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Anomalous hVV Couplings



Higgs-gauge boson coupling
• The most general tensor structure of the hVV vertex.

Higgs-Gauge Boson Coupling

● The most general tensor structure of the hVV vertex: 

● A,B,C are momentum dependent form factors.

● In SM A=1, B=0=C.

● Such a vertex may be generated from BSM physics:

CP even CP odd

• A, B, C are momentum dependent form factors. 
• In SM A=1, B=C=0. 
• Such a vertex may be generated from BSM physics:

Higgs-Gauge Boson Coupling

● The most general tensor structure of the hVV vertex: 

● A,B,C are momentum dependent form factors.

● In SM A=1, B=0=C.

● Such a vertex may be generated from BSM physics:

CP even CP odd
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B(pµp⌫)

p = p2 + p3

q = p2 � p3

See plenary talk by D. Zeppenfeld



Notation
• Parametrize hVV vertex in terms of 

serve as corrections to the Standard Model Lagrangian and that are gauge-invariant, an

exercise which was first carried out in [44, 92, 93]. There is a single dimension five oper-

ator which, after electroweak symmetry breaking, is responsible for neutrino masses and

mixings. One is then motivated to proceed to dimension six operators, of which there are

many - ref. [44] lists over a hundred. However, not all of these are independent, as one

may use equations of motion to relate them. To this end, ref. [46] showed that there are

59 independent operators. Reference [45] expressed these in a basis more directly suited to

Higgs boson physics, and also discussed how the coe�cients of these operators scale di↵er-

ently if electroweak symmetry breaking is weakly or strongly coupled. E↵ective operators

for a hypothetical spin one or spin two Higgs boson have been presented in [94], which also

discusses their implementation in a computational framework inclusive of next-to-leading

order matrix element corrections and parton shower e↵ects. A pedagogical review of the

literature may be found in section 2 of ref. [95].

Since our objective is to study the Lorentz structure of the hV V vertex for massive

gauge bosons, we will only concern ourselves with a subset of the operators. It is su�cient

to consider the following three operators 2
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2These correspond to the operators O�W , O�W̃ and O0
DW in ref. [37].
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Theoretical concerns



Custodial Symmetry and precision tests
• Do we really need to check the hWW vertex separately? Doesn’t 

custodial symmetry tell us that hWW and hZZ are related?
• Necessary because (global) custodial symmetry is broken by 

gauging of the hypercharge.
• BSM particles in the loop could give rise to different values for 

anomalous hWW and hZZ couplings. 
• VBF: ~25% contribution from Z mediated production (14 TeV). 

No clean separation between hZZ and hWW. So use Vh.
• Precision tests can constrain Wilson coefficients of the 

operators. However, more operators than constraints available. 
Need to use simplifying assumptions. 

• If only one non-zero coefficient then  cW < 0.85

Belusca-Maito arXiv: 1507.05657
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Unitarity
10 1 Introduction

W −

W + W +

W −

Z

W −

W + W +

W −

Z

W −

W + W +

W −

W −

W + W +

W −

H

W −

W + W +

W −

H

Fig. 1.1 Processes contributing to the W W scattering amplitude

diagrams of Fig. 1.1). The leading order j = 0 partial wave amplitude for this
process is
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W
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s

)0)
, (1.2.14)

where g is the weak coupling constant and mW is the mass of the W boson. Applying
the unitarity bound |Re(a0)| ≤ 1/2, it is found that without the Higgs boson, tree
level unitarity would break down at a scale E⋆ = 1.7 TeV. This alone provided a
strong argument for the expectation that we should see something at the TeV scale
at the LHC connected to the symmetry breaking sector of the standard model. Either
some new degrees of freedomwould have had to appear below this scale or we would
have expected to see the effects of strongly coupled W bosons.

However, in the standard model there is a physical Higgs boson which can also be
exchanged in s and t-channel processes in W W scattering (see the last two diagrams
of Fig. 1.1). The leading order j = 0 partial wave amplitude from Higgs exchange is
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which exactly cancels the gauge boson piece.
After this cancellation, if one assumes theHiggs bosonmass is large (m2

H ≫ m2
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the leading order contribution to the total amplitude is given by
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Unitarity =) |Re(aj)| < 1/2

For the cp-odd coupling the vertex reduces to: (✏1 ⇥ ✏2) · (p1 � p2)

For cp-odd we  use transverse polarization of W boson

Choose

p
s > Energy flow through the vertex.
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Constraints from Higgs decays



Higgs rates
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Figure 8. Best fit values of the σ(gg → H → ZZ) cross section and of ratios of cross sections
and branching fractions, as obtained from the generic parameterisation with nine parameters and
tabulated in table 9 for the combination of the ATLAS and CMS measurements. Also shown are
the results from each experiment. The values involving cross sections are given for

√
s = 8TeV,

assuming the SM values for σi(7 TeV)/σi(8 TeV). The error bars indicate the 1σ (thick lines)
and 2σ (thin lines) intervals. The fit results are normalised to the SM predictions for the various
parameters and the shaded bands indicate the theoretical uncertainties in these predictions.
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Naive use of Higgs rates 
does not strongly constrain 

BSM couplings

ATLAS+ CMS arXiv:1606.02266

9

SM



Higgs CP analysis in golden channel

Analysis of Higgs decays to ZZ gives better constraint on 
BSM couplings though fairly large values are still allowed.
Separately analyzing hWW does not give strong constraints. 

ATLAS+ CMS arXiv:1606.02266

In this paper, only results based on the matrix-element-observable approach are reported. The 9D ap-
proach was used as a cross-check and produced results compatible with the matrix-element approach.

6.4 Individual and combined results

The results of the tensor structure analyses performed in the H → WW∗ → eνµν channel are reported in
Ref. [8] and, for completeness, they are also summarised in Table 7.

Coupling ratio Best-fit value 95% CL Exclusion Regions
H → WW∗ → eνµν Observed Expected Observed
κ̃HVV/κSM −1.3 [−1.2,−0.7] (−∞,−2.2]

⋃

[−1,−0.85]
⋃

[0.4,∞)
(κ̃AVV/κSM) · tanα −0.2 n.a. (−∞,−6]

⋃

[5,∞)

Table 7: Fitted values of κ̃HVV/κSM and (κ̃AVV/κSM) · tanα and 95% CL excluded regions obtained in H → WW∗ →
eνµν analysis. The expected values are estimated for the signal strength measured in data and assuming best-fit
values for all other nuisance parameters. Only data collected at

√
s = 8 TeV are used. The symbol "n.a." denotes

the absence of 95% CL sensitivity.

The distributions of the test statistic for fits of κ̃HVV/κSM and (κ̃AVV/κSM) · tanα measured in the H →
ZZ∗ → 4ℓ analysis are shown in Figure 9. The expected curves are calculated assuming the SM JP = 0+
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Figure 9: Expected and observed distributions of the test statistic for fits of (a) κ̃HVV/κSM and (b) (κ̃AVV/κSM) · tanα
for the H → ZZ∗ → 4ℓ analysis. The expected curves are calculated assuming the SM JP = 0+ signal and produced
with the SM signal strength µ = 1 and with the signal strengths fitted to data. The horizontal dotted black lines
represent the levels of −2 ln λ above which the values of coupling ratios under study are excluded above 68% and
95% CL, respectively.

signal, both with the SM signal strength, µ = 1, and with the signal strength fitted to data, µ̂. The
fitted values of κ̃HVV/κSM and (κ̃AVV/κSM) · tan α, together with the intervals where these couplings are
excluded at above the 95% CL, are reported in Table 8. The fitted values agree with the SM predictions
within uncertainties.
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Figure 3: Definitions of the angular observables sensitive to the spin and parity of the resonance in the
X → ZZ∗ → 4ℓ decay.

For the BDT approach, a JP discriminant is formed for each pair of spin-parity states to be tested,
by training a BDT on the variables of simulated signal events which fall in the signal mass window
115 GeV < m4ℓ < 130 GeV. For the 0+ versus 0− test, only the parity-sensitive observables Φ, θ1, θ2,
m12 and m34 are used in the BDT training. For the spin-2 test, the production angles θ∗ and Φ1 are also
included.

Both analyses are complemented with a BDT discriminant designed to separate the signal from the ZZ∗
background. These discriminants are hereafter referred to as BDTZZ . For the JP–MELA analysis, the
BDTZZ discriminant is fully equivalent to the one described in Refs. [12, 18]. For the BDT analysis the
discriminating variables used for the background BDTZZ are the invariant mass, pseudorapidity, and
transverse momentum of the four-lepton system, and a matrix-element-based kinematic discriminant
KD defined in Ref. [16]. The results from both methods are obtained from likelihood fits to the two-
dimensional distributions of the background BDTs and of the spin- and parity-sensitive discriminants.
In this way, the small correlation between these variables are taken into account in the analyses. The
distribution of the background discriminant BDTZZ versus the JP–MELA discriminant is presented in
Figure 5 for the SM JP = 0+ signal, the backgrounds, and the data. The projections of this distribution on
the JP–MELA and the BDTZZ variables, for different signal hypotheses, the backgrounds, and the data,
are shown in Figure 6. In this paper, only results based on the JP–MELA approach are reported. The
BDT approach was used as a cross-check and produced compatible results.

Two general types of systematic effects impact the analyses using fixed spin and parity hypotheses: un-
certainties on discriminant shapes due to experimental effects, and uncertainties on background normal-
isations from theory uncertainties and data-driven background estimates. The systematic uncertainties on
the shape are included in the analysis by creating discriminant shapes corresponding to variations of one
standard deviation in the associated sources of systematic uncertainty. The systematic uncertainties on
the normalisation are included as additional nuisance parameters in the likelihood.

The list of sources of systematic uncertainty common to all ATLAS H → ZZ∗ → 4ℓ analyses is presented
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Associated Production
Vh production kinematics

● Invariant mass and the transverse momentum 
distributions show marked differences.

● Typically background elimination requires large p
T 
cuts.

● Larger acceptance to non-SM terms: improved 
sensitivity.  

Djouadi, Godbole, Mellado, KM, 2013



Anomalous couplings in Vh production
• Vh production as can probe separately the hWW and hZZ 

couplings.
• Vh has a small cross-section: hard to detect at LHC. 

Detection has been made possible with the use of jet 
substructure techniques.

• Able to reconstruct the kinematics of the process in both 
Zh and Wh production.

• Show that probing small values of anomalous couplings 
well within the reach of LHC.

12



Vh production kinematics
Vh production kinematics

● Invariant mass and the transverse momentum 
distributions show marked differences.

● Typically background elimination requires large p
T 
cuts.

● Larger acceptance to non-SM terms: improved 
sensitivity.  

Djouadi, Godbole, Mellado, KM, 2013

Vh production kinematics

● Invariant mass and the transverse momentum 
distributions show marked differences.

● Typically background elimination requires large p
T 
cuts.

● Larger acceptance to non-SM terms: improved 
sensitivity.  

Djouadi, Godbole, Mellado, KM, 2013

Invariant mass and the transverse momentum distributions show 
marked differences.
Typically background elimination requires large transverse 
momentum cuts.
Larger acceptance to non-SM terms: improved sensitivity.

Djouadi, Godbole, Mellado, KM, 2013 
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Constraints from Higgs rates
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Figure 12. Best fit results for the production signal strengths for the combination of ATLAS and
CMS data. Also shown are the results from each experiment. The error bars indicate the 1σ (thick
lines) and 2σ (thin lines) intervals. The measurements of the global signal strength µ are also shown.

Higgs boson decays are also studied with six independent signal strengths, one for each

decay channel included in the combination, assuming that the Higgs boson production cross

sections are the same as in the SM. Unlike the production signal strengths, these decay-

based signal strengths are independent of the collision centre-of-mass energy and therefore

the
√
s = 7 and 8TeV data sets can be combined without additional assumptions. Table 13

and figure 13 present the best fit results for the combination of ATLAS and CMS, and

separately for each experiment (the results for µµµ are only reported in table 13). The

p-value of the compatibility between the data and the SM predictions is 75%.

– 34 –

Vh production rate alone already 
constrains the strength of BSM 
couplings in the hVV vertex.

14

Vh production kinematics

● Invariant mass and the transverse momentum 
distributions show marked differences.

● Typically background elimination requires large p
T 
cuts.

● Larger acceptance to non-SM terms: improved 
sensitivity.  

Djouadi, Godbole, Mellado, KM, 2013



Angle between lepton in 
parent W rest frame and 
the W in the lab frame.

A measure of 
polarization of the W.

Differentiates A from B 
and C.

Cannot strongly 
differentiate between 
different non-SM 
operators.

15

Polarization of the V bosons

Higgs-Gauge Boson Coupling

● The most general tensor structure of the hVV vertex: 

● A,B,C are momentum dependent form factors.

● In SM A=1, B=0=C.

● Such a vertex may be generated from BSM physics:

CP even CP odd Not a CP odd observable
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CP odd (linear) observables:

|M|2 ! SM2 + cWSM| {z }
Linear term (CP odd)

+c2W



CP odd (linear) observables:

17

CP |e+e�iCMS = +1 |e+e�iCMS

CP |P1, P2iCMS = |P̄2, P̄1iCMS

Eigen state of CP: 

LHC: Not an eigen state of CP:

Only possible to construct truly CP odd observables for a process if 
initial and final states are eigenstates of CP. 

(CP )O(CP )�1 ! �O

hf | (CP )�1(CP )O(CP )�1(CP ) |ii ! �hf | O |ii

Hard but not impossible to find CP odd observables for LHC
Hint: Exploit difference between quark and anti-quark parton 

distributions.



Variables that explore 
the angular distribution 
between the plane of 
production of the 
decaying leptons and 
the plane of production 
of Wh are linear and 
can discriminate 
between different BSM 
couplings.

Test three such angles

18



Q
Angle between lepton in 
parent W rest frame and 
the normal to the WH 
production plane.

Interference term only 
between SM and BSM 
couplings.

19



CP violation and asymmetries

● Useful to construct an observable that vanishes when CP 
is conserved.

● Simple counting experiment. Reduced uncertainties.

20
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Exclusion using a likelihood analysis
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Generated using 
Feynrules+ 
MadGraph+

 Pythia+ Delphes 
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Summary & Outlook
• Argued the case for testing the hWW and hZZ vertex 

directly and separately at the LHC.
• Maximum sensitivity comes by combining Higgs decay 

rates as well Vh production rates.
• Constructed a truly CP-odd observable and asymmetry.
• Currently implementing Vh production with anomalous 

vertices in RESBOS, including (N)NLO (QCD) & 
resummation effects.

http://hep.pa.msu.edu/resum/



Bonus



Angle between the boosted 
W decay plane and the W 
in the lab frame.

Interference term only 
between SM and BSM 
couplings.

24



Azimuthal angle between 
lepton in parent W rest 
frame and the W in the lab 
frame.

Interference term only 
between SM and BSM 
couplings.

25



3D-Likelihoods

● We can combine all this 
information in a likelihood 
analysis.

Use 3D binned likelihood.

Test 3 different combinations 
of observables in Likelihood.

26



Exclusion at 95%CL well within 
expected luminosity of first run 
of 14 TeV LHC.

Generated using 
Feynrules+ MadGraph+

 Pythia+ Delphes 
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cos ✓1, cos ✓2,

cos ✓⇤, cos�,M⇤
Z2

h ! V (⇤)V (⇤) ! 4l

Construct a likelihood function 
out of these observables and 

discriminate between a SM and 
a BSM vertex structure.
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particle, assuming s/sSM = 1 (left) and using the s/sSM value determined from the fit to data
(right). The observed values are also reported in the second case.
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Poor Discrimination
in HWW decays
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Figure 3: Definitions of the angular observables sensitive to the spin and parity of the resonance in the
X → ZZ∗ → 4ℓ decay.

For the BDT approach, a JP discriminant is formed for each pair of spin-parity states to be tested,
by training a BDT on the variables of simulated signal events which fall in the signal mass window
115 GeV < m4ℓ < 130 GeV. For the 0+ versus 0− test, only the parity-sensitive observables Φ, θ1, θ2,
m12 and m34 are used in the BDT training. For the spin-2 test, the production angles θ∗ and Φ1 are also
included.

Both analyses are complemented with a BDT discriminant designed to separate the signal from the ZZ∗
background. These discriminants are hereafter referred to as BDTZZ . For the JP–MELA analysis, the
BDTZZ discriminant is fully equivalent to the one described in Refs. [12, 18]. For the BDT analysis the
discriminating variables used for the background BDTZZ are the invariant mass, pseudorapidity, and
transverse momentum of the four-lepton system, and a matrix-element-based kinematic discriminant
KD defined in Ref. [16]. The results from both methods are obtained from likelihood fits to the two-
dimensional distributions of the background BDTs and of the spin- and parity-sensitive discriminants.
In this way, the small correlation between these variables are taken into account in the analyses. The
distribution of the background discriminant BDTZZ versus the JP–MELA discriminant is presented in
Figure 5 for the SM JP = 0+ signal, the backgrounds, and the data. The projections of this distribution on
the JP–MELA and the BDTZZ variables, for different signal hypotheses, the backgrounds, and the data,
are shown in Figure 6. In this paper, only results based on the JP–MELA approach are reported. The
BDT approach was used as a cross-check and produced compatible results.

Two general types of systematic effects impact the analyses using fixed spin and parity hypotheses: un-
certainties on discriminant shapes due to experimental effects, and uncertainties on background normal-
isations from theory uncertainties and data-driven background estimates. The systematic uncertainties on
the shape are included in the analysis by creating discriminant shapes corresponding to variations of one
standard deviation in the associated sources of systematic uncertainty. The systematic uncertainties on
the normalisation are included as additional nuisance parameters in the likelihood.

The list of sources of systematic uncertainty common to all ATLAS H → ZZ∗ → 4ℓ analyses is presented
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CMS arXiv:1606.02266, 1312.1129
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