure for about 10 years. 

• Sensitive to new physics. 

• First evidence by combining the results from ATLAS and CMS. 

• The number of measured events is 2.2 ± 0.7 times the expected number, 
still compatible with the Standard Model.

Phys. Rev. Lett. 132 (2024) 021803

16

First Run2 Combinations ATLAS & CMS (2015-2018 data) 
H→Zγ
• An elusive decay that we have been trying to measure for about 10 years. 

• Sensitive to new physics. 

• First evidence by combining the results from ATLAS and CMS. 

• The number of measured events is 2.2 ± 0.7 times the expected number, 
still compatible with the Standard Model.

Phys. Rev. Lett. 132 (2024) 021803

16

Measured (  ) x SM cross section 2.2 ± 0.7
> 3  signalσ

Intriguing high :  what’s in the new data ?σ/σSM

ATLAS DRAFT

Auxiliary material758

γ γ

γ

t

t
t

Figure 4: Examples of Feynman diagrams for 𝐿 → 𝑀𝑁 decay.

18th June 2025 – 16:08 23

ATLAS+CMS: PRL 132 (2024) 021803

+

http://dx.doi.org/10.1103/PhysRevLett.132.021803
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Run-3 ATLAS H->Z  analysisγ

19

Based on 165 T-1 Run-3 data (2022-2024), with strategy improvements: 
1. Relaxed e/  pT thresholds (higher efficiency) 
2. Improved categorization with MVAs  
3. Added tt(multi-leptons)+H production (higher acceptance)

μ

ATLAS DRAFT

 and
BDTVBF 

Lepton
Yes

No

BDTVBF 
VBFT

VBFL

Yes

No
Yes

No

electron channel

muon channel

BDTLRelpT-

BDTLRelpT-

LRelpT- T

LRelpT- M

LRelpT- L

Yes

No
Yes

No

BDTLRelpT-  

BDTLRelpT-  

LRelpT- T

LRelpT- M

LRelpT- L

electron channel

muon channel

BDTHRelpT-  

BDTHRelpT-  

HRelpT- T

HRelpT- L

HRelpT- T

HRelpT- L

Yes

No

Yes

Yes

Yes

No

Pr
e-

Se
le

ct
ed

Ev
en

ts

Lepton region

VBF region

HRelpT region

LRelpT region

No

Yes

No

NoYes

T => Tight 
M => Medium
L => Loose
HRelpT => High Relative pT
LRelpT => Low Relative pT

Figure 1: Schematic of the event categorization based on kinematic selections and multivariate algorithms. Events
are classified into four regions: Lepton (yellow), VBF (green), high relative 𝐿T (HRelpT, pink), and low relative 𝐿T
(LRelpT, orange). A cut-based selection defines the Lepton region, while the VBF region is split into loose and tight
categories using a BDT output. The HRelpT and LRelpT regions are further divided into various categories based on
lepton flavour and dedicated BDT classifiers. In total, 13 mutually exclusive categories are introduced for the final
simultaneous fit.

Table 2: The observed data events, signal (𝑀), background (𝑁) in the signal region 𝑂𝐿𝑀 → [120, 130] GeV are
presented. 𝑀 and 𝑁 are the post-fit yields without giving away the best-fit signal strength. The signal-to-background
ratio (𝑀/𝑁) and the expected sensitivity, quantified as 𝑀/

↑
𝑀 + 𝑁, are shown. The final row aggregates the results

across all categories.

Category Data 𝑀 𝑁 𝑀/𝑁 [10↓2] 𝑀/
↑
𝑀 + 𝑁

Lepton 168 2.6 173 1.5 0.20
VBFT 5 2.8 3 93.1 1.16
VBFL 67 5.1 68 7.4 0.59
HRelpT-𝑃𝑃T 19 2.2 20 11.0 0.46
HRelpT-𝑃𝑃L 139 5.2 135 3.9 0.44
HRelpT-𝑄𝑄T 58 4.4 50 8.7 0.59
HRelpT-𝑄𝑄L 154 4.3 142 3.1 0.36
LRelpT-𝑃𝑃T 607 16.2 593 2.7 0.65
LRelpT-𝑃𝑃M 6 191 51.1 6 161 0.8 0.65
LRelpT-𝑃𝑃L 29 463 42.4 29 509 0.1 0.25
LRelpT-𝑄𝑄T 241 8.9 233 3.8 0.57
LRelpT-𝑄𝑄M 6 093 61.1 6 032 1.0 0.78
LRelpT-𝑄𝑄L 38 378 64.8 38 635 0.2 0.33
Inclusive 81 583 271.1 81 754 0.3 0.95

18th June 2025 – 16:08 8

Novel Run-3 categorisation Signal production breakdown

ATLAS-CONF-2025-007

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-007/
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20

μobs. = 1.3+0.6
−0.5 (1.0+0.6

−0.5 exp.) Run-2:  

Run-3: 

μobs. = 2.0+1.0
−0.9

μobs. = 0.9+0.7
−0.6

significance: 2.5σ (1.9σ exp.)
Run-3 data more towards SM value

Most sensitive result on this rare channel to date 

ATLAS-CONF-2025-007

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-007/
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Rarer: CMS Electroweak VV H(bb)

21

VBS VVH production sensitive to Higgs self-coupling ( ) 
and quartic coupling ( ) 

•  and kinematics boosted when  
•WWH and ZZH separately probe  and 

κλ
κ2V

σ(VVH) ∝ (κ2V)2 κ2V ≠ 1
κ2W κ2Z

Rarer decay modes

40Nicholas Wardle
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µ95% CL limit on 

Observed 14.4
Expected 7.60
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Observed 16.9
Expected 8.75
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Resolved-jet
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0L
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2L

Observed Median expected
                      68% expected   
                      95% expected   

CMS
 (13 TeV)-1138 fbCMS-HIG-21-008 

H

bb/cc

H

b/c

b/c

Concentrating on boosted 
topologies allows us to 
disentangle rare signals from 
very large backgrounds 

Hcc ~ 20x smaller 
than Hbb!

Boosted (merged jet)  + 
     Boosted / Resolved  or  
     1 lepton ( ) or 2 leptons ( )

H → bb̄
V → qq′ 

W → ℓν Z → ℓℓ CMS-PAS-HIG-24-003

1

The discovery of the Higgs boson by the ATLAS and CMS Collaborations at the CERN LHC1

in 2012 [1–3] represents a major step in our understanding of fundamental interactions. Ex-2

tensive efforts have since focused on measuring the properties of the Higgs boson, including3

its couplings. The production of a Higgs boson in association with a pair of vector bosons4

(VVH) via vector boson scattering (VBS) is sensitive to both the Higgs self-coupling and the5

VVHH quartic coupling, whose coupling modifiers with respect to the Standard Model (SM)6

are parametrized as kl and k2V, respectively. This is illustrated in Fig. 1, where two of the7

leading order (LO) Feynman diagrams are shown.8

Figure 1: Example of tree-level Feynman diagrams for the production of VVH via VBS with
dependence on the Higgs self-coupling (left) and the VVHH quartic coupling (right).

The SM predicts a VBS VVH production cross section of 1.77 fb at leading order (LO), at
p

s9

= 13 TeV. However, deviations in the VVHH coupling induce a rapid increase in the cross10

section and impart a large Lorentz boost to final state products, enhancing the sensitivity and11

making this process complementary to di-Higgs searches, which constrain k2V in the range12

[0.67, 1.38] [4]. The distinctive topology of the VBS VVH production also enables sensitivity13

to WWHH and ZZHH couplings, whose modifiers k2W and k2Z are only loosely constrained14

by the CMS search for VHH [5]. Deviations in kl determine less pronounced changes in cross15

section and kinematics, resulting in reduced sensitivity to anomalous values. Consequently,16

the exploration of kl is left to future work.17

This letter reports the results of a search for VVH production via VBS. The search is based18

on data from proton-proton collisions at
p

s = 13 TeV, collected by the CMS experiment at19

the LHC between 2016 and 2018, corresponding to an integrated luminosity of 138 fb�1. The20

search is performed in several channels: all-hadronic, targeting both vector bosons decaying21

into hadrons; semileptonic, targeting a W boson decaying to a muon or electron plus neutrino22

and the other boson decaying to quarks; and dileptonic, where two leptons arise from either23

two W decays with same or opposite sign charge (SS or OS), or a Z boson decay, with the24

second vector boson decaying hadronically. The search targets final states where the Higgs25

boson decays to a bottom quark-antiquark pair (bb). A large Lorentz boost is required for all26

the final state objects, therefore the Higgs boson and at least one hadronically decaying vector27

boson are reconstructed as a single large-cone jet.28

The CMS apparatus [6] is a multipurpose, nearly hermetic detector, designed to trigger on [7, 8]29

and identify electrons, muons, photons, and hadrons [9–12]. A global event reconstruction30

particle-flow (PF) algorithm [13] combines the information provided by the all-silicon inner31

tracker and by the crystal electromagnetic (ECAL) and brass-scintillator hadron calorimeters,32

operating inside a 3.8 T superconducting solenoid, with data from gas-ionization muon detec-33
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tracker and by the crystal electromagnetic (ECAL) and brass-scintillator hadron calorimeters,32

operating inside a 3.8 T superconducting solenoid, with data from gas-ionization muon detec-33
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1. Additional material for HIG-24-003 1

1 Additional material for HIG-24-0031
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Figure 1: Higgs boson transverse momentum distribution at the LHE level for several k2V

benchmarks. All the distributions are normalized to unity. The signal samples are generated at

leading-order using MADGRAPH with the dipole recoil scheme and 4 flavor PDFs.
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Figure 2: Vector boson transverse momentum distribution at the LHE level for several k2V

benchmarks. All the distributions are normalized to unity. The signal samples are generated at

leading-order using MADGRAPH with the dipole recoil scheme and 4 flavor PDFs.

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-003/index.html
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Figure 4: Observed (solid line) and expected (dashed line) 95% CL exclusion limit on the VBS
VVH production cross section, as a function of the k2W coupling (left) and the k2Z coupling
(right). The crossings of the observed limit and the VBS VVH production cross section (blue
line) indicate the ranges of the coupling values excluded.
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Figure 5: Observed (solid line) and expected (dashed line) 1, 2 and 5s exclusion regions, cor-
responding to 68.3, 95.4 and >99.99 CL, obtained via a likelihood scan in the two-dimensional
k2W-k2Z plane.

Electroweak CMS VV H(bb) results
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•Low-statistics channels: cut & count 
•Sensitivity  mostly from semi-leptonic and fully hadronic

•Tightest  and  constraints 

•Assuming a single 
( [0.34,1.66] (exp.) ) allowed range

κ2W κ2Z
κ2V : [0.41,1.59] (obs.)

CMS-PAS-24-003
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Figure 3: Observed (solid line) and expected (dashed line) 95% CL exclusion limit on the VBS
VVH production cross section, as a function of the k2V coupling, with other couplings fixed to
the SM values. The crossings of the observed limit and the VBS VVH production cross section
(blue line) indicate the ranges of the coupling values excluded.

The results are completed by a two-dimensional scan, which determines exclusion regions in258

the k2W-k2Z plane.259

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-003/index.html
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Anomalous Higgs interactions

24

•Higgs boson confirmed to be spin-0, and consistent with CP++ since Run 1 
•Pure CP-odd state excluded ≠ CP-even state  
•Look for BSM contributions in the HVV, Hgg amplitudes

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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052004-13

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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Dim-6 BSM operators at a  
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8. Event selection and categorization 15

Figure 4: Normalized distribution of the DVBF
NNBSM (top left) and DVBF

0� (top right) discriminant
for the SM VBF signal and for four anomalous coupling hypotheses, shown together with the
main resonant background (SM ggH production), the continuous diphoton background and
data. The distributions are shown after the VBF preselection described in the text. The vertical
dashed lines indicate the category boundaries applied in the analysis. The comparison between
simulation (blue filled histograms, normalized to the data integral) and Z ! ee+jets data events
(black markers) is shown in the bottom panels, along with the corresponding ratio plots for the
DVBF

NNBSM (bottom left) and DVBF
0� (bottom right) outputs. The systematic uncertainty is estimated

by comparing NLO and LO DrellYan simulations, and is treated as a shape uncertainty.

A deep neural network, referred to as the VH hadronic DNN, is trained to distinguish three476

separate classes of events: H events from other production modes (ggH, VBF, ttH, VH lep-477

tonic) or continuous non-resonant background, the SM VH signal and the BSM VH signal,478

both with subsequent hadronic decays of the V boson. The training of the DNN uses a similar479

set of variables and structure of the network as for the VBF-like categories. Two of the three out-480

put probabilities, called DVHhad
bkg and DVHhad

BSM and representing the probabilities for one event481

to be background or BSM signal, respectively, are used to define analysis categories. Given the482

Dedicated observables to CP

25

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 CP-sensitive BSM 17
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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.

CP-even 

JP = 0+

CP-odd 

JP = 0−+mix
-mix

6. Data samples and simulated events 9

Figure 3: Topologies of the H boson production and decay, useful for the measurement of HVV
couplings: EW vector boson fusion q1q2 ! V1V2(q

0
1q

0
2) ! H(q

0
1q

0
2) ! g1g2(q

0
1q

0
2) (left); asso-

ciated production q1q2 ! V1 ! V2H ! g1g2(ff) (right). The figure on the left is valid also to
describe gluon fusion events in association with two jets, useful for the measurement of Hgg
couplings, when V = g. The incoming partons are shown in brown and the intermediate or
final-state particles are shown in red and green. The angles characterizing kinematic distribu-
tions are shown in blue and are defined in the respective rest frames [38, 43, 46].

criminants of the multi-classifier are exploited, the one separating the inclusive background289

from the other contributions (DggH+2jets
bkg ) and the one targeting the CP-odd ggH signal process290

(DggH+2jets
BSM ).291

The list of discriminant variables applied to the HVV and Hgg analyses and their purpose are292

reported in Tabs. 2 and 3. Further details on the event categorization are given in Sec. 7.293

6 Data samples and simulated events294

The data sample used in this analysis corresponds to integrated luminosities of 36.3 fb�1 col-295

lected in 2016, 41.5 fb�1 collected in 2017, and 59.8 fb�1 collected in 2018, for a total of 138 fb�1
296

collected by CMS during Run 2 at a pp center-of-mass energy of 13 TeV [59–61]. In this section,297

the data sets and simulated event samples for all three years are described.298

Events are selected using a diphoton high-level trigger with asymmetric photon pT thresholds299

of 30 (30) and 18 (22) GeV in 2016 (2017 and 2018) data. A calorimetric selection is applied300

at trigger level, based on the shape of the electromagnetic shower, the isolation of the photon301

candidate, and the ratio of the hadronic and electromagnetic energy deposits of the shower. The302

value of R9 is used to identify photons undergoing a conversion in the material upstream of303

the ECAL. Unconverted photons typically have narrower transverse shower profiles, resulting304

in higher values of the R9 variable, compared to converted photons. The trigger efficiency is305

measured from Z/g⇤ ! ee events using the “tag-and-probe” technique [62]. The efficiency,306

measured in data in bins of pT, R9, and psedurapidity h, is used to weight the simulated events307

to replicate the trigger efficiency observed in data.308

Monte Carlo (MC) simulation is used to model signal and background processes in pp inter-309

actions at the LHC and their reconstruction in the CMS detector. All parton-level samples are310

interfaced with PYTHIA8 version 8.226 (8.230) [63] for parton showering and hadronization,311

with the CUETP8M1 [64] (CP5 [65]) tune used for the simulation of 2016 (2017 and 2018) data.312

Parton distribution functions (PDFs) are taken from the NNPDF 3.0 [66] (3.1 [67]) set, when313

VBF production +   
 (NEW CMS analysis) 
 (New ATLAS analysis) 

H → γγ
H → ττ

V*V* H 
V=W , Z ,  , g

→
γ
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New CMS Higgs tensor structure results
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10. Results 25

0

100

200

300

400

500

600

700

S/
(S

+B
) W

ei
gh

te
d 

Ev
en

ts
 / 

G
eV

Data
S+B fit
B component

σ1 ±

σ2 ±

Preliminary CMS  (13 TeV)-1138 fb

S/(S+B) weighted
VBF Categories = 125.38 GeV

H
, mγγ →H 

)
a3

, f
V
µ, 

f
µ = (α

100 110 120 130 140 150 160 170 180
 (GeV)γγm

60−
40−
20−

0
20
40
60
80

100

D
at

a 
- B B component subtracted

0

200

400

600

800

1000

1200

S/
(S

+B
) W

ei
gh

te
d 

Ev
en

ts
 / 

G
eV

Data
S+B fit
B component

σ1 ±

σ2 ±

Preliminary CMS  (13 TeV)-1138 fb

S/(S+B) weighted
VH-had Categories = 125.38 GeV

H
, mγγ →H 

)
a3

, f
V
µ, 

f
µ = (α

100 110 120 130 140 150 160 170 180
 (GeV)γγm

50−

0
50

100
150

D
at

a 
- B B component subtracted

0

5

10

15

20

25

30

35

40

S/
(S

+B
) W

ei
gh

te
d 

Ev
en

ts
 / 

G
eV

Data
S+B fit
B component

σ1 ±

σ2 ±

Preliminary CMS  (13 TeV)-1138 fb

S/(S+B) weighted
VH-lep Categories = 125.38 GeV

H
, mγγ →H 

)
a3

, f
V
µ, 

f
µ = (α

100 110 120 130 140 150 160 170 180
 (GeV)γγm

10−
5−
0
5

10
15
20
25
30

D
at

a 
- B B component subtracted

0

10

20

30

40

50

310×

S/
(S

+B
) W

ei
gh

te
d 

Ev
en

ts
 / 

G
eV

Data
S+B fit
B component

σ1 ±

σ2 ±

Preliminary CMS  (13 TeV)-1138 fb

S/(S+B) weighted
All Categories = 125.38 GeV

H
, mγγ →H 

)
a3

, f
V
µ, 

f
µ = (α

100 110 120 130 140 150 160 170 180
 (GeV)γγm

500−
0

500
1000
1500
2000
2500

D
at

a 
- B B component subtracted

Figure 9: The best fit signal-plus-background model is shown overlaid on the S/(S + B)-
weighted distribution of the data points (black) from the fit to the fa3 anomalous coupling
parameter. The distributions are presented separately for categories optimized for VBF pro-
duction (upper left), hadronic VH (upper right), and leptonic VH (lower left). The lower right
panel shows the combined distribution across all categories. S and B represent the expected
number of signal and background events in the mass peak region. The green and yellow bands
correspond to the one and two standard deviation uncertainties on the background compo-
nent of the fit. The solid red line indicates the total signal-plus-background prediction, while
the dashed red line represents the background-only contribution. The lower panel in each plot
displays the residuals obtained by subtracting the background component from the data.
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Parameter Expected/(10�4) Observed/(10�4) Expected/(10�4)
H ! gg (68% CL) H ! gg (68% CL) H ! 4` + H ! t+t� (68% CL)

fa3 0.0+2.1
�2.1 0.00+0.39

�0.39 [�0.5,0.5]
fa2 0.0+3.1

�2.3 �0.81+0.65
�2.0 [�4,5]

fL1 0.0+0.35
�0.12 �0.014+0.032

�0.14 [�0.4,1.1]
f

Zg
L1 0.0+3.7

�3.3 0.83+1.5
�0.92 [�10,10]

Table 10: Summary of expected and observed allowed 68% CL intervals on HVV anomalous
coupling parameters, for the HVV analysis described in this paper and, for comparison, from
the combination of H ! 4` + H ! tt channels in [32].

Parameter Expected/(10�4) Observed/(10�4)
95% CL H ! gg 95% CL H ! gg

fa3 [�5.4,5.4] [�1.5,1.5]
fa2 [�8.8,10] [�5.5,1.2]
fL1 [�0.48,1.2] [�0.36,0.17]
f

Zg
L1 [�9.5,9.9] [�2.5,4.8]

Table 11: Summary of expected and observed allowed 95% CL intervals on HVV anomalous
coupling parameters for the HVV analysis.

can be attributed to two main factors: first, the fitted value of µV is higher than expected689

(µV ⇠ 1.37); second, the categories with the highest sensitivity exhibit an underfluctuation in690

the observed data. This is illustrated in Fig. 10, which represents the distribution of the events691

in data and for two different fa3 hypotheses in the bins optimized for the VBF production mode.692

Figure 10: Distribution of events weighted by S/(S + B), using bins optimized for the VBF
production mode. S denotes the sum of all resonant signal events and B represents the non-
resonant background. The plot shows the event yields in each bin within the mass window
mH � s < mgg < mH + s, for both the full BSM hypothesis (orange) and the SM hypothesis
(blue). The data points (black dots) indicate the observed events in the same mass window,
after background subtraction, and include statistical uncertainties.

-sensitive categoriesfai

 fit in each categorymγγ Bkg-subtracted discriminant
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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.
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Exploit  in VBF production to test HVV interaction in production  

Use the matrix element CP-sensitive “Optimal Observable” (OO)  

- alternative variables use the angular correlation of VBF jets  

H → ττ

∝ Re (ACP evenA*CP odd)
Δϕjj

 => CP violation d̃ =
v2

Λ2
cHW̃ ≠ 0

Three final states: ℓℓ, ℓτh, τhτh

Dedicated NN to 
define signal and 
validation regions 
based on NN output
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Best fit OO distribution , [-0.012 ; 0.044] allowed range @95% CL 

Well consistent with the SM 

d̃ = 0.014
d̃ = 0

ℓℓ
HIGP-2024-009

 very sensitive to HVV CPVH → ττ
Also constrained by WH(bb):  in [-0.62, 0.85] 

ATLAS-PHYS-PUB-2025-022
cHW̃

Figure 1: Comparison of results for the expected and observed measurements of the CP-odd Wilson coe!cient 𝐿𝐿�̃�
for an integrated luminosity of 140 fb

→1
at

↑
𝑀 = 13 TeV. All results are obtained via a linear-only interpretation,

with the exception of the ATLAS 𝑁 ↓ 𝑂𝑂↔ ↓ 4𝑃 result, where the quadratic term is also considered but has been

shown to have a negiglible impact on the limits. The ATLAS 𝑁 ↓ 𝑄𝑄↔
result is obtained via a simultaneous fit to

Wilson coe!cients 𝐿𝐿�̃� , 𝐿𝐿𝑀 , 𝐿𝐿�̃� and 𝐿𝐿𝑁 , but the correlations between their di"erent observed values is small.

The data and 95% confidence level (CL) bars show the observed values with statistical and systematic uncertainties,

and the grey bands centered at 0 show the expected 95% CL intervals. The best fit values and 95% CL observed

(expected) limits are also explicitly listed on the right-most side of the plot in black (gray). All couplings scale as

1/ω2
with the assumed value of ω = 1 TeV.
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Need to measure the Higgs potential

30

VSM(H) = V0+
1
2

m2
HH2+λvH3+

1
4

λH4

VBSM(H) = V0+
1
2

m2
HH2+λ3vH3+

1
4

λ4H4 +
λ5

v
H5 +

λ6

v2
H6 + ⋯

BSM potential at low E

In EFTs, adding dimension-6 (BSM at scale E> ), the  are not independent: Λ λi

λ3 = λ (1 + c6
2v4

m2
HΛ2 ) ≡ λ(1 + c̄6)

A measure of  (e.g. via HH rate)  
hint of 1st phase transition (Sakharov 
condition for )

c̄6 ≠ 0

nB ≫ nB̄

But: HH is an extremely rare process at LHC:  (34 T @ ) σggHH <
σggH

1000
s = 13.6 TeV
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HH upper limits from Run2 legacy

31
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Higgs boson self-coupling 
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Remember in the SM, the Higgs 
potential includes H3 terms 

“self-coupling” generates 
Higgs-Higgs interactions

Combinations of multiple search channels just as 
important for 2xHiggs compared to single Higgs 

V (H) =
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2
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2
H
+ �vH
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Higgs self-coupling (Run2 legacy)
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H

H

H

κλ =
λ

λSM

most stringent 95%  CLs on Higgs 
boson self-coupling from HH:

  (ATLAS) 
 (CMS)

−1.2 < κλ < 7.2
−1.39 < κλ < 7.02

ATLAS: PRL 133 (2024) 101801
CMS-PAS-HIG-20-011

https://link.aps.org/doi/10.1103/PhysRevLett.133.101801
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/
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Pioneering Run3 data: ATLAS HH → bb̄γγ
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Re-analysis of Run2-[15-18] (140 T-1) and Run3-[22-24] (168 T-1) with several improvements: 
• Use new ML (transformers) b-tagging  

• Kinematic fits (KF) to improve  and  resolution 
• Improved categorisation mHH-dependent

m(bb̄) m(bb̄γγ)

Up to 17% improvement in  resolution with the KFm(bb̄)
1 BDTs for each bin of:  

 m*
bb̄γγ

= mbb̄γγ − (mbb̄ − mH) − (mγγ − mH)

HIGP-2025-010
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Resonant background from single-Higgs e.g. ttH( )γγ

Combined Run2+Run3 UL is , approaching the Run2 legacy combination 
Limits on H self coupling: -1.7 <  < 6.6 @ 95% CL

μHH < 3.8
κλ

HIGP-2025-010

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2025-10/
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Pushing further: triple-Higgs

35

Tri-Higgs (HHH) production sensitive to both  and   

Recent ATLAS measurements: HHH → 6b (PhysRevD.111.032006 )

λ3 λ4

CMS new Run-2 analysis of  ultra-rare: HHH → 4b2γ σ × ℬ ∼ 0.2 ab

CMS-PAS-HIG-24-015
9. Results 9
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Figure 6: Left: Parametrized signal shape for mgg. The open squares represent the simulated
events and the blue lines are corresponding models. The corresponding interval as a gray band
shows the seff value (half the width of the narrowest interval containing 68.3% of the invariant
mass distribution). Right: Invariant mass distribution of mgg for the selected events in data
(black points) from all analysis categories. The solid red lines demonstrates the fitted back-
ground.The solid blue line shows the expected signal multiplied by 1000. The lower panel
shows the residual post fit signal yield after background substraction from data, the fitted sig-
nal around 125 GeV is shown in blue histogram.

shift) are varied to determine the extreme envelope.265

The b jet identification scale factors are derived in bins of pT,h and flavor of the jet using the266

iterative method [37]. The scale factor for an event is defined as the product of the scale factor267

for the jets included in the selection. The uncertainty in these scale factors affect the overall268

normalization. The uncertainty in the measured integrated luminosity is about 1% in each year269

and has been taken into account. The uncertainties in the pileup modeling is also added. The270

trigger efficiency is measured using the tag and probe technique on Z!ee events, separately271

for data and MC and the ratio is used as the scale factors to correct for the difference in the272

calibrations. The uncertainty on the trigger scale-factors is 1-2 % for each photon. The uncer-273

tainty on the shower-shape and the isolation corrections affect the photon-ID MVA. The scale274

and resolution of the photon energy is corrected as a function of time in the collected data. The275

uncertainties associated with this are also added to the signal model.276

9 Results277

The upper limit on the signal strength µ has been evaluated by the binned maximum likeli-278

hood fit in the mgg distribution [36] incorporating all systematic uncertainties. At 95% CL, the279

observed (expected) median upper limit on the HHH production cross section, normalized by280

the SM value is given by281

µ =
s[gg ! H(bb̄)H(bb̄)H(gg)]obs(exp)

s[gg ! H(bb̄)H(bb̄)H(gg)]SM

< 3400 ( 2086+3461
�1145 )

The observed (expected) 95% CL upper limit on the HHH! 4b2g cross section is282

s(gg ! HHH)⇥ Br(HHH ! (bb̄)(bb̄)(gg)) < 0.56 ( 0.35+0.46
�0.19 ) fb

• Stronger 
dependence of HHH 
cross section from  
than  

•Green area: 
constraints from 
H+HH

λ3
λ4

12

Figure 9: Negative log-likelihood contours at 95% CL in the (kl3, kl4) plane evaluated with
an Asimov data set assuming SM hypothesis (in orange line) and the observed data (in blue
line). The green shaded region shows the allowed bounds on kl3 from the H+HH combination
measurements [9]

.
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Summary
• The LHC Run2 and Run3 data used to fully characterize the Higgs boson 

- mass measured with 0.1% precision, and width with 50% precision 

- production cross sections measured differentially in many decay bins, in all production modes  

- fiducial cross sections and coupling modifiers measured at 5-10% level inclusively 

- couplings to 2nd generation evidence with , next challenge is  

- CP violation studied in many channels 

- H self-coupling constrained from direct searches for HH production and single-H and HHH 

H → μ+μ− H → cc̄

36
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Summary
• The LHC Run2 and Run3 data used to fully characterize the Higgs boson 

- mass measured with 0.1% precision, and width with 50% precision 

- production cross sections measured differentially in many decay bins, in all production modes  

- fiducial cross sections and coupling modifiers measured at 5-10% level inclusively 

- couplings to 2nd generation evidence with , next challenge is  

- CP violation studied in many channels 

- H self-coupling constrained from direct searches for HH production and single-H and HHH  

• LHC Phase-1 dataset at the end of data taking will be ~0.5 ab-1 per experiment  

- a unique opportunity to precisely characterise the Higgs potential 

• 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

38
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Summary: LHC is delivering data !

39

LHC Run3 boosts all Higgs results! 

Current run is key for precision and discovery !THANK    YOU !
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Anomalous couplings in  (CMS)H → γγ

41

Use the clean  final state, with all production modes 

- VBF, V( )H, V( )H can probe BSM contribution up to high  
- ggH effective coupling: BSM particles in the loops

H → γγ
qq′ ℓℓ/ℓν q2

7. Event selection 15
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Figure 4: Normalized distribution of the DVBF
NNBSM (top left) and DVBF

0� (top right) discriminant
for the SM VBF signal and for four anomalous coupling hypotheses, shown together with the
main resonant background (SM ggH production), the continuous diphoton background and
data. The distributions are shown after the VBF preselection described in the text. The vertical
dashed lines indicate the category boundaries applied in the analysis. The comparison between
simulation (blue filled histograms, normalized to the data integral) and Z ! ee+jets data events
(black markers) is shown in the bottom panels, along with the corresponding ratio plots for the
DVBF

NNBSM (bottom left) and DVBF
0� (bottom right) outputs.

set of variables and structure of the network as for the VBF-like categories. Two of the three out-476

put probabilities, called DVHhad
bkg and DVHhad

BSM and representing the probabilities for one event477

to be background or BSM signal, respectively, are used to define analysis categories. Given the478

expected peak in the mjj, which is not present in any of the other backgrounds, including all the479

other H boson productions, this is one of the most powerful inputs in the VH DNN.480

20

the VBF-like phase space: ggH SM events, ggH CP-odd events, VBF events and non-resonant556

gg events. As mentioned in Sec. 5, this is achieved through a three-dimensional optimiza-557

tion approach utilizing MELA discriminants DggH
0� and DggH

CP , and the standard diphoton MVA558

DggH
STXS [58]. The category optimization is done by scanning each discriminant, to maximize the

Figure 6: Signal and background distributions for MELA discriminants DggH
0� (right) and

DggH
CP (left) used in the Hgg analysis. All Monte Carlo samples are normalized to the data

integral. The red dashed lines indicate the bin boundaries applied in the analysis.
559

sensitivity to a CP-odd signal. As a result, a total of 30 bins is defined: 5 bins in the MELA560

variable DggH
0� , to separate ggH SM from BSM processes; 3 bins in the standard diphoton MVA561

DggH
STXS, to reduce continuum background (H ! gg from non-Higgs backgrounds, i.e. processes562

with gg, g+ jet, jet+jet in the final state); 2 bins in the MELA discriminant DggH
CP , to be sensitive563

to the interference term and thus the sign of f
ggH
a3 . Moreover, a dedicated ggH + 2 jets multi-564

class BDT classifier is also used, which is trained to further separate the CP-even and CP-odd565

ggH signal processes against the inclusive background (non-resonant and Higgs background566

processes). Cuts on the dedicated ggH + 2 jets background classifier (DggH+2jets
bkg ), separating567

the inclusive background from the other contributions, and on the classifier targeting the CP-568

odd ggH signal process (DggH+2jets
BSM ) are applied to further suppress the background and isolate569

anomalous contributions. Being designed specifically to isolate the signal events in the ggH +570

2 jet topology, cutting on this multi-class BDT classifiers ensures better performance than the571

usage of the standard diphoton MVA alone, which training is inclusive for all Higgs production572

modes. Figure 6 shows the signal and background distributions of the discriminants applied573

to the Hgg analysis.574

8 Statistical procedure575

The statistical procedure used in this analysis is identical to that described in Ref. [82], as devel-576

oped by the ATLAS and CMS Collaborations. A likelihood function is defined for each analysis577

category using analytic models to describe the diphoton invariant mass (mgg ) distribution of578

signal and background events, with nuisance parameters to account for the experimental and579

theoretical systematic uncertainties. The signal and background models derived in each cate-580

gory are described respectively in Sec. 8.1 and 8.2.581

Use di-photon and associated jets kinematics in ML and MELA to discriminate SM / BSM

  

means fully CP-odd ( ) 

fa3 = ± 1
JP = 0−

•Test BSM fractions from 0-100% 
•1 optimal discriminant /  / prod.fai

VBF discriminant

ggH  
discriminant

CMS-PAS-24-006

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-006/index.html
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Stronger constraints when allowing 1 BSM/time 
Competitive with H → 4ℓ, H → ττ

HVV CP-even BSM fraction 28

Figure 12: Likelihood profile for the observed and expected CP-odd anomalous coupling pa-
rameters: f

ggH
a3 (left) and f

Htt

CP (right).

Parameter Scenario Observed Expected
68% C.L. 95% C.L. 68% C.L. 95% C.L.

f
ggH
a3

( ggH (4`) �0.04+1.04
�0.96 [�1, 1] 0 ± 1 [�1, 1]

ggH (tt) 0.07+0.32
�0.07 [�0.15, 0.89] 0.00 ± 0.26 [�1, 1]

ggH (gg) 0.45
+0.47

�0.43
[�1, 1] 0.00

+0.63

�0.65
[�1, 1]

f
Htt

CP

8
>>>>>>>>>>><

>>>>>>>>>>>:

tH, ttH (4`) ±(0.88+0.12
�1.88) [�1, 1] 0 ± 1 [�1, 1]

tH, ttH (gg) 0.00 ± 0.33 [�0.67, 0.67] 0.00 ± 0.49 [�0.82, 0.82]
tH, ttH (4`, gg) 0.00 ± 0.33 [�0.67, 0.67] 0.00 ± 0.48 [�0.81, 0.81]
ggH (4`) �0.01+1.01

�0.99 [�1, 1] 0 ± 1 [�1, 1]
ggH (tt) 0.03+0.17

�0.03 [�0.07, 0.51] 0.00 ± 0.12 [�0.49, 0.49]
ggH, tH, ttH (4`) �0.56+1.56

�0.44 [�1, 1] 0.00 ± 0.47 [�1, 1]
ggH, tH, ttH (4`, gg) �0.04+0.38

�0.36 [�0.69, 0.68] 0.00 ± 0.30 [�0.70, 0.70]
ggH (gg) 0.26

+0.57

�0.25
[�1, 1] 0.00

+0.41

�0.43
[�1, 1]

Table 12: Constraints on the f
ggH
a3 and f

Htt

CP parameters with the best fit values and allowed
68% CL (quoted uncertainties) and 95% CL (within square brackets) intervals, limited to the
physical range of [�1, 1]. The f

Htt

CP constraints obtained in this work are compared to those
obtained in the tH and ttH H ! gg channel [20], the ggH H ! 4` [21] and the H ! tt

channels [19], respectively. The interpretation of the f
ggH
a3 result under the assumption of the

top quark dominance in the gluon fusion loop are presented in terms of the f
ggH
a3 parameter,

where either ggH or its combination with tH and ttH results are shown.

11 Summary713

A study is presented of anomalous interactions of the Higgs boson (H) with vector bosons and714

gluons, including CP violation, using its production in vector boson fusion (VBF), associated715

production with a vector boson, and associated production with two hadronic jets in gluon716

fusion (ggH), and a subsequent decay to a pair of photons. In the HVV analysis, constraints717

have been set on the CP-violating parameter fa3 and on the CP-conserving parameters fa2, fL1,718

and f
Zg
L1 using machine learning techniques, resulting in some of the most stringent limits to719

date. In the Hgg analysis, constraints have been set in terms of the effective cross section ratio720

Hgg CP-odd BSM fraction 
(weaker constraint than HVV)

CMS-PAS-24-006
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Figure 12: Likelihood scan for the expected and observed HVV coupling parameter
fa2 cos(fa2). 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.

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-006/index.html
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ATLAS DRAFT
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Figure 1: Dimuon invariant mass spectrum in all the categories observed in Run-3. Events and probability density
functions (pdf) have been weighted by ln(1 + 𝐿/𝑀), where 𝐿 are the observed signal yields and 𝑀 are the background
yields extracted from the fit to data in the 𝑁𝐿𝐿 = 120 → 130 GeV window, which indicated a signal strength of
𝑂 = 1.6 ± 0.6. The background and signal probability density functions have been obtained from the fit to the data.
The lower panel shows the fitted signal pdf, normalised to the signal best-fit value, and the di!erence between the
observed data and the background model. Error bars represent the data statistical uncertainties.

10− 5− 0 5 10 15
Signal Strength

             Total     Stat.     Syst.

Combined Run 2 + Run 3  0.1 )± 0.4 ,  ± 0.4  (  ±   1.4  

Combined Run 3  0.2 )±  ,   0.5−
 0.6+  0.6  ( ±   1.6  

Combined Run 2  0.1 )± 0.6 ,  ± 0.6  (  ±   1.2  

Run 3 0-jet categories  0.5 )± 1.2 ,  ± 1.3  (  ±   2.0  

Run 3 1-jet categories  0.4 )± 1.2 ,  ± 1.2  (  ±   1.3  

Run 3 2-jet categories  0.6 )± 1.2 ,  ± 1.3  (  ±   3.3  

Run 3 VBF categories  0.2 )± 0.9 ,  ± 0.9  (  ±   0.3  

Run 3 VH categories  1.3 )± 4.1 ,  ± 4.3  (  ±   3.1  

H categoriestRun 3 t  1.1 )± 3.4 ,  ± 3.5  (  ±   1.3  

Total Stat. Syst. SM
 InternalATLAS -1 = 13.6 TeV, 165 fbs        Run 3: -1 = 13 TeV, 139 fbsRun 2: 

µµ → H

Figure 2: Best-fit values of the signal-strength parameters for the analysis of the Run-3 data presented in this Letter
and the complete Run-2 dataset. Results are first shown for Run 3 by grouping the signal strength parameters into six
major categories (𝑃𝑃𝑄, 𝑅𝑄, VBF, 2-jet, 1-jet, and 0-jet), where the systematic uncertainties as reported in the legend
have been symmetrised. In the bottom part of the plot, the full Run-2 and Run-3 results are given, as well as their
combination.
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CMS_scale_j_relativeBal

Rate DY soft+PU jets 2018
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, ggH-cat1σSignal shape 

JES: absolute
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H → μμ

ATLAS-CONF-2024-011
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ATLAS DRAFT
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Figure 5: The NLL curves correspond to the following operators: (a) g̃, and (b) B
�,̃

. Expected and observed ⇤NLL
distributions for the combined fit as a function of the di�erent CP-violating strength parameters. The dashed lines
show the observed ⇤NLL curves for the fit to the single channels. The expected curve is obtained assuming the SM
predictions. The horizontal lines correspond to the ⇤NLL values used to determine the 68% and 95% confidence
intervals.

improvement relative to what was set in Ref [26], and improving also the limits relative to the analysis555

based on ⇤3sign
⌫ ⌫

[27].556

°2 °1 0 1 2 3 4 5
Parameter

d̃ (lin. + quad.)

d̃ (lin. only)

cHW̃ (lin. + quad.)

cHW̃ (lin. only)

Best Fit 95% CL interval
(x 10) 0.014 [-0.012,0.044]

(x 10) 0.011 [-0.012,0.034]

0.26 [-0.24,0.83]

0.21 [-0.23,0.70]

ATLAS internal
p

s = 13 TeV, 140.1 fb°1

H ! tt

Observed 95 % CL interval
Expected 95 % CL interval

Figure 6: Expected and observed best fit values and 95% CL intervals (with respect to the best fit value) for all the
CP-violating strength parameters considered in the analysis. The g̃ values are scaled by a factor 10 to have the same
order of magnitude in the figure as the other operator. For the B

�,̃
results a new-physics scale at � = 1 TeV is

assumed.

Figure 7 shows a comparison of the expected and observed best fit values between di�erent analyses.557

The results are compared with the ATLAS 2 � �� � 4+ analysis [10] and the ATLAS 2 � ,,558

VBF measurements [11] for g̃ and B
�,̃

. The results for B
�,̃

are also compared with the ATLAS559

2 � // di�erential cross-section measurement based on ⇤3sign
⌫ ⌫

[27] and the ATLAS 2 � $$
p
� +6+6560

analysis [12]. This analysis, the ATLAS 2 � �� � 4+ analysis, and the ATLAS 2 � ,, VBF561

measurements use datasets with no overlap. However, the ATLAS 2 � // ⇤3 ⌫ ⌫ di�erential measurement562

3rd June 2025 – 08:33 22

ATLAS DRAFT

uses similar final states in the same dataset as this analysis. In the g
�,̃

results for all the analyses a563

new-physics scale at ⇤ = 1 TeV is assumed, and g
�,̃

is fitted while the other CP-odd operators are564

assumed to be zero, except in the ATLAS B � 33
p
� 2�2� analysis where all the Warsaw basis CP-odd565

and CP-even coe�cients are fitted simultaneously, with a correlation between the coupling measurements566

of less than 5%. For both g
�,̃

and +̃ the EFT parameterisation includes both the linear and quadratic567

terms, except for the ATLAS B � 33
p
� 2�2� analysis, where only the linear term is considered.568

°2 °1 0 1 2 3 4 5 6 7
Parameter

d̃

cHW̃

Best Fit 95% CL interval
(x 10) 0.014 [-0.012,0.044]
(x 10) 0.010 [-0.034,0.071]
(x 10) 0.000 [-0.026,0.025]

0.27 [-0.24,0.83]
0.26 [-0.55,1.07]
0.60 [-0.81,1.54]
0.27 [-0.30,0.82]
-0.20 [-1.00,0.60]

ATLAS internalp
s = 13 TeV, 140 fb°1

linear+quadratic
(?) linear only, 4 POI

VBF H ! tt (this result)
H ! gg
H ! ZZ§

H ! tt differential Df j j

H ! WW §(?)

Observed 95% CL interval
Expected 95% CL interval
Observed 95% CL interval
Expected 95% CL interval

Figure 7: Comparison of results of the analysis presented with the ATLAS B � ,,
p
� 42 analysis [10] and

the ATLAS B � // VBF measurements [11] for +̃ and g
�,̃

. The results for g
�,̃

are also compared with the
ATLAS B � $$ di�erential cross-section measurement based on �6sign

⌫ ⌫
[27] and the ATLAS B � 33

p
� 2�2�

analysis [12], based on pure shape information.The data points show the observed results, and the uncertainty bands
correspond to the 95 % CL interval including statistical and systematic uncertainties. The +̃ values are scaled by a
factor 10 to have the same dimension in the figure as the other operator. For the g

�,̃
results a new-physics scale at

⇤ = 1 TeV is assumed. The EFT parameterisation includes both the linear and quadratic terms, and g
�,̃

is fitted
while the other CP-odd operators are assumed to be zero, except for the ATLAS B � 33

p
� 2�2� analysis, where

only the linear term is considered and all the Warsaw basis CP-odd and CP-even coe�cients are fitted simultaneously
(and therefore labelled as 4 POI), with a correlation between the coupling measurements of less than 5%.

10 Conclusion569

The analysis presented in this work performed a test of the CP invariance of the Higgs boson in the vertex570

with vector bosons, in the final state with the Higgs boson decaying into pairs of $-leptons, using the full571

Run 2 proton–proton collision dataset of 140 fb!1 collected by the ATLAS experiment at the energy in the572

centre of mass of
⇤
< = 13 TeV. The Optimal Observable was used as mean of probing the CP properties573

of the Higgs boson.574

No statistically significant deviation relative to the Standard Model prediction of a CP-even coupling575

between the Higgs boson and vector bosons is observed. The results are interpreted using di�erent EFT576

bases, in particular HISZ and Warsaw basis, with sensitivity mainly on +̃ and g
�,̃

. The HISZ parameter577

3rd June 2025 – 08:33 23

The three channels equally sensitive

CP-violating Wilson coefficient  
consistent with 0 (SM)

cHW̃

 one of the most sensitive to  
the HVV CP-odd contribution  

(All others CP-odd coefficients fixed to SM)

H → ττ

ATLAS-CONF-2024-009
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Gauge interactions

Yukawa interactions (fermion masses => 
proton, neutron masses), CKM matrix and CP 
violation

Higgs potential

ℒSM = −
1
4

FμνFμν + iψ̄Dψ

+ |DμΦ |2

−V(Φ)
+ψiyijψjΦ

Electroweak and QCD sector

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

46

V(Φ) = −μ2Φ†Φ+λ(Φ†Φ)2

V(H) = V0+
1
2

m2
HH2+λvH3+

1
4

λH4

Expanding around potential minimum:

λ =
m2

H

2v2

Test of the SM!
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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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SM Higgs production and decay at the LHC 
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ggH VBF WH/ZH

ttH tHq

Several productions and decay modes give access to many Higgs couplings to SM particles 

: over-constrained test of the SM from Higgs is checking all κi =
gi

gSM
i

ki = 1
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LHC from Run 1 to Run 3
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CMS (Science) Luminosity

13

Number of CMS Papers Submitted per Year

LS1

LS2

Run 1 
6 (7 TeV) + 23 (8 TeV)

Run 2  
165 (13 TeV)

Run 3 
197 (13.6 TeV)

123

33

41

68

50

42
4

236

391 fb−1

202420182012 20162011 2017 2022 202320152010

Run 1 LS1 Run 2 LS2 Run 3

LHC  Delivered Integrated Luminosity (pp)

2010 2015 2022

100

 Total = 1371 

CMS in 2024 
๏ 25-ns pp      

  123 fb−1  
๏ pp reference       

  520 pb−1 
๏ PbPb run         

   1.9 nb−1 

20
25

Integrated luminosity of 391 h-1 by now, means ~22 millions of Higgs bosons recorded by 
CMS (and the same quantity by ATLAS)

With this huge dataset, we can try to observe even rare processes !
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Higgs bosons in CMS
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 candidate 
 

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

50

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 
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Higgs mass (e.g. from H->ZZ->4l)
• Measurement done in H→4ℓ and H→γγ only 

• precision dominated by statistics and experimental systematics (e.g. small non-linearities in photon energy 
response, muon momentum scale)

51

H → ZZ* → 4ℓ

mH = 125.08 ± 0.12 (± 0.10) GeV

precision on mH: 120 MeV ≈ 0.1% from a single measurement
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Measuring couplings from experimental data
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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 “ ” 

r
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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.
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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 
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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,
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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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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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Nuisance parameters: 
encode the model of all 

experimental and 
theoretical systematic 

uncertainties 
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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 “ ” 

r
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r = μi ⋅ μf ⋅ [σi × BRf]SM ⋅ ϵif ⋅ ℒint

“Signal strengths” approach: rates relative to SM:

μi =
σi

σi
SM

μf =
BRf

BRf
SM

and
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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

3

4

CMS-only ATLAS+CMS,  
HL-LHC projections 3000 T-1

Δκ/κ ∼ O(v2/Λ2
BSM)

New physics at 1 TeV => 
deviations Δκ/κ ∼ 6 %

Theory uncertainties should 
improve together with 
experimental precision
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Figure 2: Cummulative contributions to the total relative uncertainty as a function of the
collider energy. according to eqs. (26)-(28).

In combination we find

��PP!H+X = �(PDF+↵S) + �(theory) = +3.63pb
�4.72pb

�
+7.46%
�9.7%

�
. (39)

To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained
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Figure 1: Relative cummulative contributions to the total cross section as a function of
the collider energy.

components of the cross section as a function of the collider energy; the data
for such a plot is readily obtained by running iHixs a few times for di↵erent
values of the collider energy.

From a single run of iHixs we also obtain estimates for the residual
uncertainty on the cross section. iHixs provides detailed estimates for the
various sources of uncertainty
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�4.72pb

�
+7.46%
�9.7%

�
. (39)

To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained

18

Largest contributions from QCD uncertainties and PDFs: 

Gluon fusion:  the main production mode provides crucial tests of QCD, and QCD+EW. Next 
challenges: 
- N3LO PDF sets => reduce  ) 
- More EW corrections (NLO calculations of QCD+EW) 
- Large logs resummation

δ(PDF − TH)

LHC
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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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Higgs as a portal to new physics
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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
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Effective couplings
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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
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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
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q2 − M2

WE << mW E > mW
Energy

The point-like interaction (Fermi theory) is an EFT of the SM, when probed at low energy 
(nuclear forces E~MeV)

SMEFT = Effective Lagrangian built from SM fields 
and respecting the SM gauge symmetry

Expansion in  affects all SM observables at both high and low 
energy 
• At EW scale: change in rates (couplings) 
• At higher scale, eg. Higgs  :  change in shapes => tails of the 

differential distributions

1/Λ

pT

Run 2 and 
beyond

Beyond SM coupling rescaling

GGI - Tea Breaks - 9 June - On Line                                                             Fabio Maltoni 

One can satisfy all the previous requirements, by building an EFT 
on top of the SM that respects the gauge symmetries:

Searching for new interactions with an EFT 
A simple approach

L
(6)
SM = L

(4)
SM +

X

i

ci
⇤2

Oi + . . .

With the “only” assumption that all new states are heavier than 
energy probed by the experiment .


The theory is renormalizable order by order in , perturbative 
computations can be consistently performed at any order, and 
the theory is predictive, i.e., well defined patterns of deviations 
are allowed, that can be further limited by adding assumptions 
from the UV.  Operators can lead to larger effects at high energy 
(for different reasons).  


s < Λ

1/Λ

* Sufficiently weakly interacting states may also exist without spoiling the EFT.

.
Λ2 > s |ci | /δ

s |ci | /Λ2 < δ

 

 

SM

EFT in the tails

Rescaling

pT(t,H)

Illustrative plot

 

Energy helps precision
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... generic BSM scenarios ...

Extension of the SM Lagrangian by d > 4 e↵ective field theory (EFT) operators:

L
e↵

SM = LSM +
X

d>4

1
⇤d�4

Ld = LSM +
1
⇤
L5 +

1
⇤2

L6 + · · ·

where

Ld =
X

i

C(d)

i
O

(d)

i
,

h
O

(d)

i

i
= d ,

under the assumption that new physics lives at a scale ⇤ >
p
s.

Expansion in (v, E)/⇤: a↵ects all SM

observables at both low and high-energy.

• SM masses, couplings ! rescaling

• shape of distributions ! more visible

in high-energy tails

Systematic, yet complex approach.

+

Studying correlations among operators

can point to specific BSM patterns.

[Figures from F. Maltoni]
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Framework: Extend SM Lagrangian by effec=ve interac=ons (SMEFT)

Under the assumption that new 
physics leaves at scales Λ < ,

Expansion in ⁄(<, =) ?:  affects all SM observables at 
both low and high energy

Ø SM masses and couplings →  rescaling
Ø Shapes of distribuBons → more visible in tails of distribuBons

Built of SM fields and respec=ng the SM gauge symmetry.

        STXS combination
● Parameterise STXS & decay rates as functions of Wilson coeffs (WC)

49

Jonathon LangfordHiggs boson cross-sections31/3/25        STXS combination [CMS-PAS-HIG-21-018]
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In EFTs, the Higgs diagrams involving loops can be treated as effective couplings

37Nicholas Wardle
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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.
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11. Interpretation of measurements using SMEFT 61

Figure 17: Individual constraints on the SMEFT WCs. The left panel shows the best-fit val-
ues, and the 68% and 95% CL intervals when considering modifications in one SMEFT op-
erator at a time. The results from the linear and linear-plus-quadratic parametrisations are
shown in blue and orange, respectively. In the right panel, the results are translated into a 95%
lower limit on the new physics energy scale. The WCs are categorised into operators from the
same group, and then listed in order of the probed energy scale using the linear-plus-quadratic
parametrisation. The hatched lines represent WCs which cannot be constrained in the linear-
only parametrisation.

32

Figure 6: The measured STXS stage 1.2 cross sections and branching fraction ratios. Theory
uncertainties which affect the normalisations of the measured parameters are not included in
the fit. In the top panel, the points indicate the best-fit values whilst the coloured lines indicate
the 68% CL intervals. The wider coloured boxes show the systematic uncertainty components
of the 68% CL intervals. Each measured quantity is compared to the SM prediction in red,
where the grey bands indicate the theoretical uncertainty for the respective parameter. The
bottom panel plots the ratio of the measured si ⇥ BZZ with respect to the SM predictions. The
best-fit values and 68% CL intervals for the ggH 450 < p

H
T < 650 GeV and tH STXS bins lie

outside of the range of the ratio panel, and are thus represented by arrows.

most granular measurement of the Higgs boson ever performed by the CMS experiment. The
correlations between the measured parameters are provided as additional material in Fig. 32.

The compatibility p-value for this model follows the same trend as the other signal yield
parametrisations, showing a reasonable tension with the SM hypothesis. Sizeable deviations
are observed for a number of kinematic regions including the high p

V
T WH leptonic STXS bins

for the H ! bb, H ! WW and H ! tt channels, the ZH leptonic p
V
T > 250 STXS bin for the

H ! bb channel, the ggH 0J STXS bins for the H ! tt channel, and the tH measurement in
the H ! gg channel. The overall compatibility is measured to be pSM = 0.006.

energy ( )pH
T

Tails in   sensitive to 
new physics effects  

 
have good sensitivity 

pH
T

H → γγ, VH(bb), ttH
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11. Interpretation of measurements using SMEFT 61

Figure 17: Individual constraints on the SMEFT WCs. The left panel shows the best-fit val-
ues, and the 68% and 95% CL intervals when considering modifications in one SMEFT op-
erator at a time. The results from the linear and linear-plus-quadratic parametrisations are
shown in blue and orange, respectively. In the right panel, the results are translated into a 95%
lower limit on the new physics energy scale. The WCs are categorised into operators from the
same group, and then listed in order of the probed energy scale using the linear-plus-quadratic
parametrisation. The hatched lines represent WCs which cannot be constrained in the linear-
only parametrisation.

Sensitive to 43 EFT operators 
Some of them are excluded up to a scale  Λ ∼ 10 TeV

1 TeV

10 TeV

Limit on BSM scale Λ

To reach very high , make use of dedicated 
reconstruction tools (eg. boosted jets) 

pH
T

Pushing into the tails

39Nicholas Wardle

With increasing datasets, we can probe tails of distributions that 
could be more sensitive to BSM physics!

Use specialized reconstruction and analysis tools for these kinds 
of measurements at the LHC

JHEP 12 (2024) 035

VBF, H   
with boosted b-jets

→ bb̄
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11. Interpretation of measurements using SMEFT 61

Figure 17: Individual constraints on the SMEFT WCs. The left panel shows the best-fit val-
ues, and the 68% and 95% CL intervals when considering modifications in one SMEFT op-
erator at a time. The results from the linear and linear-plus-quadratic parametrisations are
shown in blue and orange, respectively. In the right panel, the results are translated into a 95%
lower limit on the new physics energy scale. The WCs are categorised into operators from the
same group, and then listed in order of the probed energy scale using the linear-plus-quadratic
parametrisation. The hatched lines represent WCs which cannot be constrained in the linear-
only parametrisation.
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Figure 17: Individual constraints on the SMEFT WCs. The left panel shows the best-fit val-
ues, and the 68% and 95% CL intervals when considering modifications in one SMEFT op-
erator at a time. The results from the linear and linear-plus-quadratic parametrisations are
shown in blue and orange, respectively. In the right panel, the results are translated into a 95%
lower limit on the new physics energy scale. The WCs are categorised into operators from the
same group, and then listed in order of the probed energy scale using the linear-plus-quadratic
parametrisation. The hatched lines represent WCs which cannot be constrained in the linear-
only parametrisation.
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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.
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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.
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Why matter >> anti-matter in the universe?  
CP-violation (CKM matrix) is too weak to explain why  nB ≫ nB̄

asymmetry. Hence, one needs extra sources of CP-violation. Another problem has to do with departure
from thermal equilibrium that is necessary for the generation of the baryon asymmetry. At temperatures
well above 100 GeV electroweak symmetry is restored, the expectation value of the Higgs field � is
zero7, the relation (46) is valid, and the baryon number non-conservation is rapid as compared to the
cosmological expansion. At temperatures of order 100 GeV the relation (46) may be violated, but the
Universe expands very slowly: the cosmological time scale at these temperatures is

H
�1 =

M
⇤
P l

T 2
⇠ 10�10 s , (47)

which is very large by the electroweak physics standards. The only way in which strong departure from
thermal equilibrium at these temperatures may occur is through the first order phase transition.

Veff (�) Veff (�)

� �

Fig. 5: Effective potential as function of � at different temperatures. Left: first order phase transition. Right:
second order phase transition. Upper curves correspond to higher temperatures.

The property that at temperatures well above 100 GeV the expectation value of the Higgs field is
zero, while it is non-zero in vacuo, suggests that there may be a phase transition from the phase with
h�i = 0 to the phase with h�i 6= 0. The situation is pretty subtle here, as � is not gauge invariant, and
hence cannot serve as an order parameter, so the notion of phases with h�i = 0 and h�i 6= 0 is vague.
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HH production at LHC
• Di-Higgs production at the LHC is dominated by the gluon-fusion process, as single-H, but extremely 

smaller:
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R. Frederix et al. / Physics Letters B 732 (2014) 142–149 145

Fig. 3. Total cross sections at the LO and NLO in QCD for H H production channels, at the
√

s = 14 TeV LHC as a function of the self-interaction coupling λ. The dashed
(solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and PDF uncertainties added linearly. The SM values of the cross sections are
obtained at λ/λSM = 1.

Fig. 4. Transverse momentum distribution of the hardest Higgs boson in H H production in the gluon–gluon fusion, VBF, tt̄ H H , W H H and Z H H channels, at the 14 TeV
LHC. The main frame displays the NLO + PS results obtained after showering with Pythia8 (solid) and HERWIG6 (dashes). The insets show, channel by channel, the ratios of
the NLO + Pythia8 (solid), NLO + HERWIG6 (dashes), and LO + HERWIG6 (open boxes) results over the LO + Pythia8 results (crosses). The dark-colour (light-colour) bands
represent the scale (red) and PDF (blue) uncertainties added linearly for the NLO (LO) simulations. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this Letter.)

PLB 732 (2014) 142-149

HH production in the SM: gluon fusion
� Dominant HH production mode in the SM is gluon fusion, 

driven by on self-coupling ɉand Higgs-top couplings ɉt
Ϋ ɐSM(ggHH) = 31 fb  [ ~ 1/1500 of ɐ(ggH) ! ]

� Destructive interference between the 
two contributions: ɐ larger at ɉ = 0!

���̷���Ǧ��͖͔͖͔ǡ�͖������͖͔͖͔Giovanni Petrucciani (CERN) 58
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; Ɉɉ := ɉ / ɉSM ]

[ PLB 732 (2014) 142-149 ]  self-coupling λ

ggF: σ(ggHH) = 31 fb ≈ 1/1500 × σ(ggH)
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Beyond the running LHC

67

Beyond the end of Run-3, the upgrade of LHC at High-Luminosity (HL-LHC) will deliver x20 data 
collected so far

We are here

What can we do in terms of determining the Higgs potential ?  
Both single-H precision measurement and observation of HH production will do
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Single-H measurements at HL-LHC
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1.3 Results 11

Figure 4: Projected results for the STXS measurements with L = 3000 fb→1 in the S2 scenario.
The expected cross sections are plotted together with the respective 68% CL intervals. The grey
boxes demonstrate the theoretical uncertainties in the SM predictions. The lower panel shows
the ratio of the fitted values to the SM predictions. The cross sections are constrained to be
non-negative in the fit.

1.1 Introduction 3

Figure 1: Schematic to show the STXS bin merging scheme used in Ref. [4]. The parameters of
interest in the fit are defined by the solid boxes. The orange and blue boxes corresond to the
VBF-like parameters which include contributions from both ggH and qqH STXS bins.
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H and HH projections to HL-LHC

69

cantly enhance the precision of most of the coupling modifiers. To eliminate the dependence on the Higgs boson’s
total width and mitigate common systematic uncertainties, the projected measurement of ratios of Higgs boson
coupling modifiers is also provided. A key reference parameter, ωgZ = ωgωZ/ωH , is introduced to represent the
high-precision measurement of the gg → H → ZZ production rate. The cross-sections in other channels are
then reformulated in terms of ωgZ and a set of coupling strength scale factor ratios, defined as εXY = ωX/ωY .
The results are presented in Fig. 1 (right). The properties of the Higgs boson will be also probed through other
measurements such as cross-section times branching fractions. Unlike the measurements of the coupling modifiers
ω, these measurements will not be limited by large theory uncertainties.
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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, assuming that the Higgs boson decays only to final states
predicted by the SM.

Finally, assuming the SM, the ATLAS+CMS combination of the H → ZZ off-shell cross section can
constrain the Higgs width with an uncertainty of 0.7 MeV with 3 ab→1 [27], projecting the current measurements
under the S2 scenario.

3 Di-Higgs boson physics

The measurement of HH production is sensitive to modifications to the BEH potential, since it directly probes
the deviation of the trilinear coupling parameter ε3 from the SM, parametrized via the coupling strength modifier
ω3 = ε3/ε

SM
3 . In recent years, major improvements to the analysis techniques have increased the sensitivity of

ATLAS and CMS to this rare process. In particular, the use of graph-based architectures for deep-learning based
jet tagging has enhanced the sensitivity to various decay modes (e.g. H → bb̄ and H → ϑ

+
ϑ
→) at both small

and large Higgs boson pT , where the Higgs boson decay products are boosted and overlap. Figure 2 (left) shows
the combination of the ATLAS and CMS extrapolations for the decay modes listed in Table 2. The details of the
assumptions used in the S2 and S3 scenarios can be found in Refs. [12, 20]. In this study, the S3 scenario is defined
considering a 5% improvement both in b-jet tagging [37–39] and hadronic tau reconstruction efficiencies [52],
expected already for the incoming Run-3 results. Beyond Run 3, additional improvements are expected, in terms
of trigger, detector, and analysis techniques. In the combination, the ATLAS bb̄ϑ

+
ϑ
→ projection [13], the CMS

resolved and boosted projections bb̄bb̄ [20], the ATLAS multilepton [14] and ATLAS bb̄ϖ
+
ϖ
→ [12] projections

have been adopted for both experiments, since they can reach similar sensitivity by using the same experimental
techniques. In the case of the bb̄ϑ

+
ϑ
→ channel, the CMS Run-2 sensitivity was limited by the trigger. An improved

trigger has already been deployed by CMS for Run 3 [53], achieving similar performance as the ATLAS trigger.
The bb̄ϱϱ projection is based on independent ATLAS [54] and CMS [20] projections.

Table 2 shows the expected significance on the HH signal yield and the corresponding 68% confidence
intervals (CIs) on ω3. Values are quoted per decay channel and per experiment, for the two scenarios. The combi-
nation of ATLAS and CMS projections result in an expected > 5ς observation of HH production already with 2

4
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Figure A.1: ESPPU 2026 projections of coupling modifier uncertainties (left) and their ratios (right), compared to the previous
HL-LHC projections [2]. The shown percentages represent the relative difference between the two projections. The precision
of ωZ is slightly lower due to the refined treatment of the ZH theory uncertainty.

Figure A.2: HH significances per final state channel, combined between ATLAS and CMS, in a comparison between inte-
grated luminosities for the S2 systematics scenario (left) and in a comparison between systematics scenarios at 3 ab→1 (right).

Operators ATLAS only ATLAS+CMS
140 fb→1 2 ab→1 S2 3 ab→1 S2

O
1
QQ [→1.9, 2.5] [→1.1, 1.7] [→1.1, 1.7]

O
1
Qt [→2.0, 1.6] [→1.4, 0.9] [→1.4, 0.9]

O
1
tt [→0.9, 1.1] [→0.5, 0.8] [→0.5, 0.8]

O
8
Qt [→3.4, 4.1] [→2.0, 2.8] [→1.9, 2.7]

Table A.1: Expected 95% CL intervals on EFT coupling parameters, derived setting the new physics scale ! = 1 TeV and
assuming a single non-zero EFT parameter at a time, in the context of deviations induced in the tt̄tt̄ process.
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With > 10x of the current LHC luminosity possible to exclude strong 1st order PT 

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
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Figure 7: Top left: Bounds on the heavy scalar model, in the plane of the scalar portal coupling, a2, versus the scalar singlet
mixing angle ω [70]. The dark blue hatched contours show the regions of the a2 versus ω parameter space in the scalar singlet
model where a strong first-order phase transition is possible for mS = 300 GeV, b3 = 0 GeV and b4 = 0.25. The other
contours show the 95% CL exclusion in this plane from the resonant searches into S → HH/ZZ signatures, from the H

coupling to Z and from ε3 constraints. Top right: The same contours are shown in the plane of the deviation of the Higgs
boson coupling to the Z with respect to the SM one, versus ε3 . The dark blue points show the area where a strong first-order
phase transition in the early universe is possible within the scalar singlet model discussed in the text for mS = 300 GeV,
b3 = 0, and b4 = 0.25. Bottom left: Exclusion bounds in the plane of the Higgs boson to ZZ coupling with respect to the SM
one versus ε3 ; 68% and 95% exclusion bounds are displayed. The dark blue points populate the area where a strong first-order
phase transition in the early universe is possible within the scalar singlet model discussed in the text for all choices of mS , b3,
and b4. Bottom right: Projections for the HL-LHC measurements of the Higgs boson and top quark mass. The top quark mass
measurement in tt̄+jet is shown from ATLAS at 8 TeV [75] and CMS at 13 TeV [76]. The ATLAS+CMS projection is shown
with profiling of the systematic uncertainties in the extraction of the top quark mass, based on the S2 scenario. Figure adapted
from Ref. [77] with unchanged value and uncertainty in the strong coupling ϑS. The band between the stable and metastable
region represents the uncertainty in ϑS.

parameters. While the shape of the exclusion bounds derived from the S → HH and S → ZZ searches depend
on the choice of the theory parameters, direct searches always contribute to strongly limit the allowed parameter
space.

Figure 7 (bottom-left) shows the same information across all possible choices of the theory parameters mS ,
b3, and b4. In this case, only the exclusion bounds from ω3 and the Higgs boson coupling to ZZ are shown, since
they do not depend on the choice of the theory parameters, unlike the bounds from the direct searches. These
search bounds strongly exclude the parameter space further as can be inferred from Figs. 7 (top-right) and A.7. In
conclusion, the exclusion of a large portion of the phase space with a strong FOPT is achieved in scenario S3 with
3 ab→1, thanks to the precision that the HL-LHC experiments will provide on the HH measurements.

8 Precision measurement of mt and mH and their impact on the EW vacuum stability

In the hypothesis that the SM is valid up to the Planck scale, the values of mH and mt provide information on the
stability or metastability of our universe, as discussed, e.g., in Ref. [78]. They provide a fundamental test of the
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Figure 7: Top left: Bounds on the heavy scalar model, in the plane of the scalar portal coupling, a2, versus the scalar singlet
mixing angle ω [70]. The dark blue hatched contours show the regions of the a2 versus ω parameter space in the scalar singlet
model where a strong first-order phase transition is possible for mS = 300 GeV, b3 = 0 GeV and b4 = 0.25. The other
contours show the 95% CL exclusion in this plane from the resonant searches into S → HH/ZZ signatures, from the H

coupling to Z and from ε3 constraints. Top right: The same contours are shown in the plane of the deviation of the Higgs
boson coupling to the Z with respect to the SM one, versus ε3 . The dark blue points show the area where a strong first-order
phase transition in the early universe is possible within the scalar singlet model discussed in the text for mS = 300 GeV,
b3 = 0, and b4 = 0.25. Bottom left: Exclusion bounds in the plane of the Higgs boson to ZZ coupling with respect to the SM
one versus ε3 ; 68% and 95% exclusion bounds are displayed. The dark blue points populate the area where a strong first-order
phase transition in the early universe is possible within the scalar singlet model discussed in the text for all choices of mS , b3,
and b4. Bottom right: Projections for the HL-LHC measurements of the Higgs boson and top quark mass. The top quark mass
measurement in tt̄+jet is shown from ATLAS at 8 TeV [75] and CMS at 13 TeV [76]. The ATLAS+CMS projection is shown
with profiling of the systematic uncertainties in the extraction of the top quark mass, based on the S2 scenario. Figure adapted
from Ref. [77] with unchanged value and uncertainty in the strong coupling ϑS. The band between the stable and metastable
region represents the uncertainty in ϑS.
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