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We have come a long way
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42 6 Study of spin-zero HVV couplings
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Figure 18: Distributions of the test statistic q = �2 ln(LJP /L0+) for the spin-one and spin-two
JP models tested against the SM Higgs boson hypothesis in the combined X ! ZZ and WW
analyses. The expected median and the 68.3%, 95.4%, and 99.7% CL regions for the SM Higgs
boson (orange, the left for each model) and for the alternative JP hypotheses (blue, right) are
shown. The observed q values are indicated by the black dots.

and the combined results are shown in Table 12. In Fig. 19 examples of the test statistic, q =
�2 ln(LJP /L0+), are shown for various fractions of the qq production mechanism f (qq). As a
result, the 2+m model is excluded with a 99.87% CL or higher for any combination of the gg and
qq production mechanisms.

Table 12: Results of the study of the 2+m model for the combination of the X ! ZZ, WW, and
gg decay channels. The expected separation is quoted for the three channels separately and
for the combination with the signal strength for each hypothesis determined from the fit to
data independently in each channel. Also shown in parentheses is the expectation with the SM
signal cross section (µ=1). The observed separation shows the consistency of the observation
with the SM 0+ model or JP model and corresponds to the scenario where the signal strength
is floated in the fit to data.

JP JP Expected Expected Expected Expected
Model Prod. X ! ZZ X ! WW X ! gg (µ=1) Obs. 0+ Obs. JP CLs
2+m gg 1.9s 1.8s 1.6 s 3.0s (3.7s) �0.2s +3.3s 0.13%
2+m qq 1.7s 2.7s 1.2 s 3.3s (4.4s) �0.9s +4.7s 0.001%

6 Study of spin-zero HVV couplings

Given the exclusion of the exotic spin-one and spin-two scenarios presented in Section 5, de-
tailed studies of HVV interactions under the assumption that the new boson is a spin-zero
resonance are performed. The results are obtained following the techniques presented in Sec-
tion 4.

First, constraints are applied on the presence of only one anomalous term in the HVV ampli-
tude where the couplings are considered to be real. A summary of such results is presented in
Table 13 and Fig. 20. The details of these and other measurements are presented in the follow-
ing subsections, with further measurements considering simultaneously up to four fractions

We have characterised the H boson 
by measuring its mass, width, and 
CP numbers: 

• Unique scalar particle in the SM 

• JPC = 0++ at 99.9% CL , in 
agreement with SM prediction of 
a CP-even H boson 

• Pure CP-odd ttH ( ) coupling 
excluded at 3.9 (3.4) SDs

Hττ

We have come a long way
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… but room for small HVV couplings or BSM effects that can lead to CP-odd interactions

0+ (SM) 
0- (CP-odd) 
+0.5 mixture 
-0.5 mixture

We have come a long way, but…
We have characterised the H boson 
by measuring its mass, width, and 
CP numbers: 

• Unique scalar particle in the SM 

• JPC = 0++ at 99.9% CL , in 
agreement with SM prediction of 
a CP-even H boson 

• Pure CP-odd ttH ( ) coupling 
excluded at 3.9 (3.4) SDs

Hττ

Phys. R
ev. D

 89, 035007
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The open questions:

5

Are there HVV anomalous 
couplings? 

Small CP-even and/or CP-odd 
anomalous couplings are 

allowed by the current 
precision
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Small CP-even and/or CP-odd 
anomalous couplings are 

allowed by the current 
precision

Are there (new) sources of 
CP-violation? 

BSM theories would allow the 
presence of extra terms 

leading to strong CP-violation 
in the Higgs sector
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The open questions:

7

Are there HVV anomalous 
couplings? 

Small CP-even and/or CP-odd 
anomalous couplings are 

allowed by the current 
precision

Are there (new) sources of 
CP-violation? 

BSM theories would allow the 
presence of extra terms 

leading to strong CP-violation 
in the Higgs sector

Different spin-parity assignments could modify allowed types of interactions, 
manifesting in the kinematics of particles produced in association with Higgs 

and/or decay products of the Higgs
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Anomalous Coupling formalism

8

Scattering amplitude for H couplings with vector bosons: 

4 couplings (SM + Anomalous): 

•  (CP): SM 

•  (CP) 

•  ( ) 

•  (CP) 

•  (CP)

a1

a2

a3 CP

aΛ1

aΛZγ
1

For VV=ZZ, WW, Z :γ
(Both in production and decay)
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Anomalous Coupling formalism

9

Scattering amplitude for H couplings with vector bosons: 

2 couplings (SM + Anomalous): 

•  (CP): SM 

•  ( )

a2

a3 CP
For VV= :γγ, gg
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Anomalous Coupling formalism

10

Scattering amplitude for H couplings with vector bosons: 

•  (CP): SM 

•  ( )

a2

a3 CP

•  (CP): SM 

•  (CP) 

•  ( ) 

•  (CP) 

•  (CP)

a1

a2

a3 CP

aΛ1

aΛZγ
1

fai
=

∣ ai ∣2 σi

∑j=1,2,3... ∣ aj ∣2 σj
sign ( ai

a1 ) fa3
=

∣ agg
3 ∣2

∣ agg
2 ∣2 + ∣ agg

3 ∣2
sign (

agg
3

agg
2 )



EPS HEP, 22/08/23 - M. Bonanomi

Anomalous Coupling formalism

11

CP-even terms 

• ttH strong sensitivity to  constraints 

• In SM , other terms are 0 

• Exclusion of pure CP-odd H boson at 3.7 SD

κt, κ̃t

κt = 1

CP-odd terms 

• Possible CP-odd terms arising from BSM effects 

• ggH could probe the CP-structure via ggH+2jets 
events

Scattering amplitude for H couplings with fermions: 

fHff
CP =

∣ κ̃f ∣2

∣ κf ∣2 + ∣ κ̃f ∣2
sign (

κ̃f

κf ) ∣ fHff
CP ∣ = (1 + 2.38 [ 1

∣ f ggH
a3

∣ ])
−1

= sin2 αHff
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From AC to EFT
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The sensitivity to Higgs AC can be translated into sensitivity to higher- dimensional operators in EFT

ℒEFT = ℒ(4)
SM +

1
Λ ∑

k

c(5)
k 𝒪(5)

k +
1

Λ2 ∑
k

c(6)
k 𝒪(6)

k + 𝒪 ( 1
Λ3 )

HVV amplitude parametrized in EFT Higgs basis with 15 coefficients

Assuming here that κZZ
1 = κZZ

2 , κWW
1 = κWW

2 ,  and aZγ
1 = aγγ

1 = agg
1 = κγγ

1 = κγγ
2 = κgg

1 = κgg
2 = κZγ

1 = κVV
3 = 0

SU(2)xU(1) symmetry
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From AC to EFT
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The sensitivity to Higgs AC can be translated into sensitivity to higher- dimensional operators in EFT

ℒEFT = ℒ(4)
SM +

1
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c(5)
k 𝒪(5)

k +
1
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k

c(6)
k 𝒪(6)
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Λ3 )

HVV amplitude parametrized in EFT Higgs basis with 15 coefficients

Assuming here that κZZ
1 = κZZ

2 , κWW
1 = κWW

2 ,  and aZγ
1 = aγγ

1 = agg
1 = κγγ

1 = κγγ
2 = κgg

1 = κgg
2 = κZγ

1 = κVV
3 = 0

SU(2)xU(1) symmetry

Assuming full SU(2)xU(1) symmetry we’re left with 
4 HVV independent couplings…
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From AC to EFT

14

The sensitivity to Higgs AC can be translated into sensitivity to higher- dimensional operators in EFT

ℒEFT = ℒ(4)
SM +

1
Λ ∑

k

c(5)
k 𝒪(5)

k +
1

Λ2 ∑
k

c(6)
k 𝒪(6)

k + 𝒪 ( 1
Λ3 )

HVV amplitude parametrized in EFT Higgs basis with 15 coefficients

Assuming here that κZZ
1 = κZZ

2 , κWW
1 = κWW

2 ,  and aZγ
1 = aγγ

1 = agg
1 = κγγ

1 = κγγ
2 = κgg

1 = κgg
2 = κZγ

1 = κVV
3 = 0

SU(2)xU(1) symmetry

Assuming full SU(2)xU(1) symmetry we’re left with 
4 HVV independent couplings…

… and two Hgg couplings
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How do we measure AC?

15

Different approaches employed to achieve good AC sensitivity  

• “Optimal observables” approach: reduce phase space dimensionality by combining observables 

• Matrix element methods (MEM): build Neymann-Pearson-like discriminants based on parton-level 
information 

• Machine learning techniques: build NN classifiers to exploit correlations and boost the sensitivity 

Phys. R
ev. D

 108, 032013
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How do we measure AC?

16

Different approaches employed to achieve good AC sensitivity  

• “Optimal observables” approach: reduce phase space dimensionality by combining observables 

• Matrix element methods (MEM): build Neymann-Pearson-like discriminants based on parton-level 
information 

• Machine learning techniques: build NN classifiers to exploit correlations and boost the sensitivity 

Phys. R
ev. D

 108, 032013
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HVV limits in HZZ

17

Simultaneous measurement of 4 HVV AC 

• Assuming  

• Sharp minima: feature ar is ing from 
combination of production and decay 

• Above  the H(4l) decay dominates 

• The results are still statistically consistent 
with the SM 

• More data needed to possibly unveil new 
physics and to disentangle VBF and VH 
productions

aWW
i = aZZ

i

fai
= 0.02

Eur. Phys. J. C
 81 (2021) 488
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HVV limits in HZZ
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Simultaneous measurement of 4 HVV AC 

• Assuming  

• Sharp minima: feature ar is ing from 
combination of production and decay 

• Above  the H(4l) decay dominates 

• The results are still statistically consistent 
with the SM and with the expected 
constraints in the SM 

• More data needed to possibly unveil new 
physics due in VBF or VH productions

aWW
i = aZZ

i

fai
= 0.02

S u b s t a n t i a l i m p r o v e m e n t i n 
sensitivity wrt Run-I result achieved 
exploiting production information!

Run-I: HZZ only,  fa3
< 0.40 (0.43)

Run-II: HZZ + VBF + VH + ggH, 
fa3

< 5.5 × 10−4 (1.68 × 10−3)

Eur. Phys. J. C
 81 (2021) 488

Phys. R
ev. D

 92, 012004 (2015)
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HVV limits in HZZ, using off-shell
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Simultaneous measurement of 4 HVV AC 

• Assuming  

• Sharp minima: feature ar is ing from 
combination of production and decay 

• Above  the H(4l) decay dominates 

• The results are still statistically consistent 
with the SM and with the expected 
constraints in the SM 

• More data needed to possibly unveil new 
physics due in VBF or VH productions

aWW
i = aZZ

i

fai
= 0.02

N
at. Phys. 18 (2022) 1329

Stringent CP-violation test using off-shell data 

SM: 10% off-shell events vs CP-odd: enhancement of off-shell events 

Targeting measurement of  at  level to achieve theory targetfa3
10−5

Eur. Phys. J. C
 81 (2021) 488
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Combining production and decay

20

Combination of MEM and NN discriminants Combination of  
production and decay ( )4ℓ, ττ

Combining  (prod+dec):Hττ + H4ℓ
fa3

< 1 × 10−5 (1.3 × 10−3)

Phys. R
ev. D

 108, 032013
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CP measurements in ggH and Htt

21

Sensitivity to CP-violation effects enhanced combining different decay channels ( ) 

Combination of MEM and NN increases by 13% precision with respect to cut-based analysis using  

Measurement of  interpreted in terms of  assuming  

ττ, ZZ, γγ

Δϕjj

f ggH
a3

fHtt
CP κb = κt, κ̃b = κ̃t

SM SM

Phys. R
ev. D

 108, 032013
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CP measurements in ggH and Htt
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Sensitivity to CP-violation effects enhanced combining different decay channels ( ) 

Combination of MEM and NN increases by 13% precision with respect to cut-based analysis using  

Measurement of  interpreted in terms of  assuming  

ττ, ZZ, γγ

Δϕjj

f ggH
a3

fHtt
CP κb = κt, κ̃b = κ̃t

JH
EP 07 (2023) 092

∣ fHff
CP ∣ = (1 + 2.38 [ 1

∣ f ggH
a3

∣ ])
−1

= sin2 αHff

http://arxiv.org/abs/2208.02686
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CP measurements in ggH and Htt
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JH
EP 07 (2023) 092

∣ fHff
CP ∣ = (1 + 2.38 [ 1

∣ f ggH
a3

∣ ])
−1

= sin2 αHff

Sensitivity to CP-violation effects enhanced combining different decay channels ( ) 

Combination of MEM and NN increases by 13% precision with respect to cut-based analysis using  

Measurement of  interpreted in terms of  assuming  

ττ, ZZ, γγ

Δϕjj

f ggH
a3

fHtt
CP κb = κt, κ̃b = κ̃t

Angle sensitive to CP

http://arxiv.org/abs/2208.02686
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CP measurements in Hff

24

ℒHττ = −
mτ

v
H(κττ̄τ + κ̃ττ̄iγ5τ)

Effective Lagrangian for Yukawa coupling to 
tau leptons parameterized by  
CP-even and CP-odd components

ϕτ = − 1 ± 19∘ (21∘ exp)
Pure CP-odd coupling excluded at 3σ

JH
EP 06 (2022) 012

tan(αHττ) =
κ̃τ

κτ

J
H
E
P
0
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Expected: α̂Hττ
exp. = 0± 21 ◦(68.3% CL)

Observed: α̂Hττ
obs. = −1± 19 ◦(68.3% CL)

Expected: α̂Hττ
exp. = 0± 21 ◦(68.3% CL)

Figure 11. Negative log-likelihood scan for the combination of the τeτh, τµτh, and τhτh channels.
The observed (expected) sensitivity to distinguish between the scalar and pseudoscalar hypotheses,
defined at αHττ = 0 and ±90◦, respectively, is 3.0σ (2.6σ). The observed (expected) value for αHττ

is −1± 19◦ (0± 21◦) at the 68.3% CL. At 95.5% CL the range is ±41◦ (±49◦), and at the 99.7%
CL the observed range is ±84◦.

±84◦ at the 99.7% CL. The uncertainty can be decomposed into: statistical; bin-by-
bin fluctuations in the background templates; experimental systematic uncertainties; and
theoretical uncertainties. In this decomposition we obtain

αHττ = −1± 19 (stat)± 1 (syst)± 2 (bin-by-bin)± 1 (theo)◦.

This result is compatible with the SM predictions within the experimental uncertainties.
The expected sensitivities of the τeτh, τµτh, and τhτh channels are 1.0, 1.5, and 1.8σ,

respectively. The µρ mode yields the most sensitive expected contribution of 1.2σ, followed
by the ρρ and πρ modes that contribute 1.1 and 1.0σ, respectively. All other modes have
sensitivities below 1σ.

The statistical uncertainties in the background templates are the subleading source of
systematic uncertainty in this analysis. As the dominant contributions to the backgrounds
are determined themselves from control samples in data, the amount of data is the limiting
factor in this uncertainty. The next most dominant sources of uncertainty are the hadronic
trigger efficiency, theory uncertainties, the τh energy scale, and uncertainties related to the
implementation of the FF method.

It was shown in ref. [36] that in the next-to-minimal supersymmetric model mixing
angles as large as ≈27◦ can be accommodated by the latest electric dipole moment and
Higgs boson measurements. This measurement is thus sensitive to the larger allowed mixing
angles in this model.

– 34 –
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EFT measurements in Hff

25

Hff and ggH anomalous coupling measurements can be interpreted in SMEFT 

Increased sensitivity in limits coming from combination of different production modes and decay channels 

Assuming SU(2)xU(1) symmetry, we are left with 4 coefficients in the Hff Lagrangian: 

cgg =
1

2παS
agg

2 , c̃gg =
1

2παS
agg

3 , κt, κ̃t

Eur. Phys. J. C
 81 (2021) 488

C
M

S-PA
S-H

IG
-19-011

New for EPS!! For more details see  
Pascal’s talk and 
Valeria’s poster

https://indico.desy.de/event/34916/timetable/?view=standard#255-higgs-boson-inclusive-cros
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CP measurements in Hff

26

A(Hff ) =
mf

v
ψ̄f(κt + iκ̃tγ5)ψf

fHtt
CP =

κ̃2
t

κ̃2
t + κ2

t
∣ fHtt

CP ∣ = (sin α)2

∣ fHtt
CP ∣ = 0.28 ( < 0.55 at 1σ)

Effective Lagrangian for Yukawa coupling to 
top quarks parameterized by  
CP-even and CP-odd components

9.2 Results for the combination of CP parameters 21

1− 0.5− 0 0.5 1 1.5
tκ

1.5−

1−

0.5−

0

0.5

1

1.5

t
κ∼

68% CL
95% CL
Best fit
SM expected

 CMS  (13 TeV)-1138 fb
 Multilepton→H 

/ZZγγ →H 
/ZZγγ Multilepton/→H 

Figure 10: Likelihood scan as a function of kt and ekt . Two-dimensional confidence intervals
at 68% CL are depicted as shaded areas, for multilepton (red), the combination of H ! gg
and H ! ZZ (blue), and the combination of the three channels (black). The 95% CL for the
combination is show as a dashed line. The best fit for each is shown as a cross of the corre-
sponding colour. The plot is symmetric with respect to the line ekt=0, hence there are two points
corresponding to the best fit, here we only show one for simplicity. The black diamond shows
the SM expected value. The nontrivial correlation between the measurements are the source of
the change in the best fit value and shape of the confidence regions. The coupling kV and the
H boson branching fractions are kept to their SM values.

Table 7: One-dimensional confidence intervals at 68 and 95% CL for kt and ekt .

Parameter 68% CL 95% CL
kt (0.96, 1.16) (0.86, 1.26)
ekt (-0.86, 0.85) (-1.07, 1.07)

JH
EP 07 (2023) 092

Pure CP-odd coupling excluded at 3.7σ

http://arxiv.org/abs/2208.02686
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EFT in the Higgs combination

27

1: Higgs Effective Lagrangian

σEFT
i = σSM

i + σint
i + σBSM

i

μi(cj) =
σEFT

i

σSM
i

= 1 + ∑
j

Ajcj + ∑
jk

Bjkcjck

Extend SM Lagrangian with higher-dim operators in the 
HEL1 model: 

•

ℒHEL = ℒSM + ∑
j

𝒪j fj/Λ2

Scaling depending on  for each STXS bin: cj = fj /Λ2

CMS-HIG-PAS-19-005
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EFT in the Higgs combination

28

Extend SM Lagrangian with higher-dim operators in the 
HEL1 model: 

•

1: Higgs Effective Lagrangian

σEFT
i = σSM

i + σint
i + σBSM

i

Scaling depending on  for each STXS bin: cj = fj /Λ2

μi(cj) =
σEFT

i

σSM
i

= 1 + ∑
j

Ajcj + ∑
jk

Bjkcjck

 and boosted  analyses not considered 

Alternative and complementary approach to AC, 
but complementary limits on EFT parameters 

(+ possibility of basis rotation) 

Simultaneous fit of the 8 leading CP-even terms 

Stringent constraints on HEL parameters coming from 
combination of production and decay 

H → μμ H → bb

CMS-HIG-PAS-19-005
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We have come a long way in the characterization of the Higgs Boson, but: 

• The presence of small CP-violating anomalous couplings in the SM or new BSM 
scenarios including CP-odd terms are not excluded yet 

• CMS targets this quest by setting constraints on anomalous couplings and 
reinterpreting them in the context of EFT theories (SMEFT)  Pure CP-odd Higgs 
excluded at 3.7 SD 

• An alternative approach, based on the re-interpretation of STXS measurements, allows 
to set direct constraints to EFT coefficients (HEL basis) 

• So far, all the results are in agreement with the predictions of the SM and no sign of 
CP-violation in the Higgs sector has been found … 

⇒
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We have come a long way in the characterization of the Higgs Boson, but: 

• The presence of small CP-violating anomalous couplings in the SM or new BSM 
scenarios including CP-odd terms are not excluded yet 

• CMS targets this quest by setting constraints on anomalous couplings and 
reinterpreting them in the context of EFT theories (SMEFT)  Pure CP-odd Higgs 
excluded at 3.7 SD 

• An alternative approach, based on the re-interpretation of STXS measurements, allows 
to set direct constraints to EFT coefficients (HEL basis) 

• So far, all the results are in agreement with the predictions of the SM and no sign of 
CP-violation in the Higgs sector has been found … 

⇒

… Combination of different production modes and decay channels w/ Run-III stat will 
improve the precision of the results and possibly unveil new physics!



BACKUP SLIDES
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HVV and Hff Lagrangians

32

The sensitivity to Higgs AC can be translated into sensitivity to higher- dimensional operators in EFT

ℒEFT = ℒ(4)
SM +

1
Λ ∑

k

c(5)
k 𝒪(5)

k +
1

Λ2 ∑
k

c(6)
k 𝒪(6)

k + 𝒪 ( 1
Λ3 )
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Modifications of ΓH

33
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SMEFT Symmetry relations
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The sensitivity to Higgs AC can be translated into sensitivity to higher- dimensional operators in EFT
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HVV limits in HZZ off-shell
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Stringent CP-violation test using off-shell data 

SM: 10% off-shell events vs CP-odd: enhancement of off-shell events 

Targeting measurement of  at  level to achieve theory targetfa3
10−5
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What about the off-shell?
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From AC to SMEFT
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Simultaneous fit of Higgs basis in SMEFT 

• Assuming the relations of Slide 14 

• These constraints in the Higgs basis can be converted 
into constraints in the Warsaw basis 

‣ Capability of “rotating” bases and converting 
constraints from one to the other! 

Eur. Phys. J. C 81 (2021) 488
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Figure 11. Negative log-likelihood scan for the combination of the τeτh, τµτh, and τhτh channels.
The observed (expected) sensitivity to distinguish between the scalar and pseudoscalar hypotheses,
defined at αHττ = 0 and ±90◦, respectively, is 3.0σ (2.6σ). The observed (expected) value for αHττ

is −1± 19◦ (0± 21◦) at the 68.3% CL. At 95.5% CL the range is ±41◦ (±49◦), and at the 99.7%
CL the observed range is ±84◦.

±84◦ at the 99.7% CL. The uncertainty can be decomposed into: statistical; bin-by-
bin fluctuations in the background templates; experimental systematic uncertainties; and
theoretical uncertainties. In this decomposition we obtain

αHττ = −1± 19 (stat)± 1 (syst)± 2 (bin-by-bin)± 1 (theo)◦.

This result is compatible with the SM predictions within the experimental uncertainties.
The expected sensitivities of the τeτh, τµτh, and τhτh channels are 1.0, 1.5, and 1.8σ,

respectively. The µρ mode yields the most sensitive expected contribution of 1.2σ, followed
by the ρρ and πρ modes that contribute 1.1 and 1.0σ, respectively. All other modes have
sensitivities below 1σ.

The statistical uncertainties in the background templates are the subleading source of
systematic uncertainty in this analysis. As the dominant contributions to the backgrounds
are determined themselves from control samples in data, the amount of data is the limiting
factor in this uncertainty. The next most dominant sources of uncertainty are the hadronic
trigger efficiency, theory uncertainties, the τh energy scale, and uncertainties related to the
implementation of the FF method.

It was shown in ref. [36] that in the next-to-minimal supersymmetric model mixing
angles as large as ≈27◦ can be accommodated by the latest electric dipole moment and
Higgs boson measurements. This measurement is thus sensitive to the larger allowed mixing
angles in this model.
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