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Motivations
q Precision measurements of the Higgs boson properties over 

the last 10 years after its discovery.
o Higgs spin-parity quantum numbers JCP=0++ are compatible with the 

SM.

q Constraints on Higgs couplings measurements:
o Current precision allows for small anomalous CP-even and/or CP-odd 

couplings.
o Anomalous couplings analyses test for deviation from SM 

expectations.

q General strategy
o The kinematics of particles produced in the Higgs decay or in 

association with H boson production are sensitive to anomalous 
couplings of the H boson.
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Higgs anomalous couplings in the HVV vertex
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Generic spin-0 HVV scattering amplitude 

2

2 Phenomenology43

In this analysis, we investigate anomalous coupling effects in gluon fusion or electroweak44

Higgs boson production, as well as in its decay to WW pairs. A detailed discussion of the45

theoretical background can be found in Refs. [24, 29, 30]. The interaction of the spin-zero46

Higgs boson with two spin-one gauge bosons V1V2, such as WW, ZZ, Zg, gg or gg, can47

be parametrized by the scattering amplitude48
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1 is the scale of BSM physics, and v is the Higgs field vacuum expectation51

value.52

The only leading tree-level contributions in the scattering amplitude are a
ZZ
1 6= 0 and a

WW
1 6= 0;53

other a1 couplings (Zg, gg, gg) do not contribute because the pole mass vanishes. Further ZZ54

and WW couplings are considered anomalous contributions. Anomalous terms arising in the55

standard model via loop effects are typically small and are not yet accessible experimentally.56

BSM contributions, however, could yield larger couplings. Among the anomalous contribu-57

tions, considerations of symmetry and gauge invariance require kZZ
1 = kZZ

2 , kgg
1 = kgg

2 = 0,58

k
gg
1 = k

gg
2 = 0, and kZg

1 = 0 [24]. The presence of CP-odd a
VV
3 couplings together with any of59

the other couplings (all of them CP-even), will result in CP violation. We reduce the number of60

independent parameters by assuming that a
gg ,Zg
2 and a

gg,Zg
3 are constrained in direct decays61

of H ! gg and Zg, therefore fixing them to be null. The a
gg
2 term results from loop effects in62

the SM.63

The relationship between the ZZ and WW couplings is mostly relevant for VBF production.64

There are no kinematic differences between the ZZ and WW fusion processes and it is therefore65

not possible to disentangle the couplings. One possibility is to set the ZZ and WW couplings66

to be equal, ai = a
ZZ
i

= a
WW
i

, leaving four HVV anomalous couplings to be measured: a2, a3,67

k1L1, and kZg
2 LZg

1 . This approach provides a general test of the Higgs boson tensor structure68

and a search for CP violation in HVV interactions. In an alternative approach, the SU(2) x U(1)69

symmetry reduces the number of independent HVV anomalous couplings to three (a2, a3 and70

k1L1) through the introduction of the following coupling relationships [19] :71
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SM Higher-order SM loop or BSM contributions (anomalous couplings)

Approach 1
• the SM and just one anomalous HVV 

coupling are considered 
• 𝑎!"" = 𝑎!

## → 4 anomalous 
couplings individually analyzed

Approach 2
• Additional 𝑆𝑈(2)×𝑈(1) relationship

enforced
• 3 anomalous couplings analyzed both 

individually and simultaneously

Convenient to use effective cross section ratios 
rather than the anomalous couplings themselves. 
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For the electroweak vector boson couplings, the effective fractional cross sections fai are defined172

as173

fai =
|ai|2si

Âj |aj|2sj
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✓
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◆
(15)

where Âj sums over all couplings considered, and si is the cross section for the process cor-174

responding to ai = 1. For consistency with previous CMS measurements, the si coefficients175

used to define the fractional cross sections correspond to the gg ! H ! VV ! 2e2µ process.176

The numerical values are given in Table 1 as calculated using the JHUGEN 7.0.2 event gener-177

ator. Two sets of values are shown corresponding to different assumptions with respect to the178

coupling relationships. The first follows the Run 1 AC a
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i

= a
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approach while the second179

corresponds to the SU(2) x U(1) approach from Eqs. 2–6.180
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The ratio s3/s2 = 1 for the two cross sections of gluon fusion with a
gg

3 = 1 and a
gg

2 = 1, respec-183

tively. It is not possible to disentangle the top quark, bottom quark, and any other heavy BSM184

particle contribution to the gluon fusion loop from kinematic features of the event. As such185

the Hgg coupling is treated as an effective coupling with heavy degrees of freedom integrated186

out. However, if the Hgg coupling is analyzed jointly with the tt̄H and tH processes, it may187

be possible to disentangle the top quark contributions in the loop from the relative rates of the188

processes.189

Table 1: The cross sections for the anomalous contributions (si) relative to the SM value (s1)
used to define the fractional cross sections fai. In the case of the k1 and kZg

2 couplings, the
numerical values L1 = LZg

1 = 100 GeV are considered so as to keep all coefficients of similar
order of magnitude. Two sets of values corresponding to the Run 1 AC (aZZ

i
= a

WW
i

) and the
SU(2) x U(1) (Eqs. 2–6) coupling relationships are shown.

Approach a
ZZ
i

= a
WW
i

SU(2)xU(1)
fa3 0.153 0.153
fa2 0.361 6.376
fL1 0.682 5.241
f

Zg
L1 1.746

13

Hgg vertex parametrization HWW
AC

gg --> H à VV à 2e2" (JHUGEN)

1-Loop SM
Anomalous contribution

We study just one anomalous coupling: a3 (CP)

Hgg



Higgs anomalous couplings @ CMS
July 2020

Higgs to 4 leptons → no AC detected 
still limited by statistical precision 

Phys. Rev. D 104 (2021) 052004

October 2021
Higgs to 𝜏𝜏 → no AC detected
Phys. Rev. D 108 (2023) 032013

September 2023
Higgs to WW→ This presentation
CMS-PAS-HIG-22-008
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6. Results 33
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Figure 13: Observed (solid) and expected (dashed) likelihood scans of fa3 (top left), fa2 (top
right), and fL1 (bottom) with the EFT relationship of couplings set in Eqs. (4)–(8). The results
are shown for each coupling separately with the other anomalous coupling fractions either set
to zero or left unconstrained in the fit. In all cases, the signal strength parameters have been
left unconstrained. The dashed horizontal lines show the 68 and 95% CL regions.

9. Analysis of VBF and VH production 27
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Figure 9: Observed (solid) and expected (dashed) likelihood scans of fa3 (top left), fa2 (top
right), fL1 (bottom left), and f

Zg
L1 (bottom right) in Approach 1 (aWW

i
= a

ZZ
i

).
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Figure 10: Observed (solid) and expected (dashed) likelihood scans of fa3 in Approach 2.
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General Strategy: HWW channel
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HWW channel

HIG-22-008 Pre-approval 8
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AC

2j-VBF
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0j-ggF and 1j-ggF

Different flavor final state: !+"+MET
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Drives sensitivity of SM analysis

Higgs productions: Higgs decay:Categories and target vertex:

2j-ggH (VBF-like)

HVV

Hgg
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HVV

boosted VH
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Different flavor final state: !+"+MET
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Drives sensitivity of SM analysis

Higgs productions: Higgs decay:Categories and target vertex:

2j-ggH (VBF-like)

HVV

Hgg

HVV

HVV

boosted VH

Higgs Production Higgs DecaySeveral Categories

Different flavour final state: 𝜇+𝚎+MET 

Dramatic reduction of background 

Drives sensitivity of SM analysis 

ggH-0J and ggH-1J
ggH-2J (VBF-like)

VBF-2J

VH-2J
VH-Boosted



Observables and Kinematic discriminants
q Kinematic discriminants

o the two quark jets from VBF and VH production (HVV coupling)
o the H → WW decay products (HVV coupling)
o the two quark jets from ggH + 2 jets production (Hgg coupling)

q MELA discriminants using associated jets from VH – ggH (+2jet) – VBF

q In general, 5 angles fully characterize the orientation of the production 
and decay chain, but HWW has 2 neutrinos in the final state → no Ws
four-vectors available → not all 5 angles are available

q Several discriminants (cross-section ratio) defined to extract anomalous 
couplings (all discriminants depend on the 5 blue angles) 
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Observables and Kinematic discriminants
q For a spin-0 object, only 5 variables (3 angles and 2 four-momenta of the 

vector bosons) describe the EW production processes
q 3 class of discriminants are  defined for the production process:

q Probabilities      calculated with MELA and depends on the 5 variables 
q Generic BSM label is generally replaced by the specific anomalous 

coupling state targeted
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2 } for the VH process [22], with q

2
1 and q

2
2 the squared361

fourmomenta of the vector bosons.362

Three types of discriminants are defined for the production process. The first type of discrimi-363

nant is designed to separate signal and background Higgs boson production processes:364

Dsig =
Psig(~W)

Psig(~W) + Pbkg(~W)
, (19)

where the probability density P for a given process is calculated from the matrix elements365

provided by the MELA package. The second type of discriminant separates the anomalous366

coupling BSM process from that of the SM:367

DBSM =
PBSM(~W)

PBSM(~W) + PSM(~W)
. (20)

Throughout this document the generic BSM label is generally replaced by the specific anoma-368

lous coupling state targeted. For the a3 CP-odd and a2 CP-even couplings, we use respectively369

D0- and D0+, while for the L1 couplings we use DL1
and DZg

L1
. The third type of discriminant370

isolates the interference contribution:371

Dint =
P int

SM-BSM(~W)

PSM(~W) + PBSM(~W)
, (21)

where P int
SM-BSM is the interference part of the probability distribution for a process with a mix-372

ture of the SM and BSM contributions. The CP label is generally used for the a3 coupling, as373

the BSM signal in this case is a pseudoscalar and the interference discriminant is a CP-sensitive374

observable. The P values are normalized to give the same integrated cross sections in the rele-375

vant phase space of each process. Such normalization leads to a balanced distribution of events376

in the range between 0 and 1 for Dsig and DBSM, and between �1 and +1 for Dint.377

The selected events are split into three main production channels: VBF, Resolved VH, and378

Boosted VH. In the first two channels, the four-momentum of the two AK4 jets assigned as379

the associated particles are used in the MELA probability calculation. For the Boosted VH380

category, we use the four-momentum of the two subjets of the V-tagged AK8 jet. An estimate381

of the Higgs boson four-momentum is also required for the probability calculation. This can382

not be measured directly as the final state contains two neutrinos. As such we construct a383

proxy Higgs boson four-momentum in the following manner. The px and py of the dineutrino384

system is estimated from the ~pmiss
T in a given event. The corresponding pz is then set to equal385

that of the dilepton system, this is based on the observed correlation between these variables386

at generator level for the simulated signals. Finally, the mass of the dineutrino system is set to387

equal the mean value of the generator-level dineutrino mass. The resulting four-momentum388

can then be combined with that of the measured dilepton system to create a proxy Higgs boson389

four-momentum. We note that the MELA probability calculation for the production vertices is390

largely based on the kinematic features of the associated particles, as such the reconstruction391

of the proxy Higgs boson has a relatively small effect on the final discriminants.392

In the VBF channel, a DVBF discriminant is constructed, following Eq. (19), where Psig corre-393

sponds to the probability for the VBF production hypothesis, and Pbkg corresponds to that of394

gluon fusion production in association with two jets. The discriminant is also found to be suit-395

able for separating SM backgrounds from the VBF signal process. In the Resolved and Boosted396
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→ SM signal vs BSM signal

MELA
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• Uses 2 jets (subjets) to reconstruct 4-vectors of the associated production particles.

ü Target AC effects at the production vertex.

• Uses two leptons and MET to reconstruct a Higgs-proxy 4-vector.

• The Probabilities are calculated with MELA:
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Final discriminants categorization
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KD per channel HWW
AC

Included in 
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Discriminants events distributions
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Systematic uncertainties
q Signal extraction is performed using binned templates
q Systematic uncertainties that change the normalization or 

shape of the templates are taken into account
q All the uncertainties are modelled as nuisance parameters 

that are profiled in the final maximum likelihood fit
q Main experimental uncertainties are related to luminosity, 

trigger efficiency, lepton and b-jet identification, lepton 
momentum and jet energy scale, 𝐸+,-. scale, pile-up effect 
and estimation of the nonprompt background

q Main theoretical uncertainties are related to PDF choice, 
higher order cross section contribution, pile-up and parton
shower modelling and underlying events tune.
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Result: approach 1 - 𝑓!" scans 

BEIJING 01.12.2023 Attilio Santocchia 11

1− 0.8− 0.6− 0.4− 0.2−
0

5

10

68% CL

95% CL

0.02− 0 0.02

a2f

68% CL

95% CL

0.2 0.4 0.6 0.8 1

68% CL

95% CL

210

Observed

Expected

CMS Preliminary  (13 TeV)-1138 fb

ln
 L

∆
 -2

 

1- 0.8- 0.6- 0.4-
0

5

10

0.2- 0 0.2

a3f
0.4 0.6 0.8 1

68% CL

95% CL

Observed

Expected

CMSPreliminary  (13 TeV)-1138 fb

 ln
 L

D
 -2

1− 0.8− 0.6− 0.4− 0.2−
0

5

10

68% CL

95% CL

0.002− 0 0.002

1Λf

68% CL

95% CL

0.2 0.4 0.6 0.8 1

68% CL

95% CL

210 Observed

Expected

CMS Preliminary  (13 TeV)-1138 fb

ln
 L

∆
 -2

 

1- 0.8- 0.6- 0.4-
0

5

10

68% CL

95% CL

0.2- 0 0.2
gZ
1Lf

0.4 0.6 0.8 1

Observed

Expected

CMSPreliminary  (13 TeV)-1138 fb

 ln
 L

D
 -2



Result: approach 1 - 𝑓!" scans 

BEIJING 01.12.2023 Attilio Santocchia 12

1− 0.8− 0.6− 0.4− 0.2−
0

5

10

68% CL

95% CL

0.02− 0 0.02

a2f

68% CL

95% CL

0.2 0.4 0.6 0.8 1

68% CL

95% CL

210

Observed

Expected

CMS Preliminary  (13 TeV)-1138 fb

ln
 L

∆
 -2

 

1- 0.8- 0.6- 0.4-
0

5

10

0.2- 0 0.2

a3f
0.4 0.6 0.8 1

68% CL

95% CL

Observed

Expected

CMSPreliminary  (13 TeV)-1138 fb

 ln
 L

D
 -2

1− 0.8− 0.6− 0.4− 0.2−
0

5

10

68% CL

95% CL

0.002− 0 0.002

1Λf

68% CL

95% CL

0.2 0.4 0.6 0.8 1

68% CL

95% CL

210 Observed

Expected

CMS Preliminary  (13 TeV)-1138 fb

ln
 L

∆
 -2

 

1- 0.8- 0.6- 0.4-
0

5

10

68% CL

95% CL

0.2- 0 0.2
gZ
1Lf

0.4 0.6 0.8 1

Observed

Expected

CMSPreliminary  (13 TeV)-1138 fb

 ln
 L

D
 -2

All 𝑓!"  consistent with the SM value of 0 



Result: approach 2 - 𝑓!" scans 

BEIJING 01.12.2023 Attilio Santocchia 13

1- 0.8- 0.6- 0.4- 0.2-
0

5

10

68% CL

95% CL

0.2- 0.1- 0 0.1 0.2

a2f
0.2 0.4 0.6 0.8 1

210

ln
 L

D
 -2

 

CMSPreliminary  (13 TeV)-1138 fb

Observed, fix others

Expected, fix others

Observed, float others

Expected, float others

CMSPreliminary  (13 TeV)-1138 fb

1- 0.5- 0 0.5 1

a3f
0

2

4

6

8

10

12

14

16
Observed, fixed others

Expected, fixed others

Observed, float others

Expected, float others

 ln
 L

D
 -2

68% CL

95% CL

1- 0.8- 0.6- 0.4- 0.2-
0

5

10

0.02- 0 0.02

1Lf
0.2 0.4 0.6 0.8 1

68% CL

95% CL

210

Observed, fix others

Expected, fix others

Observed, float others

Expected, float others

CMSPreliminary  (13 TeV)-1138 fb

 ln
 L

D
 -2



Result: approach 2 - 𝑓!" scans 

BEIJING 01.12.2023 Attilio Santocchia 14

1- 0.8- 0.6- 0.4- 0.2-
0

5

10

68% CL

95% CL

0.2- 0.1- 0 0.1 0.2

a2f
0.2 0.4 0.6 0.8 1

210

ln
 L

D
 -2

 

CMSPreliminary  (13 TeV)-1138 fb

Observed, fix others

Expected, fix others

Observed, float others

Expected, float others

CMSPreliminary  (13 TeV)-1138 fb

1- 0.5- 0 0.5 1

a3f
0

2

4

6

8

10

12

14

16
Observed, fixed others

Expected, fixed others

Observed, float others

Expected, float others

 ln
 L

D
 -2

68% CL

95% CL

1- 0.8- 0.6- 0.4- 0.2-
0

5

10

0.02- 0 0.02

1Lf
0.2 0.4 0.6 0.8 1

68% CL

95% CL

210

Observed, fix others

Expected, fix others

Observed, float others

Expected, float others

CMSPreliminary  (13 TeV)-1138 fb

 ln
 L

D
 -2

All 𝑓!"  consistent with the SM value of 0 
The approach 2 compatibility with the SM is found to be 91% 



Coupling interpretation in the Higgs basis

BEIJING 01.12.2023 Attilio Santocchia 15

0.6− 0.5− 0.4− 0.3− 0.2− 0.1− 0 0.1 0.2 0.3 0.4

z cδ
0

1

2

3

4

5

6

7

8

9

10

 ln
 L

∆
-2

CMS  (13 TeV)-1138 fb

68% CL

95% CL

Observed

Expected

0.2− 0.15− 0.1− 0.05− 0 0.05 0.1 0.15

zc
0

1

2

3

4

5

6

7

8

9

10

 ln
 L

∆
-2

CMS  (13 TeV)-1138 fb

68% CL

95% CL

Observed

Expected

1− 0.5− 0 0.5 1

zzc
0

1

2

3

4

5

6

7

8

9

10

 ln
 L

∆
-2

CMS  (13 TeV)-1138 fb

68% CL

95% CL

Observed

Expected

1− 0.5− 0 0.5 1

zzc~
0

1

2

3

4

5

6

7

8

9

10

 ln
 L

∆
-2

CMS  (13 TeV)-1138 fb

68% CL

95% CL

Observed

Expected



Coupling interpretation in the Higgs basis

BEIJING 01.12.2023 Attilio Santocchia 16

0.6− 0.5− 0.4− 0.3− 0.2− 0.1− 0 0.1 0.2 0.3 0.4

z cδ
0

1

2

3

4

5

6

7

8

9

10

 ln
 L

∆
-2

CMS  (13 TeV)-1138 fb

68% CL

95% CL

Observed

Expected

0.2− 0.15− 0.1− 0.05− 0 0.05 0.1 0.15

zc
0

1

2

3

4

5

6

7

8

9

10

 ln
 L

∆
-2

CMS  (13 TeV)-1138 fb

68% CL

95% CL

Observed

Expected

1− 0.5− 0 0.5 1

zzc
0

1

2

3

4

5

6

7

8

9

10

 ln
 L

∆
-2

CMS  (13 TeV)-1138 fb

68% CL

95% CL

Observed

Expected

1− 0.5− 0 0.5 1

zzc~
0

1

2

3

4

5

6

7

8

9

10

 ln
 L

∆
-2

CMS  (13 TeV)-1138 fb

68% CL

95% CL

Observed

Expected

result consistent with the expectation for a SM Higgs boson
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The Run 2 anomalous coupling analysis in the HWW 
channel is another step for better understanding the 
nature of the Higgs boson

all measurements are so far 
in agreement with a SM Higgs boson
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Data sets and simulations
q Chosen final state topology is 𝒆 + 𝝁 + 𝑬𝑻𝒎𝒊𝒔

q DATA SAMPLE
o Data recorded by CMS in 2016, 2017 and 2018
o Total analyzed luminosity 138 fb-1

o Trigger: logic OR between the main 𝑒𝜇 filter and single-lepton filters

q SIMULATED SAMPLE
o 4 independent sets of simulated events, corresponding to the four era 

of data taking (2 eras in 2016 and 1 each for 2017 and 2018)
o Signal and Background processes produced with state-of-art 

generators (POWHEGv2, MINLO, MADGRAPH5_aMC@NLO, PYTHIA, 
JHUGEN, MCFM) and simulated with GEANT

o Additional pp interactions (pileup) in the simulation is adjusted to 
match that observed in data

o Trigger efficiency evaluated in data and applied to simulated events
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Event reconstruction
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