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14 4 Analysis techniques

to discriminate between the spin hypotheses. The angle is defined in the diphoton rest frame
as that between the collinear photons and the line that bisects the acute angle between the
colliding protons. To increase the sensitivity, the events are categorized using the same four
diphoton event classes used in the cut-based analysis but without the additional classification
based on pT used there. Within each diphoton class, the events are binned in | cos q⇤| to dis-
criminate between the different spin hypotheses. The events are thus split into 20 event classes,
four (h, R9) [15] diphoton classes with five | cos q⇤| bins each, for both the 7 and 8 TeV datasets,
giving a total of 40 event classes.

4 Analysis techniques
The kinematics of the Higgs boson decay to four charged leptons, two charged leptons and
two neutrinos, or two photons, and their application to the study of the properties of the Higgs
boson have been extensively studied in the literature [27–30, 35, 37, 41, 42, 44–48, 50, 52]. The
schematic view of the production and decay information can be seen in Fig. 1 [27, 58].

If the resonance has a non-zero spin, its polarization depends on the production mechanism.
As a result, a non-trivial correlation of the kinematic distributions of production and sequential
decay is observed for a resonance with non-zero spin, while there is no such direct correlation
due to polarization for a spin-zero resonance. Furthermore, the kinematics and polarization of
the vector bosons in the H ! VV process depend on the initial polarization of the resonance
and the tensor structure of the HVV interactions and this affects the kinematics of the leptons
in the VV ! 4` or `n`n decay.

Figure 1: Illustration of the production of a system X in a parton collision and its decay to two
vector bosons gg or qq ! X ! ZZ, WW, Zg, and gg either with or without sequential decay of
each vector boson to a fermion-antifermion pair [27, 58]. The two production angles q⇤ and F1
are shown in the X rest frame and the three decay angles q1, q2, and F are shown in the V rest
frames. Here X stands either for a Higgs boson, an exotic particle, or, in general, the genuine or
misidentified VV system, including background.

The analysis of the HVV interactions requires the study of the kinematic distributions of the
Higgs boson decay products comparing to the prediction of the corresponding models. In the
case of the H ! VV ! 4` decay, the full kinematic information can be reconstructed with
small experimental uncertainties. In the case of the H ! WW ! `n`n decay, the two missing
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• Comprehensive set of production and decay modes targeted 
• Over 250 mutually exclusive event categories 

• mH=125.0 GeV and narrow-width approximation assumed 
- Off-shell measurements treated separately 
- See David Sperka’s talk yesterday on CMS diboson results
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Combined Higgs Channels 

ggH VBF VH ttH
H→γγ ✔ ✔ ✔ ✔

H→ZZ ✔ ✔ ✔ ✔

H→WW ✔ ✔ ✔ ✔

H→ττ ✔ ✔ ✔ ✔

H→bb ✔ ✔ ✔

H→μμ ✔ ✔ ✔

H→invisible ✔ ✔

production

d
e
c
a
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Event category targets
✔ Included in coupling combinations
✔ Considered in certain interpretations



Ben KreisCMS Couplings and Spin/CP

• Best fit signal strength for 
production- and decay-tag pairs 
- Tag by production and decay 

mode expected to dominate 
sensitivity in SM 

- All signal contributions to tag pair 
scaled together 

- p-value wrt SM = 0.84 

• Overall combination 

- Theory uncertainties: QCD scales, 
PDFs, branching fractions, 
underlying event
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Signal Strength (σ/σSM)

SMσ/σBest fit 
-4 -2 0 2 4 6

 bb (ttH tag)→H 
 bb (VH tag)→H 

 (ttH tag)ττ →H 
 (VH tag)ττ →H 

 (VBF tag)ττ →H 
 (0/1-jet)ττ →H 

 WW (ttH tag)→H 
 WW (VH tag)→H 

 WW (VBF tag)→H 
 WW (0/1-jet)→H 

 ZZ (2-jet)→H 
 ZZ (0/1-jet)→H 

 (ttH tag)γγ →H 
 (VH tag)γγ →H 

 (VBF tag)γγ →H 
 (untagged)γγ →H 

 0.14± = 1.00 µ       
Combined

CMS
 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

 = 125 GeVH m

 = 0.84
SM

p

1.00 ± 0.09(stat)+0.08 (theo)±0.07(syst) -0.07
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• With additional assumption that signal arises from single 
particle with JPC = 0++, 

• Γtot = ΣΓii + ΓBSM, where ΓBSM = Γinv + Γundet  

• Introduce coupling modifiers (κi) to test for deviations from SM 
- Production: κi2 = σi/σiSM 
- Decay: κi2 = Γii/ΓiiSM  
- Total width: κH2 = Γtot/ΓSM

5

Coupling Modifiers (κi)

28 7 Compatibility of the observed data with the SM Higgs boson couplings

7 Compatibility of the observed data with the SM Higgs boson
couplings

Whereas in Section 6 the production and decay of the boson were explored separately, the
studies presented in this section simultaneously investigate the couplings of the boson to SM
particles in the production and decay processes. In this way, correlations are handled consis-
tently between the production modes and the decay modes. For example, the coupling of the
SM Higgs boson to the Z boson is involved both in the ZH production mode and the H ! ZZ
decay mode, such that more information can be extracted from a simultaneous modelling of
the production and decay modes in terms of the couplings involved.

Following the framework laid out in Ref. [171], we assume the signal arises from a single par-
ticle with JPC = 0++ and a width such that the narrow-width approximation holds, permit-
ting its production and decay to be considered independently. These assumptions are sup-
ported by the results of Section 6.6 on the presence of more particles at the same mass, those
of Refs. [40, 41] regarding alternative JP assignments and mixtures, and those of Ref. [27] con-
cerning the width of the particle.

Under the assumptions above, the event yield in a given (production)⇥(decay) mode is related
to the production cross section and the partial and total Higgs boson decay widths via

(s B) (x ! H ! yy) =
sx Gyy

Gtot
, (7)

where sx is the production cross section through process x, which includes ggH, VBF, WH, ZH,
and ttH; Gyy is the partial decay width into the final state yy, such as WW, ZZ, bb, tt, gg, or
gg; and Gtot is the total width of the boson.

Some quantities, such as sggH, Ggg, and Ggg, are generated by loop diagrams and, therefore, are
sensitive to the presence of certain particles beyond the standard model (BSM). The possibility
of Higgs boson decays to BSM particles, with a partial width GBSM, can also be accommodated
by considering Gtot as a dependent parameter so that Gtot = Â Gyy + GBSM, where Â Gyy stands
for the sum over partial widths for all decays to SM particles. With the data from the H(inv)
searches, GBSM can be further broken down as GBSM = Ginv + Gundet, where Ginv can be con-
strained by searches for invisible decays of the Higgs boson and Gundet corresponds to Higgs
boson decays not fitting into the previous definitions. The definition of Gundet is such that two
classes of decays can give rise to Gundet > 0: i) BSM decays not studied in the analyses used in
this paper, such as hypothetical lepton flavour violating decays, e.g. H ! µt, and ii) decays
that might not be detectable with the existing experimental setup because of the trigger condi-
tions of the experiment, such as hypothetical decays resulting in a large multiplicity of low-pT
particles.

To test the observed data for possible deviations from the rates expected for the SM Higgs
boson in the different channels, we introduce coupling modifiers, denoted by the scale factors
ki [171]. The scale factors are defined for production processes by k2

i = si/sSM
i , for decay

processes by k2
i = Gii/GSM

ii , and for the total width by k2
H = Gtot/GSM, where the SM values are

tabulated in Ref. [171]. When considering the different ki, the index i can represent many ways
to test for deviations:

• For SM particles with tree-level couplings to the Higgs boson: kW (W bosons), kZ
(Z bosons), kb (bottom quarks), kt (tau leptons), kt (top quarks), and kµ (muons).
Unless otherwise noted, the scaling factors for other fermions are tied to those that
can be constrained by data.



Ben KreisCMS Couplings and Spin/CP

WZλ
0 0.5 1 1.5 2

 ln
 L

∆
- 2

 

0
1
2
3
4
5
6
7
8
9

10
Observed

Exp. for SM H
CMS

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

WZλ, Zκ, fκ

   Vκ
0 0.5 1 1.5

   
 

fκ

0

0.5

1

1.5

2

95
%

 C
.L

.

bb→H

ττ→H

ZZ→H

WW→H

γγ
→H

 CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

Observed
SM Higgs

Test of custodial symmetry
• Likelihood scan of λWZ = κW/κZ while profiling κZ and κf 

• Assume single κf and ΓBSM = 0 
• Consistent with SM value of 1, resulting from 

protection against large radiative corrections

6

Couplings to Massive Vector Bosons and Fermions

λWZ =0.92+0.14
−0.12

Couplings to vector boson and fermions
• 68% CL regions for κV and κf 

• Assume ΓBSM = 0 
• Shows complementarity of combined channels 
• Consistent with SM value of (1,1)

κV 95% CL [0.87,1.14] 
κf 95% CL [0.63,1.15]
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• Most general model proposed 
by LHCXSWG (arXiv:1307.1347) 

• Parameters are 
- κgZ = κgκZ/κH, where κH2 = Γtot/ΓSM 

modifies the width  
- Ratios of couplings λij = κi/κj 

• No assumption on scaling of 
total width. 

• Most significant deviation is 
driven by excess in ttH channels 
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Generic Modifier Ratio Model

Parameter value
0 0.5 1 1.5 2 2.5 3 3.5

- 0.46
+0.54 = 2.18tgλ

- 0.17
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+0.36 = 1.39Zgλ
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In loops
• ggH production and H→γγ decay are loop-

induced at leading order  
• Likelihood scan of κg and κγ assuming SM 

tree-level couplings and ΓBSM = 0 
• Best fit (κg, κγ) = (1.14,0.89) is compatible 

with SM within 68% CL region 

Undetected and invisible decays
• Include H→inv search results to constrain 
BRinv = Γinv/Γtot 
- Uncombined: BRinv observed (expected) 

95% CL upper limit = 0.58 (0.44) 
• Simultaneous fit for BRinv and BRundet = 
Γundet/Γtot while profiling κγ, κg, κV≤1, κb, κτ, κt 

- Very general!
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New Physics
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• Spin-two 
- with gravity-like minimal couplings excluded at 99.87% 

CL in combination of H→ZZ, H→WW, and H→γγ.  
- Another ten models excluded at 99% CL or higher. 
• Any mixed-parity spin-one state is excluded at 

>99.999% CL in combination of H→ZZ and H→WW  
• Fraction of non-interfering exotic spin state in addition 

to JP=0+ state also considered.
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Exotic Spin Scenarios

Ben KreisCMS Couplings and Spin/CP

)+0 / LPJ
 ln(L× -2 

-30 -20 -10 0 10 20 30 40

Ps
eu

do
ex

pe
rim

en
ts

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09 γγ ZZ + WW + →) m
+ X(2→gg 

CMSPreliminary  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

Observed
+0

m
+2

) + 0
 / 

L
P J

 ln
(L

×
-2

 

-60
-40
-20

0
20
40
60
80

100
120 CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb ZZ + WW→X 

Observed Expected
σ 1± +0 σ 1± PJ
σ 2± +0 σ 2± PJ
σ 3± +0 σ 3± PJ

- 1 + 1 m+ 2 h2+ 2 h3+ 2 h+ 2 b+ 2 h6+ 2 h7+ 2 h- 2 h9- 2 h1
0

- 2 m+ 2 h2+ 2 h3+ 2 h+ 2 b+ 2 h6+ 2 h7+ 2 h- 2 h9- 2 h1
0

- 2

qq gg production  productionqq



Ben KreisCMS Couplings and Spin/CP

• Generic HV1V2 (V=W, Z, γ, g) scattering amplitude, expanded up to q2

10

Spin 0 Anomalous Couplings Phenomenology

Measurements of HVV anomalous couplings

)

A,B,C,D

A

)

Interaction Anomalous Coupling E↵ective Translation
coupling phase fraction constant

⇤1 �⇤1 f⇤1 �1/�̃⇤1 = 1.45⇥ 10�8 GeV�4

HZZ a2 �a2 fa2 �1/�2 = 2.68
a3 �a3 fa3 �1/�3 = 6.36

⇤WW
1 �WW

⇤1 fWW
⇤1 �WW

1 /�̃WW
⇤1 = 1.87⇥ 10�8 GeV�4

HWW aWW
2 �WW

a2 fWW
a2 �WW

1 /�WW
2 = 1.25

aWW
3 �WW

a3 fWW
a3 �WW

1 /�WW
3 = 3.01

⇤Z�
1 �Z�

⇤1 fZ�
⇤1 �1/�̃

Z�
⇤1 = 5.76⇥ 10�9 GeV�4

HZ� aZ�2 �Z�
a2 fZ�

a2 �1/�
Z�
2 = 22.4⇥ 10�4

aZ�3 �Z�
a3 fZ�

a3 �1/�
Z�
3 = 27.2⇥ 10�4

H�� a��2 ���
a2 f��

a2 �1/�
��
2 = 28.2⇥ 10�4

a��3 ���
a3 f��

a3 �1/�
��
3 = 28.8⇥ 10�4

What to measure 
The coupling ratio ai/a1-> effective fractional xsec  

!
!

!
— unique and finite (0 < fai <1)

fa2 =
|a2|2�2

|a1|2�1 + |a2|2�2 + |a3|2�3 + �̃⇤1/ (⇤1)
4

|ai|
|a1|

=

s
fai
fa1

⇥
r

�1

�i

Measurement Scenarios 
— 1 non-zero anomalous coupling 
	 A. real, !ai=0,π 
	 B. complex, !ai unconstrained 
— 2 non-zero anomalous couplings 
	 C. real, !ai,aj=0,π 
	 D. complex, !ai,aj unconstrained
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Example phase and effective fraction:

2.1 Decay of a spin-zero resonance 5

with respect to the two dominant tree-level couplings a1 and aWW
1 in the H ! VV ! 4` and

H ! WW ! `n`n processes, respectively. The effective fractional ZZ cross sections and phases
are defined as follows

fL1 =
s̃L1/ (L1)

4

|a1|2s1 + |a2|2s2 + |a3|2s3 + s̃L1/ (L1)
4 + . . .

, fL1,

fa2 =
|a2|2s2

|a1|2s1 + |a2|2s2 + |a3|2s3 + s̃L1/ (L1)
4 + . . .

, fa2 = arg
✓

a2

a1

◆
,

fa3 =
|a3|2s3

|a1|2s1 + |a2|2s2 + |a3|2s3 + s̃L1/ (L1)
4 + . . .

, fa3 = arg
✓

a3

a1

◆
,

(3)

where si is the cross section of the process corresponding to ai = 1, aj 6=i = 0, while s̃L1 is the
effective cross section of the process corresponding to L1 = 1 TeV, given in units of fb · TeV4.
The effective fractional WW cross sections are defined in complete analogy with the definitions
for ZZ as shown in Eq. (3). The definition in Eq. (3) is independent of the collider energy
because only the decay rates of the processes H ! VV ! 4` and H ! WW ! `n`n affect
the ratio. It also has the advantage of the fai parameters being bounded between 0 and 1, and
being uniquely defined, regardless of the convention used for the coupling constants. In the
four-lepton final state, the cross section of the H ! VV ! 2e2µ final state is used, as this final
state is not affected by the interference between same-flavor leptons in the final state.

In an analogous way, the effective fractional cross sections and phases of Zg and gg, generically
denoted as Vg below, in the H ! VV ! 2e2µ process are defined as

f Vg
ai =

|aVg
i |2sVg

i

|a1|2s0
1 + |aVg

i |2sVg
i + . . .

, fVg
ai = arg

 
aVg

ai
a1

!
, (4)

where the requirement
q

q2
Vi � 4 GeV is used in the cross-section calculations for all processes,

including the ZZ tree-level process with a1 as indicated with s0
1. This requirement on q2

Vi is
introduced to restrict the definition to a region without infrared divergence and to define the
fractions within the empirically relevant range. The ellipsis (...) in Eqs. (3) and (4) indicates any
other contribution not listed explicitly.

Given the measured values of the effective fractions, it is possible to extract the ratios of the
coupling constants ai/a1, the scale of BSM physics L1, or the ratios of the Zg⇤ (g⇤g⇤) cross
sections with respect to the SM predictions in any parameterization. Following Eq. (1) the
translation of the fai measurements can be performed as

|ai|
|a1|

=
p

fai/ fa1 ⇥
p

s1/si, L1

q
|a1| = 4

p
fa1/ fL1 ⇥ 4

p
s̃L1/s1, (5)

where the cross-section ratios for a 125.6 GeV Higgs boson are given in Table 1, and the fraction
fa1 = (1 � fL1 � fa2 � fa3 � . . .) corresponds to the effective SM tree-level contribution, which
is expected to dominate. The ellipsis in the fa1 definition indicates any other contribution, such
as Zg⇤ and g⇤g⇤, where relevant.

The couplings of the Higgs boson to Zg and gg are generally much better measured in the
decays with the on-shell gauge bosons H ! Zg and gg [15, 19, 22, 24]. Therefore, the measure-
ments of the HZg and Hgg anomalous couplings are provided mostly as a feasibility study
without going into detailed measurements of correlations of parameters. Once a sufficient

3

in Section 4. The exclusion of exotic spin-one and spin-two scenarios is shown in Section 5.
Finally, for the spin-zero scenario, comprehensive studies of the tensor structure of HVV inter-
actions are presented in Section 6. The results are summarized in Section 7.

2 Phenomenology of spin-parity and anomalous HVV interactions
The production and decay of H is described by its interactions with a pair of vector bosons
VV, such as ZZ, Zg, gg, WW, and gg, or with a fermion-antifermion pair. The relevant phe-
nomenology for the interactions of a spin-zero, -one, and -two boson, as motivated by earlier
studies [27, 28, 30–32, 52], is presented below.

2.1 Decay of a spin-zero resonance

The scattering amplitude describing the interaction between a spin-zero H and two spin-one
gauge bosons VV, such as ZZ, Zg, gg, WW, or gg, includes three invariant tensor structures
with the coupling parameters aVV

i that can have both real and imaginary parts and in general
are form factors which can depend on the squared Lorentz invariant four-momenta of V1 and
V2, q2

V1 and q2
V2. In the following, the terms up to q2

V are kept in the expansion under the
assumption of small contributions from anomalous couplings

A(HVV) ⇠
"

aVV
1 +

kVV
1 q2

V1 + kVV
2 q2

V2�
LVV

1
�2

#
m2

V1e⇤V1e⇤V2 + aVV
2 f ⇤(1)µn f ⇤(2),µn + aVV

3 f ⇤(1)µn f̃ ⇤(2),µn, (1)

where f (i)µn = e
µ
Viq

n
Vi � en

Viq
µ
Vi is the field strength tensor of a gauge boson with momentum qVi

and polarization vector eVi, f̃ (i)µn = 1
2 eµnrs f (i),rs is the dual field strength tensor, the superscript ⇤

designates a complex conjugate, mV1 is the pole mass of the Z or W vector boson, while the cases
with the massless vector bosons are discussed below, and L1 is the scale of BSM physics and is
a free parameter of the model [30].

In Eq. (1), VV stands for ZZ, Zg, gg, WW, and gg. The tree-level SM-like contribution cor-
responds to aZZ

1 6= 0 and aWW
1 6= 0, while there is no tree-level coupling to massless gauge

bosons, that is aVV
1 = 0 for Zg, gg, and gg. Small values of the other couplings can be gener-

ated through loop effects in the SM, but their SM values are not accessible experimentally with
the available data. Therefore, the other terms can be ascribed to anomalous couplings which
are listed for HZZ, HWW, HZg, and Hgg in Table 1 . Among those, considerations of symme-
try and gauge invariance require kZZ

1 = kZZ
2 = � exp(ifZZ

L1), kgg
1 = kgg

2 = 0, k
gg
1 = k

gg
2 = 0,

kZg
1 = 0 and kZg

2 = � exp(ifZg
L1). While not strictly required, the same symmetry is considered

in the WW case kWW
1 = kWW

2 = � exp(ifWW
L1 ). In the above, fVV

L1 is the phase of the anomalous
coupling with LVV

1 , which is either 0 or p for real couplings. In the following, the ZZ labels
for the ZZ interactions will be omitted, and therefore the couplings a1, a2, a3, and L1 are not
labeled explicitly with a ZZ superscript, while the superscript is kept for the other VV states.

The parity-conserving interaction of a pseudoscalar (CP-odd state) corresponds to the aVV
3

terms, while the other terms describe the parity-conserving interaction of a scalar (CP-even
state). The aVV

3 terms appear in the SM only at a three-loop level and receive a small contribu-
tion. The aVV

2 and LVV
1 terms appear in loop-induced processes and give small contributions

O(10�3–10�2). The dominant contributions to the SM expectation of the H ! Zg and gg de-
cays are aZg

2 and agg
2 , which are predicted to be aZg

2 ' �0.007 and agg
2 ' 0.004 [62]. Anomalous

couplings may be enhanced with BSM contributions and generally acquire a non-trivial depen-
dence on Lorentz invariant quantities and become complex. The different contributions to the

tree level scalar (0+)

higher order scalar

pseudoscalar (0-)leading momentum
expansion

0+h

One non-zero anomalous coupling: 
A. real, 𝜙ai = 0, π 
B. complex, 𝜙ai unconstrained 

Two non-zero anomalous couplings: 
C. real, 𝜙ai,aj = 0, π 
D. complex, 𝜙ai,aj unconstrained 

2.1 Decay of a spin-zero resonance 5

Table 1: List of anomalous HVV couplings considered in the measurements assuming a spin-
zero Higgs boson. The definition of the effective fractions is discussed in the text and the trans-
lation constant is given in each case. The effective cross sections correspond to the processes
H ! VV ! 2e2µ and H ! WW ! `n`n and the Higgs boson mass mH = 125.6 GeV using
the JHUGEN [28, 29, 31] calculation. The cross-section ratios for the HZg and Hgg couplings

include the requirement
q

q2
V � 4 GeV.

Interaction Anomalous Coupling Effective Translation
Coupling Phase Fraction Constant

HZZ
L1 fL1 fL1 s1/s̃L1 = 1.45 ⇥ 104 TeV�4

a2 fa2 fa2 s1/s2 = 2.68
a3 fa3 fa3 s1/s3 = 6.36

HWW
LWW

1 fWW
L1 f WW

L1 sWW
1 /s̃WW

L1 = 1.87 ⇥ 104 TeV�4

aWW
2 fWW

a2 f WW
a2 sWW

1 /sWW
2 = 1.25

aWW
3 fWW

a3 f WW
a3 sWW

1 /sWW
3 = 3.01

HZg
LZg

1 fZg
L1 f Zg

L1 s0
1/s̃Zg

L1 = 5.76 ⇥ 103 TeV�4

aZg
2 fZg

a2 f Zg
a2 s0

1/sZg
2 = 2.24 ⇥ 10�3

aZg
3 fZg

a3 f Zg
a3 s0

1/sZg
3 = 2.72 ⇥ 10�3

Hgg
agg

2 fgg
a2 f gg

a2 s0
1/sgg

2 = 2.82 ⇥ 10�3

agg
3 fgg

a3 f gg
a3 s0

1/sgg
3 = 2.88 ⇥ 10�3

The effective fractional ZZ cross sections fai and phases fai are defined as follows

fL1 =
s̃L1/ (L1)

4

|a1|2s1 + |a2|2s2 + |a3|2s3 + s̃L1/ (L1)
4 + . . .

, fL1,

fa2 =
|a2|2s2

|a1|2s1 + |a2|2s2 + |a3|2s3 + s̃L1/ (L1)
4 + . . .

, fa2 = arg
✓

a2

a1

◆
,

fa3 =
|a3|2s3

|a1|2s1 + |a2|2s2 + |a3|2s3 + s̃L1/ (L1)
4 + . . .

, fa3 = arg
✓

a3

a1

◆
,

(3)

where si is the cross section of the process corresponding to ai = 1, aj 6=i = 0, while s̃L1 is the
effective cross section of the process corresponding to L1 = 1 TeV, given in units of fb · TeV4.
The effective fractional WW cross sections are defined in complete analogy with the definitions
for ZZ as shown in Eq. (3). The definition in Eq. (3) is independent of the collider energy
because only the decay rates of the processes H ! VV ! 4` and H ! WW ! `n`n affect
the ratio. It also has the advantage of the fai parameters being bounded between 0 and 1, and
being uniquely defined, regardless of the convention used for the coupling constants. In the
four-lepton final state, the cross section of the H ! VV ! 2e2µ final state is used, as this final
state is not affected by the interference between same-flavor leptons in the final state.

In an analogous way, the effective fractional cross sections and phases of Zg and gg, generically
denoted as Vg below, in the H ! VV ! 2e2µ process are defined as

f Vg
ai =

|aVg
i |2sVg

i

|a1|2s0
1 + |aVg

i |2sVg
i + . . .

, fVg
ai = arg

 
aVg

ai
a1

!
, (4)

where the requirement
q

q2
Vi � 4 GeV is used in the cross-section calculations for all processes,

A,B,C,D

A

Simulated with JHUGen or POWHEG+JHUGen

where σi is the cross section for ai=1 and aj≠i=0
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Observables

14 4 Analysis techniques

to discriminate between the spin hypotheses. The angle is defined in the diphoton rest frame
as that between the collinear photons and the line that bisects the acute angle between the
colliding protons. To increase the sensitivity, the events are categorized using the same four
diphoton event classes used in the cut-based analysis but without the additional classification
based on pT used there. Within each diphoton class, the events are binned in | cos q⇤| to dis-
criminate between the different spin hypotheses. The events are thus split into 20 event classes,
four (h, R9) [15] diphoton classes with five | cos q⇤| bins each, for both the 7 and 8 TeV datasets,
giving a total of 40 event classes.

4 Analysis techniques
The kinematics of the Higgs boson decay to four charged leptons, two charged leptons and
two neutrinos, or two photons, and their application to the study of the properties of the Higgs
boson have been extensively studied in the literature [27–30, 35, 37, 41, 42, 44–48, 50, 52]. The
schematic view of the production and decay information can be seen in Fig. 1 [27, 58].

If the resonance has a non-zero spin, its polarization depends on the production mechanism.
As a result, a non-trivial correlation of the kinematic distributions of production and sequential
decay is observed for a resonance with non-zero spin, while there is no such direct correlation
due to polarization for a spin-zero resonance. Furthermore, the kinematics and polarization of
the vector bosons in the H ! VV process depend on the initial polarization of the resonance
and the tensor structure of the HVV interactions and this affects the kinematics of the leptons
in the VV ! 4` or `n`n decay.

Figure 1: Illustration of the production of a system X in a parton collision and its decay to two
vector bosons gg or qq ! X ! ZZ, WW, Zg, and gg either with or without sequential decay of
each vector boson to a fermion-antifermion pair [27, 58]. The two production angles q⇤ and F1
are shown in the X rest frame and the three decay angles q1, q2, and F are shown in the V rest
frames. Here X stands either for a Higgs boson, an exotic particle, or, in general, the genuine or
misidentified VV system, including background.

The analysis of the HVV interactions requires the study of the kinematic distributions of the
Higgs boson decay products comparing to the prediction of the corresponding models. In the
case of the H ! VV ! 4` decay, the full kinematic information can be reconstructed with
small experimental uncertainties. In the case of the H ! WW ! `n`n decay, the two missing

0-D
0 0.2 0.4 0.6 0.8 1

Ev
en

ts
 / 

0.
05

0

2

4

6

8
Observed
SM

=1a3f
*γZZ/Z

Z+X

CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

 > 0.5bkgD

 (GeV)llm
0 50 100 150 200

Ev
en

ts
 / 

8.
0 

G
eV

0

100

200

300

400

Observed
SM

=-0.4a2
WWf

VV
Top
W/Z+jets

CMS  (7 TeV)-1 (8 TeV) + 4.9 fb-119.4 fb

 1-jetµe

Ben KreisCMS Couplings and Spin/CP

• Use 5 angles and 3 masses to describe 
H→VV→4l kinematics 
- Matrix elements define event by event probabilities 

for observed kinematics (MELA) 
- Construct kinematic discriminants from probabilities 

• H→WW→lνlν contains reduced information 
due to ν’s 
- Use mll and mT distinguish signal models 

20 4 Analysis techniques

validated against each other and tested with the MEKD package [98], which is based on MAD-
GRAPH and FEYNRULES [99], for a subset of processes implemented in common. The analytic
parameterizations of the spin-zero signal and qq ! ZZ / Zg⇤ ! 4` background processes are
available from an independent implementation [30, 33, 56] and are used in a multidimensional
distribution parameterization without the calculation of discriminants.

Given several signal hypotheses defined for gg or qq ! X ! ZZ / Zg⇤ / g⇤g⇤ ! 4`, and the
main background hypotheses gg or qq ! ZZ / Zg⇤ / g⇤g⇤ / Z ! 4`, the effective probabilities
are defined for each event using a set of kinematic observables (m1, m2, m4`, ~W)

PSM =Pkin
SM(m1, m2, ~W|m4`)⇥ Pmass

sig (m4`|mH),

PJP =Pkin
JP (m1, m2, ~W|m4`)⇥ Pmass

sig (m4`|mH),

P int
JP =

⇣
Pkin

SM+JP(m1, m2, ~W|m4`)� Pkin
JP (m1, m2, ~W|m4`)� Pkin

SM(m1, m2, ~W|m4`)
⌘

,

P int?
JP =

⇣
Pkin

SM+JP?(m1, m2, ~W|m4`)� Pkin
JP (m1, m2, ~W|m4`)� Pkin

SM(m1, m2, ~W|m4`)
⌘

,

PqqZZ =Pkin
qqZZ(m1, m2, ~W|m4`)⇥ Pmass

qqZZ(m4`),

PggZZ =Pkin
ggZZ(m1, m2, ~W|m4`)⇥ Pmass

ggZZ(m4`),

(17)

where Pkin(m1, m2, ~W|mH) = |A(m1, m2, ~W|mH)|2 are the probabilities computed from the LO
matrix elements and generally are not normalized. The variable Pmass(m4`|mH) is the probabil-
ity as a function of the four-lepton reconstructed mass and is calculated using the m4` parame-
terization described in Refs. [11, 12] including the mH = 125.6 GeV hypothesis for signal. The
probabilities P int

JP parameterize interference between contributions from the SM and anoma-
lous couplings, where JP refers to a spin-zero tensor structure of interest, and are allowed to
have both positive and negative values. In the calculation of the mixed amplitude used for
Pkin

SM+JP , the same coupling strengths are used as in the individual probabilities Pkin
SM and Pkin

JP ,
and these couplings are required to provide equal cross sections for the two individual pro-
cesses. The quantity P int?

JP is constructed in the same way as P int
JP except that the phase of the

JP amplitude is changed by p/2. The matrix element calculations in Eq. (17) are also used for
the re-weighting of simulated samples, as discussed in Section 3.

Several kinematic discriminants are constructed for the main signal and background processes
from the set of probabilities described above

Dbkg =
PSM

PSM + c ⇥ PqqZZ
=

"
1 + c(m4`)⇥

Pkin
qqZZ(m1, m2, ~W|m4`)⇥ Pmass

qqZZ(m4`)

Pkin
SM(m1, m2, ~W|m4`)⇥ Pmass

sig (m4`|mH)

#�1

,

DJP =
PSM

PSM + PJP
=

"
1 +

Pkin
JP (m1, m2, ~W|m4`)

Pkin
SM(m1, m2, ~W|m4`)

#�1

,

Dint =
P int

JP (m1, m2, ~W|m4`)

Pkin
SM + Pkin

JP

.

(18)

Here, the coefficient c(m4`) is tuned to adjust the relative normalization of the signal and back-
ground probabilities for a given value of m4`. The observable Dbkg is used to separate signal
from qq ! ZZ, gg ! ZZ, and Z + X backgrounds, using the m4` probability in addition
to Pkin. The discriminant DJP is created to separate the SM signal from an alternative JP state.
The discriminant Dint is created to isolate interference between the SM and anomalous coupling

e.g.
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HZZ: complex ai
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• Couplings assumed to be real, so 𝜙ai = 0 or π and cos(𝜙ai) = 1 or -1

13

HZZ: real ai
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• A priori, no relationship between HZZ and HWW couplings 
• Combine H→ZZ and H→WW after assuming a relationship 

• Custodial symmetry implies a1 = a1WW

14

H→ZZ + H→WW Combination
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6 2 Phenomenology of spin-parity and anomalous HVV interactions

including the ZZ tree-level process with a1 as indicated with s0
1. This requirement on q2

Vi is
introduced to restrict the definition to a region without infrared divergence and to define the
fractions within the empirically relevant range. The ellipsis (...) in Eqs. (3) and (4) indicates any
other contribution not listed explicitly.

Given the measured values of the effective fractions, it is possible to extract the ratios of the
coupling constants ai/a1, the scale of BSM physics L1, or the ratios of the Zg⇤ (g⇤g⇤) cross
sections with respect to the SM predictions in any parameterization. Following Eq. (1) the
translation of the fai measurements can be performed as

|ai|
|a1|

=
p

fai/ fa1 ⇥
p

s1/si, L1

q
|a1| = 4

p
fa1/ fL1 ⇥ 4

p
s̃L1/s1, (5)

where the cross-section ratios for a 125.6 GeV Higgs boson are given in Table 1, and the fraction
fa1 = (1 � fL1 � fa2 � fa3 � . . .) corresponds to the effective SM tree-level contribution, which
is expected to dominate. The ellipsis in the fa1 definition indicates any other contribution, such
as Zg⇤ and g⇤g⇤, where relevant.

The couplings of the Higgs boson to Zg and gg are generally much better measured in the
decays with the on-shell gauge bosons H ! Zg and gg [15, 19, 23, 25]. Therefore, the measure-
ments of the HZg and Hgg anomalous couplings are provided mostly as a feasibility study
without going into detailed measurements of correlations of parameters. Once a sufficient
number of events is accumulated for the discovery of these modes in the H ! VV ! 4` chan-
nel with a high-luminosity LHC, the study of CP properties can be performed with the HZg
and Hgg couplings [56, 64].

The couplings of a spin-zero particle to W and Z bosons can be related given the assumption of
certain symmetries. For example, in the case of the custodial singlet Higgs boson, the relation
is aWW

1 = a1 [65, 66]. Generally, these couplings could have a different relationship and the
HVV couplings are controlled by two free parameters. When one parameter is expressed as
the fai fraction in the HZZ coupling, the other parameter can be chosen as a ratio of anomalous
couplings in the H ! ZZ and H ! WW channels

rai =
aWW

i /aWW
1

ai/a1
, or Rai =

rai|rai|
1 + r2

ai
. (6)

Using Eq. (5) the effective fractions f WW
ai and fai can be related as

fai =
h
1 + r2

ai(1/ f WW
ai � 1)sWW

i s1/(sWW
1 si)

i�1
. (7)

In this way, the measurement of f WW
ai can be converted to fai and vice versa, and the combina-

tion of the results in the ZZ and WW channels can be achieved.

2.2 Decay of a spin-one resonance

In the case of a spin-one resonance, the amplitude of its interaction with a pair of massive gauge
bosons, ZZ or WW, consists of two independent terms, which can be written as

A(XJ=1VV) ⇠ bVV
1 [(e⇤V1q) (e⇤V2eX) + (e⇤V2q) (e⇤V1eX)] + bVV

2 eaµnbea
Xe

⇤µ
V1e⇤n

V2q̃b, (8)

where eX is the polarization vector of the boson X with spin one, q = qV1 + qV2 and q̃ =
qV1 � qV2 [28, 29]. Here the bVV

1 6= 0 coupling corresponds to a vector particle, while the bVV
2 6= 0

coupling corresponds to a pseudovector. The Zg interactions of the spin-one particle are not

rai =1, or Ra3 = 0.5a1 = a1WW

fΛ1 and fa2 in backup
all consistent with SM
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• Additional term depending only 
on invariant mass of Higgs boson 

• Must be tested in off-shell region 

• Joint constraint on width and ΛQ 
anomalous coupling 
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2 2 Analysis techniques

momentum. The average Dt is inversely proportional to the total width:43

hDti = tH =
h̄

GH
(2)

The distribution of the measured lifetime Dt is used to set an upper limit on the average lifetime44

of the H boson, or equivalently a lower limit on its width GH, and it follows the exponential45

distribution if known perfectly. The expected SM H boson average lifetime is tH ⇡ 48 fm/c46

(16 ⇥ 10�8 fs) and is beyond instrumental precision. The technique summarized in Eq. (1)47

nonetheless allows the first direct experimental constraint on tH.48

The upper bound on GH is set using the off-shell production method [22–24] and follows the49

technique developed by CMS [10], where the gluon fusion and weak vector boson fusion (VBF)50

production mechanisms were considered in the analysis. The technique considers the H boson51

production relationship between the on-shell (105.6 < m4` < 140.6 GeV) and off-shell (220 <52

m4` < 1600 GeV) regions. Denoting each production mechanism with vv ! H ! ZZ for H53

boson coupling to either strong (vv = gg) or weak (vv = VV) vector bosons vv, the on-shell54

and off-shell yields are related by55

s

on-shell
vv!H!ZZ µ µvvH and s

off-shell
vv!H!ZZ µ µvvH · GH , (3)

where µvvH is the on-shell signal strength, the ratio of the observed and expected on-shell56

production cross sections for the four-lepton final state, which is denoted by either µggH for57

gluon fusion production or µVVH for VBF production. The ttH process is driven by the H58

boson couplings to heavy quarks like the gluon fusion process, and the VH process by the H59

boson couplings to weak vector bosons like the VBF process. They are therefore parameterized60

with the same on-shell signal strengths µggH and µVVH, respectively. The effects of signal-61

background interference are not shown in Eq. (3) for illustration but are taken into account in62

the analysis.63

The relationship in Eq. (3) implies variations of the vvH couplings as a function of m4`. This64

variation is assumed to be as in the SM gluon fusion process. The assumption is valid as long65

as the production is dominated by the top-quark loop and no new particles contribute to this66

loop. Variation of the HVV couplings, either in the VBF or VH production or in the H ! ZZ67

decay, may depend on anomalous coupling contributions. An enhancement of the off-shell68

signal production is suggested with anomalous HVV couplings [10, 25–27], but neither experi-69

mental studies of off-shell production nor realistic treatment of signal-background interference70

has been done with these anomalous couplings. We extend the methodology of the recent anal-71

ysis of anomalous HVV couplings of the H boson [17] to study these couplings and introduce72

in the scattering amplitude an additional term that depends on the H boson invariant mass,73

(qV1 + qV2)
2:74

A(HVV) µ

"
a1 � eifLQ

(qV1 + qV2)
2

(LQ)
2 � eifL1

�
q2

V1 + q2
V2
�

(L1)
2

#
m2

Ve

⇤
V1e

⇤
V2 (4)

+a2 f ⇤(1)
µn

f ⇤(2),µn + a3 f ⇤(1)
µn

f̃ ⇤(2),µn ,

where f (i)µn = e

µ

Viq
n

Vi � e

n

Viq
µ

Vi is the field strength tensor of a gauge boson with momentum qVi75

and polarization vector eVi, f̃ (i)
µn

= 1
2 e

µnrs

f (i),rs is the dual field strength tensor, the superscript ⇤
76

designates a complex conjugate, and mV is the pole mass of a vector boson. The ai are complex77

coefficients, and the L1 or LQ may be interpreted as the scales of beyond-the-SM (BSM) physics.78

The complex phase of the L1 and LQ terms are explicitly given as fL1 and fLQ, respectively.79
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3

Equation (4) describes all anomalous contributions up to dimension five operators. In the SM,
only the a1 term appears at tree level in couplings to ZZ and WW, and it remains dominant after
loop corrections. Constraints on the anomalous contributions from the a2, a3 and L1 terms to
the H ! VV decay have been set by the CMS and ATLAS experiments [16–18] through on-shell
H boson production.

The LQ term depends only on the invariant mass of the H boson, so its contribution is not
distinguishable from the SM in the on-shell region. This paper tests the LQ term through
the off-shell region. Equation (4) describes both ZZ and WW couplings, and it is assumed
that LQ is the same for both. The ratio of any loop contribution from a heavy particle in the
HVV scattering amplitude to the SM tree-level a1 term would be predominantly real, and the
imaginary part of the ratio would be small. If the contribution instead comes from an additional
term to the SM Lagrangian itself, this ratio can only be real. Therefore, only real coupling ratios
are tested such that cos fLQ = ±1 and a1 � 0, where a1 = 2 and LQ ! • correspond to the
tree-level SM HVV scattering with µggH = µVVH = 1. The effective cross-section fraction due
to the LQ term, denoted as fLQ, allows a parameterization similar to the conventions of L1 in
Ref. [17]. It is defined for the on-shell gg ! H ! VV process assuming no contribution from
other anomalous couplings as

fLQ =
m4

H/L4
Q

|a1|2 + m4
H/L4

Q
. (5)

The HVV couplings in Eq. (4) appear in both production and decay for the VBF and VH mecha-
nisms while they appear only in decay for H boson production through gluon fusion. Isolating
the former two production mechanisms therefore enhances the sensitivity to the contribution
of anomalous couplings. While the previous study of the H boson width [10] employs dijet
tagging only in the on-shell region, VBF jet identification is also extended to the off-shell region
in this analysis with techniques from Ref. [20]. A joint constraint is obtained on GH, fLQ, µggH,
and µVVH, where the latter two parameters correspond to the H production strength in gluon
fusion, and VBF or VH production mechanisms in the on-shell region, respectively.

3 The CMS experiment and simulation
The CMS detector, described in detail in Ref. [19], provides excellent resolution for the measure-
ment of electron and muon momenta and impact parameters near the LHC beam interaction
region. Within the superconducting solenoid (3.8 T) volume of CMS, there are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL) and a brass and
scintillator hadron calorimeter. Muons are identified in gas-ionization detectors embedded in
the iron flux return placed outside the solenoid. The data samples used in this analysis are
the same as those described in Refs. [10, 16, 17, 20], corresponding to an integrated luminosity
of 5.1 fb�1 collected in proton-proton collisions at LHC with center-of-mass energy of 7 TeV in
2011 and 19.7 fb�1 at 8 TeV in 2012. The uncertainties in the integrated luminosity measurement
are 2.2% and 2.6% for the 2011 and 2012 data sets, respectively [28, 29].

The H boson signal production through gluon fusion or in association with two fermions from
either vector boson fusion or associated vector boson production may interfere with the back-
ground 4` production with the same initial and final states. The background 4` production
is considered to be any process that does not include a contribution from the H boson signal.
The on-shell Monte Carlo (MC) simulation does not require interference with the background
because of the relatively small H boson width [10]. The off-shell production leads to a broad
m4` spectrum and is generated using the full treatment of the interference between the signal

MCFM with 
MELA 

reweighting
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• Comprehensive sets of Higgs 
measurements combined to test 
compatibility of couplings with SM 

• Constraints placed on exotic spin states 
and spin-zero anomalous couplings, 
- Including new results on fΛQ 
• All observations are consistent with the 

standard model scalar JPC=0++

16

Conclusions
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Backup
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• Phenomenological parameterization 
relating masses to coupling 
modifiers with two parameters 
- κf = v mfε/M1+ε 
- kV = v mV2ε/M1+2ε 

• SM recovered for (M,ε) = (v,0), 
where v = 246 GeV 

• Assume  
- Coupling to massive SM particles only, 

one parameter per tree-level coupling 
- SM loop structure

18

Scaling of couplings with mass
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H→VV→4l Kinematics 

4.1 Observables in the H ! VV ! 4` analysis 17

spin-zero scenarios are shown in Fig. 2. All distributions in Fig. 2, with the exception of the m4`
distribution, are presented using events in the m4` range of 121.5 � 130.5 GeV to enhance the
signal purity. The observables with their correlations are used in the analysis to establish the
consistency of the spin and parity quantum numbers and tensor structure of interactions with
respect to the SM predictions. These observables also permit a further discrimination of signal
from background, increasing the signal sensitivity and reducing the statistical uncertainty in
the measurements.
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Figure 2: Distributions of the eight kinematic observables used in the H ! VV ! 4` analysis:
m4`, m1, m2, cos q⇤, cos q1, cos q2, F, and F1. The observed data (points with error bars), the
expectations for the SM background (shaded areas), the SM Higgs boson signal (open areas
under the solid histogram), and the alternative spin-zero resonances (open areas under the
dashed histograms) are shown, as indicated in the legend. The mass of the resonance is taken
to be 125.6 GeV and the SM cross section is used. All distributions, with the exception of m4`,
are presented with the requirement 121.5 < m4` < 130.5 GeV.
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H→ZZ + H→WW Combination
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• H→VV→4l, where VV = Zγ*, γ *γ* 
• Currently, not competitive with direct cross section measurements from 

on-shell H→Zγ or H→γγ  
• However, with sufficient luminosity, fa3Vγ and fa2Vγ can be measured 

separately in this channel.  Also fΛ1Zγ. 

21

HZγ and Hγγ
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fΛQ


