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The SM effective field theory

The SMEFT is a general framework for describing non-SM interactions at a high scale

It assumes the low (electroweak) scale is governed by the SM

Expand in orders of the new-physics scale: ∫d𝛔(d < TeV-1) = A5 / 𝚲NP + A6 / 𝚲NP2 + …


The leading lepton-number-conserving term is A6 / 𝚲NP2 

 Due to interference between SM and short-distance amplitudes: 𝓜†(SM)𝓜(d < TeV-1)


Higher-scale interactions are increasingly sensitive to higher-order terms in 1/𝚲NPn

d𝛔(exp) = d𝛔(SM) + d𝛔(d < TeV-1)
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Effective Lagrangians

We can calculate the leading new-physics contributions using an operator basis


∫d𝛔(d < TeV-1) = A5 / 𝚲NP + A6 / 𝚲NP2 + …

A6 = 𝝨ci, where ci are coefficients of effective (dimension-6) Lagrangian operators


The complete basis of operators is large (59 + h.c. at this order)

2499 parameters for full flavour generality


Individual measurements constrain Effective Lagrangians

  Effective Lagrangians add a few relevant operators to the Lagrangian


Effective Lagrangians typically built from SMEFT operators using the leading ci terms 

  A first step towards constraining the complete basis set with combined measurements

ℒ = ℒSM + ∑ ci𝒪6i /Λ2
NP
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Constraints on Higgs couplings

Higgs-boson measurements used to constrain operators with Higgs fields


Example operator set from the strongly-interacting light Higgs (SILH) basis:Table 2: The operators included in the fit for EFT parameters and their relevant vertices.

Operator Expression HEL coe�cient Vertices
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m
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W
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O� |H |
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g02
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2ūlHuR+ h.c. cu = v2c̄u Htt̄

OHW i (DµH)
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OHB i (DµH)
†
(D⌫H) Bµ⌫ cHB =
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W
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�
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m
2
W
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c̄B HZ Z

operators suppressed by this factor are subleading interference terms). The inclusion of this term prevents
negative cross sections and leads to a better fit of the data. An equivalent expression is used for the partial
and total decay widths of the Higgs boson.

The Ai and Bi j coe�cients have been calculated using a Madgraph leading-order generation of � and
�SM for each HEL parameter in each STXS bin, neglecting uncertainties, and documented in Ref. [14].
The fit described here uses separate parameterizations for VBF and associated production with a vector
boson, followed by the hadronic decays of the vector bosons. The small contributions from gg ! ZH
and tH production are not explicitly calculated and therefore use the same EFT parameterizations as ggF,
H``, or tt̄H. The relationship between EFT parameters and STXS regions is illustrated in Figure 2, which
demonstrates the e�ect of the cA, cHW, cHB, and cWW � cB parameters on a set of STXS regions. These
regions form a reduced set of the STXS regions used in the study and are obtained by merging all ggF
regions, which are a�ected in the same way by the parameters, and by merging all VH categories with
pV
T
> 150 GeV, since there is currently little sensitivity to these regions in the data. The value of each

parameter in Figure 2 corresponds to the ⇡ +1� expected value assuming the SM.

To perform the fit, the procedures of Refs. [4] and [5] are used to relate the yields in each data category
to ratios of measured STXS values to those predicted by the SM. The SM predictions are modelled using
the best available calculations and generators [9] and take into account the SM theoretical uncertainties
(described in Section 4). The ratios are then expressed as quadratic functions of the HEL parameters using
the Madgraph generation described above. The result is an e�ective parameterization of the data yields
in terms of the HEL parameters.

The procedure potentially introduces a model dependence because of the assumption that each parameter-
ization does not vary within its STXS region. Theoretical uncertainties covering such model dependence
are not included. Higher-order e�ects introduce dependencies on additional EFT couplings, such as
the top-quark loop in gluon fusion that causes an explicit cu dependence in the gluon-fusion regions.
Higher-order QCD corrections can a�ect the momentum transfer distribution within a given STXS region,
modifying the dependence on EFT couplings that are sensitive to this distribution (such as the EFT para-
meters sensitive to the HVV couplings). These e�ects are not evaluated here and the relations between
the STXS and the HEL parameters do not account for such uncertainties.
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Here the impact on cross sections is determined using the ‘HEL’ FeynRules implementation

ATLAS, 
ATL-PHYS-PUB-2017-018

HEL:
Alloul, Fuks, & Sanz 
JHEP 04 (2014) 110
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Contino, Ghezzi, Grojean, 

Mühlleitner, & Spira
JHEP 07 (2013) 035

Impact on STXS:
CH, Sanz, & Zemaityte
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Constraints on Higgs couplings
Three approaches to constraints:

1 Relate model-independent unfolded differential cross sections to operator coefficients

  Model-independent measurements minimise assumptions in the relation


2 Relate exclusive cross sections (STXS) to operator coefficients

  Acceptance corrections in measurements are derived from the SM


3 Optimize for individual operator coefficients

  Results are confined to the specific Effective Lagrangian
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Channel Approach
H→𝜸𝜸 1
H→llll 3
H→llll 3

H→𝜸𝜸 + H→llll 2
H→bb 2

ATLAS, PRD 98 (2018) 052005

ATLAS, JHEP 03 (2018) 095

ATLAS, ATL-PHYS-PUB-2017-018

Recent examples:

CMS, PLB 775 (2017) 1

ATLAS, ATLAS-CONF-2018-053
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H→𝜸𝜸 unfolded measurements

ATLAS measures five unfolded distributions in H→𝜸𝜸 decay channel

  Dimension-6 ggH coefficient cG shows little kinematic dependence (Q2 = mH2)

  VVH coefficient cHW shows substantial dependence due to associated production

ATLAS, PRD 98 (2018) 052005



!8

Cross sections calculated with the Effective Lagrangian include |𝓜(d < TeV-1)|2

  These terms provide sensitivity to CP-odd operators from CP-even measurements


  The CP-even interference term provides discrimination between CP-even and CP-odd 

  operators in an Effective Lagrangian with these dimension-6 operators

ATLAS, PRD 98 (2018) 052005

H→𝜸𝜸 unfolded measurements
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H→llll measurements
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particle-level jet building. The anti-kt jet reconstruction algorithm [20], implemented in

the FastJet package [21], with a radius parameter R = 0.4 is used and jets are required

to have pT > 30GeV. The 1-jet bin is further split into three bins with the Higgs boson

transverse momentum pHT below 60GeV, between 60GeV and 120GeV, and above 120GeV.

The reduced Stage-1 gluon-gluon fusion bins are correspondingly denoted by ggF-0j, ggF-

1j-pHT -Low, ggF-1j-pHT -Med, ggF-1j-pHT -High and ggF-2j. The VBF production bin is

split into two bins with the transverse momentum of the leading jet, pj1T , below and above

200GeV (VBF-pjT-Low and VBF-pjT-High, respectively). The former bin is expected to

be dominated by SM events, while the latter is sensitive to potential BSM contributions.

For VH production, separate bins with hadronically (VH -Had) and leptonically (VH -Lep)

decaying vector bosons are considered. The leptonic V boson decays include the decays into

τ leptons and into neutrino pairs. The ttH production bin remains the same as for Stage 0.

Figure 1 also summarizes the corresponding categories of reconstructed events in which

the cross-section measurements are performed and which are described in more detail

in section 5. There is a dedicated reconstructed event category for each production bin

except for ggF-2j. This process contributes strongly to all reconstructed event categories

containing events with at least two jets, and can therefore be measured in these categories,

with the highest sensitivity expected in VBF-enriched-pjT-Low category.

3.2 Tensor structure of Higgs boson couplings

In order to study the tensor structure of the Higgs boson couplings to SM gauge bosons,

interactions of the Higgs boson with these SM particles are described in terms of the

effective Lagrangian of the Higgs characterization model [22],

LV
0 =

{
κSM

[
1

2
gHZZZµZ

µ + gHWWW+
µ W−µ

]

− 1

4

[
κHgggHggG

a
µνG

a,µν + tanακAgggAggG
a
µνG̃

a,µν
]

− 1

4

1

Λ

[
κHZZZµνZ

µν + tanακAZZZµνZ̃
µν
]

− 1

2

1

Λ

[
κHWWW+

µνW
−µν + tanακAWWW+

µνW̃
−µν

]}
X0. (3.1)

The additional terms in the Lagrangian involving couplings to fermions are not consid-

ered since the present analysis is not sensitive to these couplings. The model is based on an

effective field theory description which assumes there are no new BSM particles below the

energy scale Λ. The cut-off scale Λ is set to 1TeV, supported by the current experimental

results showing no evidence of new physics below this scale. The notation of eq. (3.1) fol-

lows the notation of eq. (2.4) in ref. [22] with X0 defining a new bosonic state of spin 0 and

with the difference that the dimensionless coupling parameters κ are redefined by dividing

them by cosα, where α is the mixing angle between the 0+ and 0− CP states implying

CP-violation for α ̸= 0 and α ̸= π. In this way the prediction for the SM Higgs boson is

given by κSM = 1 and κHgg = 1 with the values of the BSM couplings set to zero. In this

analysis, only the effective Lagrangian terms with coupling parameters κHV V , κAV V and
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Figure 1. The phase-space regions (production bins) for the measurement of the Higgs boson
production cross sections which are defined at the particle level for Stage 0 and 1, and the corre-
sponding reconstructed event categories. Description of production bins is given in section 3, while
reconstructed event categories are described in section 5.

associated production with top quark pairs (ttH ) or vector bosons (VH ), where V is a

W or a Z boson. The bbH Higgs boson production bin is not included because there is

insufficient sensitivity to measure this process with the current integrated luminosity. This

production mode has an acceptance similar to gluon-gluon fusion, and their contributions

are therefore considered together in the analysis. The sum of their contributions is referred

to in the following as gluon-gluon fusion.

For the second set (reduced Stage 1), a more exclusive set of production bins is defined.

This set is obtained by the merging of those production bins of the original Stage-1 set

from ref. [15] which cannot be measured separately in the H → ZZ∗ → 4ℓ channel with

the current data sample. The gluon-gluon fusion process is split into events with zero, one

or at least two particle-level jets. The particle-level jets are built from all stable particles

(all particles with cτ > 1 mm) including neutrinos, photons and leptons from hadron

decays or produced in the shower. All decay products from the Higgs boson, as well as

the leptons and neutrinos from decays of the signal V bosons are removed, while decay

products from hadronically decaying signal V bosons are included in the inputs to the

4

The operators of the Higgs Characterization 

Lagrangian can be expressed in terms of 
those of a dimension-6 basis (with some 
redundancy)

ATLAS, JHEP 03 (2018) 095

ATLAS measures a set of simplified template cross sections using multiple event categories

  A fit to the event categories constrains coefficients of an Effective Lagrangian
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H→llll measurements
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Figure 10. Observed (black) and SM expected (blue) contours of the two-dimensional negative
log-likelihood at 95% CL for the κHV V and κAV V coupling parameters with 36.1 fb−1 of data at√
s = 13TeV. The coupling κHgg is fixed to the SM value of one in the fit. The coupling κSM is (a)

fixed to the SM value of one or (b) left as a free parameter of the fit (b).

closer to the SM expectation than the corresponding value from the one-dimensional scan.

The obtained result is compatible with the SM prediction within 2σ.

The coupling parameter κAgg is also probed directly by the cross sections measured in

the reduced Stage-1 production bins. The largest sensitivity to this coupling is obtained

from the ggF-0j production bin. Here one can neglect the impact of the BSM gluon cou-

pling on the BDTggF observable that is based solely on the Higgs boson decay topology.

The cross-section dependence on the BSM coupling is parameterized using simulated Mad-

Graph5 aMC@NLO samples and fitted to the measured values. The fit results agree with

those presented in table 10.

10 Summary

The coupling properties of the Higgs boson are studied in the four-lepton decay channel

using 36.1 fb−1 of LHC pp collision data at
√
s =13TeV collected by the ATLAS experi-

ment. The Higgs boson candidate events are categorized into several topologies, providing

sensitivity to different production modes in various regions of phase space. Additional BDT

discriminants are used to further improve the sensitivity in reconstructed event categories

with a sufficiently large number of events.

The cross sections times branching ratio for H → ZZ∗ decay measured in dedicated

production bins are in agreement with the SM predictions. The largest deviation of 2.2σ is

observed for the VBF production due to an observed excess of events characterized by the

presence of at least two jets and a dijet invariant mass above 120GeV. The inclusive cross

34

ATLAS constrains up to three parameters simultaneously

ATLAS, JHEP 03 (2018) 095
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2 The CMS Collaboration / Physics Letters B 775 (2017) 1–24

production is used together with H → ZZ/Zγ ∗/γ ∗γ ∗ → 4ℓ decay 
information for the first time, applying the relevant techniques dis-
cussed in Ref. [33]. Moreover, data sets corresponding to integrated 
luminosities of 2.7 and 35.9 fb− 1 collected at a center-of-mass 
energy of 13 TeV in Run 2 of the LHC during 2015 and 2016, re-
spectively, are combined with the Run 1 data, increasing the data 
sample of H → 4ℓ events by approximately a factor of four.

In what follows, the phenomenology of anomalous HVV inter-
actions is discussed in Section 2. The CMS detector, reconstruction 
techniques, and Monte Carlo (MC) simulation are introduced in 
Section 3. Details of the analysis are discussed in Section 4, and 
results are presented in Section 5. We summarize in Section 6.

2. Phenomenology of anomalous H boson interactions

We assume that the H boson couples to two gauge bosons VV, 
such as ZZ, Zγ , γ γ , WW, or gg, which in turn couple to quarks or 
leptons [19–34]. Three general tensor structures that are allowed 
by Lorentz symmetry are tested. Each term includes a form fac-
tor Fi(q2

1, q2
2), where q1 and q2 are the four-momenta of the two 

difermion states, such as e+e− and µ+µ− in the H → e+e− µ+µ−

decay. The H boson coupling to fermions is assumed not to be me-
diated by a new heavy state V′ , generating the so-called contact 
terms [35,36]. We therefore study the process H → VV → 4f and 
the equivalent processes in production, rather than H → VV′ →
4f or equivalent processes. Nonetheless, those contact terms are 
equivalent to the anomalous HVV couplings already tested using 
the f#1 and f Zγ

#1 parameters, defined below. It is assumed that 
all lepton and quark couplings to vector bosons follow the SM 
predictions. Relaxing this requirement would be equivalent to al-
lowing the contact terms to vary with flavor, which would result in 
too many unconstrained parameters to be tested with the present 
amount of data. Only the lowest order operators, or lowest order 
terms in the (q2

j /#
2) form-factor expansion, are tested, where #

is an energy scale of new physics.
Anomalous interactions of a spin-zero H boson with two spin-

one gauge bosons VV, such as ZZ, Zγ , γ γ , WW, and gg, are pa-
rameterized with a scattering amplitude that includes three tensor 
structures with expansion of coefficients up to (q2/#2):

A(HVV) ∼
[

aVV
1 + κVV

1 q2
1 + κVV

2 q2
2(

#VV
1

)2

]

m2
V1ϵ

∗
V1ϵ

∗
V2

+ aVV
2 f ∗(1)

µν f ∗(2),µν + aVV
3 f ∗(1)

µν f̃ ∗(2),µν , (1)

where qi , ϵVi , and mV1 are the four-momentum, polarization vec-
tor, and pole mass of a gauge boson, f (i)µν = ϵµ

Viq
ν
i − ϵν

Viq
µ
i , f̃ (i)

µν =
1
2 ϵµνρσ f (i),ρσ [13,33], and aVV

i and κVV
i / 

(
#VV

1

)2 are parameters to 
be determined from data.

In Eq. (1), the only leading tree-level contributions are aZZ
1 ≠ 0

and aWW
1 ≠ 0, and we assume custodial symmetry, so that aZZ

1 =
aWW

1 . The rest of the couplings are considered anomalous contri-
butions. Tiny anomalous terms arise in the SM due to loop effects, 
and new, beyond standard model (BSM) contributions could make 
them larger. The SM values of those couplings are not yet accessi-
ble experimentally. Considerations of gauge invariance and symme-
try between two identical bosons require κZZ

1 = κZZ
2 = −  exp(iφZZ

#1), 
κ

γγ
1,2 = κgg

1,2 = κ
Zγ
1 = 0, and κZγ

2 = −  exp(iφZγ
#1), where φVV

#1 is the 
phase of the corresponding coupling. The aZγ

2,3 and aγ γ
2,3 terms were 

tested in the Run 1 analysis [13], but have tighter constraints from 
on-shell photon measurements in H → Zγ and γ γ . We therefore 
do not repeat those measurements. The HWW couplings appear 
in VBF and WH production. We relate those couplings to the HZZ
measurements assuming aWW

i = aZZ
i and drop the ZZ labels in what 

follows. Four anomalous couplings are left to be tested: a2, a3, 
κ2/#

2
1, and κZγ

2 / 
(
#

Zγ
1

)2
. The generic notation ai refers to all four 

of these couplings, as well as the SM coupling a1.
Equation (1) parameterizes both the H → VV decay and the 

production of the H boson via either VBF or VH. All three of these 
processes, which are illustrated in Fig. 1, are considered. While q2

i
in the H → VV process does not exceed (100 GeV)2 due to the 
kinematic bound, in associated production no such bound exists. 
In the present analysis it is assumed that the q2

i range is not re-
stricted within the allowed phase space.

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

fai = |ai|2σi

/∑
|a j|2σ j, and φai = arg (ai/a1) . (2)

This definition of fai is valid for both the SM coupling a1
and the anomalous couplings, but there is no need for a sepa-
rate measurement of fa1 because 

∑
fai = 1. The cross sections 

σi in Eq. (2) are calculated for each corresponding coupling ai . 
They are evaluated for the H → ZZ/Zγ ∗/γ ∗γ ∗ → 2e2µ process, 
where ai = 1 and all other a j = 0 in Eq. (1). The resulting ratios 
are σ1/σ3 = 6.53, σ1/σ2 = 2.77, σ1/σ#1 = 1.47 × 104 TeV− 4, and 
σ1/σ

Zγ
#1 = 5.80 × 103 TeV− 4. In the case of the HZγ coupling the 

requirement 
√

|q2
i | ≥ 4 GeV is introduced in the cross section cal-

culations to avoid infrared divergence. Equation (2) can be inverted 
to recover the coupling ratio,

∣∣∣∣
ai

a1

∣∣∣∣ =
√

fai

fa1

√
σ1

σi
. (3)

It is convenient to measure the effective cross-section ratios 
( fai ) rather than the anomalous couplings themselves (ai ). First 
of all, most systematic uncertainties cancel in the ratio. More-
over, the effective fractions are conveniently bounded by 0 and 1 
and do not depend on the normalization convention in the defini-
tion of the couplings. Until the effects of interference become im-
portant, the statistical uncertainties in these measurements scale 
with the integrated luminosity as 1/

√
L, in the same way as 

cross section measurements. The fai values have a simple inter-
pretation as the fractional size of the BSM contribution for the 
H → ZZ/Zγ ∗/γ ∗γ ∗ → 2e2µ decay. For example, fai = 0 indicates 
a pure SM Higgs boson, fai = 1 gives a pure BSM particle, and 
fai = 0.5 means that the two couplings contribute equally to the 
H → ZZ/Zγ ∗/γ ∗γ ∗ → 2e2µ process. In particular, fa3 is the frac-
tional pseudoscalar cross section in the H → ZZ → 2e2µ channel. 
A value 0 < fa3 < 1 would indicate CP violation, with a possible 
mixture of scalar and pseudoscalar states, while fa3 = 1 would in-
dicate that the H boson is a pure pseudoscalar resonance, which 
has been excluded at 99.98% CL [13].

The above approach allows a general test of the kinematic 
distributions associated with the couplings of H to 4 fermions, 
whether in the decay or in the associated production channels, 
as shown in Fig. 1. If deviations from the SM are detected, a 
more detailed study of the (q2

j /#
2) form-factor expansion can be 

performed, eventually providing a measurement of the double-
differential cross section for each tested tensor structure. Under the 
assumption that the couplings are constant and real (i.e., φai = 0
or π ), the above formulation is equivalent to an effective La-
grangian [13]. It is also equivalent to the formulation involving 
contact terms [35,36] if the contact terms are assumed to satisfy 
lepton universality.

4 2 Phenomenology of spin-parity and anomalous HVV interactions

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 [63]. The aZg

i
and agg

i coupling terms contribute to the H ! 4` process through the H ! Zg⇤ and g⇤g⇤ ! 4`
decays with off-shell intermediate photons. Anomalous couplings may be enhanced with BSM
contributions and generally acquire a non-trivial dependence on Lorentz invariant quantities
and become complex. The different contributions to the amplitude can therefore be tested with-
out making assumptions about the complex phase between different contributions. When the
particles in the loops responsible for these couplings are heavy in comparison to the Higgs
boson mass parameters, the couplings are real.

Under the assumption that the couplings are constant and real, the above formulation is equiv-
alent to an effective Lagrangian notation for the HZZ, HWW, HZg, and Hgg interactions

L(HVV) ⇠ a1
m2

Z
2

HZµZµ �
k1

(L1)
2 m2

ZHZµ⇤Zµ � 1
2

a2HZµnZµn �
1
2

a3HZµnZ̃µn

+ aWW
1 m2

WHW+µW�
µ � 1

�
LWW

1
�2 m2

WH
⇣

kWW
1 W�

µ ⇤W+µ + kWW
2 W+

µ ⇤W�µ
⌘

� aWW
2 HW+µnW�

µn � aWW
3 HW+µnW̃�

µn

+
kZg

2⇣
LZg

1

⌘2 m2
ZHZµ∂nFµn � aZg

2 HFµnZµn � aZg
3 HFµnZ̃µn �

1
2

agg
2 HFµnFµn �

1
2

agg
3 HFµn F̃µn, (2)

where the notations are the same as in Eq. (1) and H is the real Higgs field, Zµ is the Z field,
Wµ is the W field, Fµ is the g⇤ field, Vµn = ∂µVn � ∂nVµ is the bosonic field strength, the dual
field strengths are defined as Ṽµn = 1

2 eµnrsVrs, and ⇤ is the D ’Alembert operator. The SM-like
terms with tree-level couplings a1 and aWW

1 are associated with dimension-three operators, and
the rest of the terms tested correspond to operators of dimension five. Operators of higher
dimension are neglected in this study.

In the analysis, the physics effects of the eleven anomalous couplings listed in Table 1 are de-
scribed, where the hypothesis of the Higgs boson mass mH = 125.6 GeV is used, which is the
best-fit value in the study of the H ! VV ! 4` and H ! WW ! `n`n channels [12, 14].
The scenarios are parameterized in terms of the effective fractional cross sections fai and their
phases fai 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. In the H ! VV decay the q2

V range does
not exceed approximately 100 GeV due to the kinematic bound, supporting the expansion up
to q2

V in Eq. (1). Even though the expansion with only three anomalous contributions in Eq. (1)
may become formally incomplete when large values of fai ⇠ 1 are considered, this remains
a valuable test of the consistency of the data with the SM. Moreover, certain models, such as
models with a pseudoscalar Higgs boson state, do not require sizable contribution of higher
terms in the q2

V expansion even for fai ⇠ 1. Therefore, the full range 0  fai  1 is considered
in this study.

CMS uses multivariate discriminants to constrain parameters of a scattering amplitude

Amplitude can be related to 
parameters of an effective Lagrangian

H→llll measurements4 The CMS Collaboration / Physics Letters B 775 (2017) 1–24

Table 1
Summary of the three production categories in the analysis of 2016 data. The discriminants D are calculated 
from Eqs. (4) and (5), as discussed in more detail in the text. For each analysis, the appropriate BSM model 
is considered in the definition of the categories: fa3 = 1, fa2 = 1, f!1 = 1, or f Zγ

!1 = 1. Three observables 
(abbreviated as obs.) are listed for each analysis and for each category. They are described in more detail later 
in the text.

Category VBF-jet VH-jet Untagged

Target qq′VV → qq′H → (jj)(4ℓ) qq → VH → (jj)(4ℓ) H → 4ℓ

Selection DVBF
2jet or DVBF,BSM

2jet > 0.5 DZH
2jet or DZH,BSM

2jet or not VBF-jet

DWH
2jet or DWH,BSM

2jet > 0.5 not VH-jet

fa3 obs. Dbkg, DVBF+dec
0− , DVBF

CP Dbkg, DVH+dec
0− , DVH

CP Dbkg, Ddec
0−, Ddec

CP

fa2 obs. Dbkg, DVBF+dec
0h+ , DVBF

int Dbkg, DVH+dec
0h+ , DVH

int Dbkg, Ddec
0h+ , Ddec

int

f!1 obs. Dbkg, DVBF+dec
!1 , DVBF+dec

0h+ Dbkg, DVH+dec
!1 , DVH+dec

0h+ Dbkg, Ddec
!1 , Ddec

0h+

f Zγ
!1 obs. Dbkg, DZγ ,VBF+dec

!1 , DVBF+dec
0h+ Dbkg, DZγ ,VH+dec

!1 , DVH+dec
0h+ Dbkg, DZγ ,dec

!1 , Ddec
0h+

4. Analysis techniques

The full kinematic information from each event is extracted us-
ing the matrix element calculations in the mela package. For either 
the H boson decay or associated production with two jets, up to 
seven kinematic observables, five angles and two invariant masses, 
are defined, as shown in Fig. 1 [26,33]. In the 2 → 6 process of 
associated H boson production via either VBF, ZH, or WH and its 
subsequent decay to a four-fermion final state, up to 13 indepen-
dent observables $⃗ remain. In the following, we use either the 
production kinematics, the decay kinematics, or both, as appro-
priate. The p⃗T of the system of the H boson and two jets, which 
would appear at NLO in QCD, is not included in the input observ-
ables in order to reduce associated QCD uncertainties. The MELA
approach retains all relevant kinematic information in a minimal 
set of discriminants D, computed from ratios of probabilities P . 
We use two types of discriminants,

Dalt

(
$⃗

)
=

Psig

(
$⃗

)

Psig

(
$⃗

)
+ Palt

(
$⃗

) (4)

and

Dint

(
$⃗

)
=

Pint

(
$⃗

)

Psig

(
$⃗

)
+ Palt

(
$⃗

) , (5)

where “sig” stands for the SM signal; “alt” denotes an alternative 
hypothesis [29], which could be background (“bkg”), an alternative 
H boson production mechanism (“2jet”), or an alternative H boson 
coupling model (“ai ”); and “int” represents the contribution to the 
probability from the interference between “sig” and “alt” [33]. By 
the Neyman–Pearson lemma [58], the Dalt discriminant contains 
all the information available from the kinematics to separate the 
SM signal hypothesis from the alternative hypothesis. Because all 
intermediate hypotheses are a linear combination of the SM hy-
pothesis and the alternative hypothesis, the combination of Dalt
with Dint also contains all the information available to separate 
the interference component. The discriminants used in this analy-
sis are summarized in Table 1 and described in more detail below.

The selected events in the 2016 data sample are split into three 
categories: VBF-jet, VH-jet, and untagged. The VBF-jet category re-
quires exactly four leptons with either two or three jets of which 
at most one is b quark flavor-tagged, or at least four jets and no 
b-tagged jets. The VH-jet category requires exactly four leptons 

Table 2
The numbers of events expected for the SM (or fa3 = 1, in parentheses) for different 
signal and background modes and the total observed numbers of events across the 
three fa3 categories in 2016 and 2015 data.

VBF-jets VH-jets Untagged 2015

VBF signal 2.4 (1.6) 0.1 (0.1) 2.2 (0.3) 0.4 (0.2)
ZH signal 0.1 (0.2) 0.3 (0.5) 0.7 (1.0) 0.1 (0.1)
WH signal 0.1 (0.3) 0.3 (1.0) 0.8 (2.2) 0.1 (0.3)
gg → H signal 3.2 (3.3) 1.9 (2.0) 49.6 (49.4) 4.6 (4.6)
ttH signal 0.1 (0.1) 0.0 (0.0) 0.5 (0.6) 0.1 (0.1)

qq → 4ℓ bkg 0.9 1.1 56.3 5.4
gg → 4ℓ bkg 0.1 0.1 5.5 0.5
VBF/VVV bkg 0.1 0.0 0.4 0.0
Z+X bkg 3.6 2.0 29.1 1.7

Total expected 10.7 5.8 145.2 12.9
Total observed 11 2 145 11

and two or more jets; if there are four or more jets, none of them 
should be b tagged. The requirements on the number of b-tagged 
jets are applied to reduce cross-feed from ttH production. In or-
der to separate the target production mode for each category from 
gluon fusion production, the requirement D2jet > 0.5 is applied 
following Eq. (4), where Psig corresponds to the signal probabil-
ity for the VBF (ZH or WH) production hypothesis in the VBF-jet 
(VH-jet) category, and Palt corresponds to the gluon fusion pro-
duction of the H boson in association with two jets. In each of the 
four fai analyses, the requirement D2jet > 0.5 is tested with both 
the fai = 0 and fai = 1 signal hypotheses in Psig. Thus, this cate-
gorization differs slightly in the four analyses. The two highest pT
jets are used in the calculation of the matrix elements. All events 
not assigned to the VBF-jet or VH-jet categories are assigned to 
the untagged category. The above requirements are summarized 
in Table 1. Due to the small size of the 2015 data sample, those 
events were not categorized and were all treated as untagged, as 
was done in the analysis of 2011 and 2012 data [13]. The expected 
and observed numbers of events are listed in Table 2.

We perform an unbinned extended maximum likelihood fit to 
the events split into the categories according to the lepton flavor 
and production topology. An independent fit is performed for each 
parameter defined in Table 3. In each category of events, three ob-
servables D⃗ = {Dbkg, Dai, Dint} are defined following Eqs. (4) and 
(5), as summarized in Table 1.

The first observable, Dbkg (shown in Fig. 2(a)), is common to all 
events and is designed to separate the signal from the dominant 
qq → 4ℓ background, for which Pbkg is calculated. The signal and 
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Fig. 2. Distributions of Dbkg (a) for all events in Run 2; D0h+ (b), D!1 (c), DZγ
!1 (d), D0− (e), and DCP (h) for the untagged and 2015 events; D0− in the VBF-jet (f) and 

VH-jet (g) categories. The arrow in (a) indicates the requirement Dbkg > 0.5, used to suppress background on all other plots. Points with error bars show data and histograms 
show expectations for background and signal, as indicated in the legend in (a). The dashed lines show expectations for BSM hypotheses, as indicated in the individual legends.

Table 3
Summary of allowed 68% CL (central values with uncertainties) and 95% CL (in 
square brackets) intervals on anomalous coupling parameters obtained from the 
combined Run 1 and Run 2 data analysis.

Parameter Observed Expected

fa3 cos(φa3) 0.00+0.26
−0.09 [−0.38,0.46] 0.000+0.010

−0.010 [−0.25,0.25]
fa2 cos(φa2) 0.01+0.12

−0.02 [−0.04,0.43] 0.000+0.009
−0.008 [−0.06,0.19]

f!1 cos(φ!1) 0.02+0.08
−0.06 [−0.49,0.18] 0.000+0.003

−0.002 [−0.60,0.12]
f Zγ
!1 cos(φZγ

!1) 0.26+0.30
−0.35 [−0.40,0.79] 0.000+0.019

−0.022 [−0.37,0.71]

background probabilities include both the matrix element proba-
bility based on lepton kinematics and the m4ℓ probability parame-
terization extracted from simulation of detector effects. The signal 
m4ℓ parameterization assumes that mH = 125 GeV.

The second observable, Dai , separates the SM hypothesis fai = 0
from the alternative hypothesis fai = 1. It is defined following 
Eq. (4), with Psig calculated for fai = 0 and Palt for the alterna-
tive H boson coupling hypothesis with fai = 1. In the untagged 
category the probabilities are calculated using only the decay in-
formation, but in the VBF-jet and VH-jet categories both the pro-
duction and decay probabilities are used, with the matrix elements 
calculated for either VBF × decay or (ZH + WH) × decay, respec-
tively. This observable is called D0− in the fa3, D0h+ in the fa2, 
D!1 in the f!1, and DZγ

!1 in the f Zγ
!1 analyses [13]. Superscripts 

are added to the discriminant name to indicate the processes used 
to calculate the matrix elements: either dec, VBF+dec, or VH +dec
to denote decay, VBF × decay, or (ZH + WH) × decay, respectively. 
Distributions of D0− in the three categories are shown in Fig. 2(e), 
(f), (g). Fig. 2(b), (c), (d) also shows the distributions of D0h+ , D!1, 
and DZγ

!1, respectively, for the untagged events.
The third observable, Dint from Eq. (5), separates the inter-

ference of the two amplitudes corresponding to the SM coupling 
and the alternative H boson coupling model. In the case of the 
fa3 analysis, this observable is called DCP because if CP is vio-
lated it would exhibit a distinctive forward–backward asymmetry 
between DCP > 0 and DCP < 0, as illustrated in Fig. 2(h) for the 
untagged category of events. In the untagged category, decay in-
formation is used in the calculation of Dint . In the VBF-jet and 

VH-jet categories, production information is used. As in the case of 
Dai , superscripts indicate which processes were used to calculate 
the matrix elements. In the f!1 and f Zγ

!1 analyses, the interference 
discriminant does not provide additional separation, and D0h+ is 
used as the third observable.

In the likelihood fit, the signal probability density function (pdf) 
is parameterized for each production mode and in each category as

Psig

(
D⃗; fai,φai

)
∝

∑

n

∣∣∣∣
ai

a1

∣∣∣∣
n

Tn

(
D⃗

)
cosn(φai) , (6)

where Tn is the three-dimensional template probability obtained 
from MC simulation, |ai/a1| is calculated from fai through Eq. (3), 
and cos(φai) = ± 1. The sum runs over five values n = 0, . . . , 4
in the case of VBF and VH, where the HVV coupling appears on 
both the production and decay sides, and over three contributions 
n = 0, 1, and 2 for the other signal modes. The background pdf is 
also parameterized with templates extracted from simulation, ex-
cept for the reducible background, Z +X, which is dominated by the 
Z + jets process but also includes the tt+ jets, Zγ + jets, WZ + jets, 
and WW + jets processes. The Z +X background is estimated us-
ing independent control regions in data with loose identification 
requirements on two leptons.

The yields of signal events in 2016 data are expressed with 
two unconstrained parameters µV and µF , which are the ratios 
of the observed yields to the expectation in the SM for the pro-
duction mechanisms driven by the HVV couplings (VBF and VH) 
and for the other modes (gluon fusion and ttH), respectively. The 
signal yield in 2015 data is expressed with a single parameter 
µ13 TeV, which is a linear combination of µV and µF . The fit is 
also performed simultaneously with the 2011 and 2012 data from 
Ref. [13], where the two signal strength parameters µ7 TeV and 
µ8 TeV are also linear combinations of µV and µF including the 
effects of the cross section scaling for each value of fai .

Most uncertainties in the signal yields cancel in this analysis 
because measurements of anomalous couplings are expressed as 
relative cross sections. Statistical uncertainties dominate over any 
systematic uncertainties in this analysis. In the decay-only observ-
ables the main effects come from lepton momentum uncertainties 

2 The CMS Collaboration / Physics Letters B 775 (2017) 1–24

production is used together with H → ZZ/Zγ ∗/γ ∗γ ∗ → 4ℓ decay 
information for the first time, applying the relevant techniques dis-
cussed in Ref. [33]. Moreover, data sets corresponding to integrated 
luminosities of 2.7 and 35.9 fb− 1 collected at a center-of-mass 
energy of 13 TeV in Run 2 of the LHC during 2015 and 2016, re-
spectively, are combined with the Run 1 data, increasing the data 
sample of H → 4ℓ events by approximately a factor of four.

In what follows, the phenomenology of anomalous HVV inter-
actions is discussed in Section 2. The CMS detector, reconstruction 
techniques, and Monte Carlo (MC) simulation are introduced in 
Section 3. Details of the analysis are discussed in Section 4, and 
results are presented in Section 5. We summarize in Section 6.

2. Phenomenology of anomalous H boson interactions

We assume that the H boson couples to two gauge bosons VV, 
such as ZZ, Zγ , γ γ , WW, or gg, which in turn couple to quarks or 
leptons [19–34]. Three general tensor structures that are allowed 
by Lorentz symmetry are tested. Each term includes a form fac-
tor Fi(q2

1, q2
2), where q1 and q2 are the four-momenta of the two 

difermion states, such as e+e− and µ+µ− in the H → e+e− µ+µ−

decay. The H boson coupling to fermions is assumed not to be me-
diated by a new heavy state V′ , generating the so-called contact 
terms [35,36]. We therefore study the process H → VV → 4f and 
the equivalent processes in production, rather than H → VV′ →
4f or equivalent processes. Nonetheless, those contact terms are 
equivalent to the anomalous HVV couplings already tested using 
the f#1 and f Zγ

#1 parameters, defined below. It is assumed that 
all lepton and quark couplings to vector bosons follow the SM 
predictions. Relaxing this requirement would be equivalent to al-
lowing the contact terms to vary with flavor, which would result in 
too many unconstrained parameters to be tested with the present 
amount of data. Only the lowest order operators, or lowest order 
terms in the (q2

j /#
2) form-factor expansion, are tested, where #

is an energy scale of new physics.
Anomalous interactions of a spin-zero H boson with two spin-

one gauge bosons VV, such as ZZ, Zγ , γ γ , WW, and gg, are pa-
rameterized with a scattering amplitude that includes three tensor 
structures with expansion of coefficients up to (q2/#2):

A(HVV) ∼
[

aVV
1 + κVV

1 q2
1 + κVV

2 q2
2(

#VV
1

)2

]

m2
V1ϵ

∗
V1ϵ

∗
V2

+ aVV
2 f ∗(1)

µν f ∗(2),µν + aVV
3 f ∗(1)

µν f̃ ∗(2),µν , (1)

where qi , ϵVi , and mV1 are the four-momentum, polarization vec-
tor, and pole mass of a gauge boson, f (i)µν = ϵµ

Viq
ν
i − ϵν

Viq
µ
i , f̃ (i)

µν =
1
2 ϵµνρσ f (i),ρσ [13,33], and aVV

i and κVV
i / 

(
#VV

1

)2 are parameters to 
be determined from data.

In Eq. (1), the only leading tree-level contributions are aZZ
1 ≠ 0

and aWW
1 ≠ 0, and we assume custodial symmetry, so that aZZ

1 =
aWW

1 . The rest of the couplings are considered anomalous contri-
butions. Tiny anomalous terms arise in the SM due to loop effects, 
and new, beyond standard model (BSM) contributions could make 
them larger. The SM values of those couplings are not yet accessi-
ble experimentally. Considerations of gauge invariance and symme-
try between two identical bosons require κZZ

1 = κZZ
2 = −  exp(iφZZ

#1), 
κ

γγ
1,2 = κgg

1,2 = κ
Zγ
1 = 0, and κZγ

2 = −  exp(iφZγ
#1), where φVV

#1 is the 
phase of the corresponding coupling. The aZγ

2,3 and aγ γ
2,3 terms were 

tested in the Run 1 analysis [13], but have tighter constraints from 
on-shell photon measurements in H → Zγ and γ γ . We therefore 
do not repeat those measurements. The HWW couplings appear 
in VBF and WH production. We relate those couplings to the HZZ
measurements assuming aWW

i = aZZ
i and drop the ZZ labels in what 

follows. Four anomalous couplings are left to be tested: a2, a3, 
κ2/#

2
1, and κZγ

2 / 
(
#

Zγ
1

)2
. The generic notation ai refers to all four 

of these couplings, as well as the SM coupling a1.
Equation (1) parameterizes both the H → VV decay and the 

production of the H boson via either VBF or VH. All three of these 
processes, which are illustrated in Fig. 1, are considered. While q2

i
in the H → VV process does not exceed (100 GeV)2 due to the 
kinematic bound, in associated production no such bound exists. 
In the present analysis it is assumed that the q2

i range is not re-
stricted within the allowed phase space.

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

fai = |ai|2σi

/∑
|a j|2σ j, and φai = arg (ai/a1) . (2)

This definition of fai is valid for both the SM coupling a1
and the anomalous couplings, but there is no need for a sepa-
rate measurement of fa1 because 

∑
fai = 1. The cross sections 

σi in Eq. (2) are calculated for each corresponding coupling ai . 
They are evaluated for the H → ZZ/Zγ ∗/γ ∗γ ∗ → 2e2µ process, 
where ai = 1 and all other a j = 0 in Eq. (1). The resulting ratios 
are σ1/σ3 = 6.53, σ1/σ2 = 2.77, σ1/σ#1 = 1.47 × 104 TeV− 4, and 
σ1/σ

Zγ
#1 = 5.80 × 103 TeV− 4. In the case of the HZγ coupling the 

requirement 
√

|q2
i | ≥ 4 GeV is introduced in the cross section cal-

culations to avoid infrared divergence. Equation (2) can be inverted 
to recover the coupling ratio,

∣∣∣∣
ai

a1

∣∣∣∣ =
√

fai

fa1

√
σ1

σi
. (3)

It is convenient to measure the effective cross-section ratios 
( fai ) rather than the anomalous couplings themselves (ai ). First 
of all, most systematic uncertainties cancel in the ratio. More-
over, the effective fractions are conveniently bounded by 0 and 1 
and do not depend on the normalization convention in the defini-
tion of the couplings. Until the effects of interference become im-
portant, the statistical uncertainties in these measurements scale 
with the integrated luminosity as 1/

√
L, in the same way as 

cross section measurements. The fai values have a simple inter-
pretation as the fractional size of the BSM contribution for the 
H → ZZ/Zγ ∗/γ ∗γ ∗ → 2e2µ decay. For example, fai = 0 indicates 
a pure SM Higgs boson, fai = 1 gives a pure BSM particle, and 
fai = 0.5 means that the two couplings contribute equally to the 
H → ZZ/Zγ ∗/γ ∗γ ∗ → 2e2µ process. In particular, fa3 is the frac-
tional pseudoscalar cross section in the H → ZZ → 2e2µ channel. 
A value 0 < fa3 < 1 would indicate CP violation, with a possible 
mixture of scalar and pseudoscalar states, while fa3 = 1 would in-
dicate that the H boson is a pure pseudoscalar resonance, which 
has been excluded at 99.98% CL [13].

The above approach allows a general test of the kinematic 
distributions associated with the couplings of H to 4 fermions, 
whether in the decay or in the associated production channels, 
as shown in Fig. 1. If deviations from the SM are detected, a 
more detailed study of the (q2

j /#
2) form-factor expansion can be 

performed, eventually providing a measurement of the double-
differential cross section for each tested tensor structure. Under the 
assumption that the couplings are constant and real (i.e., φai = 0
or π ), the above formulation is equivalent to an effective La-
grangian [13]. It is also equivalent to the formulation involving 
contact terms [35,36] if the contact terms are assumed to satisfy 
lepton universality.
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Fig. 2. Distributions of Dbkg (a) for all events in Run 2; D0h+ (b), D!1 (c), DZγ
!1 (d), D0− (e), and DCP (h) for the untagged and 2015 events; D0− in the VBF-jet (f) and 

VH-jet (g) categories. The arrow in (a) indicates the requirement Dbkg > 0.5, used to suppress background on all other plots. Points with error bars show data and histograms 
show expectations for background and signal, as indicated in the legend in (a). The dashed lines show expectations for BSM hypotheses, as indicated in the individual legends.

Table 3
Summary of allowed 68% CL (central values with uncertainties) and 95% CL (in 
square brackets) intervals on anomalous coupling parameters obtained from the 
combined Run 1 and Run 2 data analysis.

Parameter Observed Expected

fa3 cos(φa3) 0.00+0.26
−0.09 [−0.38,0.46] 0.000+0.010

−0.010 [−0.25,0.25]
fa2 cos(φa2) 0.01+0.12

−0.02 [−0.04,0.43] 0.000+0.009
−0.008 [−0.06,0.19]

f!1 cos(φ!1) 0.02+0.08
−0.06 [−0.49,0.18] 0.000+0.003

−0.002 [−0.60,0.12]
f Zγ
!1 cos(φZγ

!1) 0.26+0.30
−0.35 [−0.40,0.79] 0.000+0.019

−0.022 [−0.37,0.71]

background probabilities include both the matrix element proba-
bility based on lepton kinematics and the m4ℓ probability parame-
terization extracted from simulation of detector effects. The signal 
m4ℓ parameterization assumes that mH = 125 GeV.

The second observable, Dai , separates the SM hypothesis fai = 0
from the alternative hypothesis fai = 1. It is defined following 
Eq. (4), with Psig calculated for fai = 0 and Palt for the alterna-
tive H boson coupling hypothesis with fai = 1. In the untagged 
category the probabilities are calculated using only the decay in-
formation, but in the VBF-jet and VH-jet categories both the pro-
duction and decay probabilities are used, with the matrix elements 
calculated for either VBF × decay or (ZH + WH) × decay, respec-
tively. This observable is called D0− in the fa3, D0h+ in the fa2, 
D!1 in the f!1, and DZγ

!1 in the f Zγ
!1 analyses [13]. Superscripts 

are added to the discriminant name to indicate the processes used 
to calculate the matrix elements: either dec, VBF+dec, or VH +dec
to denote decay, VBF × decay, or (ZH + WH) × decay, respectively. 
Distributions of D0− in the three categories are shown in Fig. 2(e), 
(f), (g). Fig. 2(b), (c), (d) also shows the distributions of D0h+ , D!1, 
and DZγ

!1, respectively, for the untagged events.
The third observable, Dint from Eq. (5), separates the inter-

ference of the two amplitudes corresponding to the SM coupling 
and the alternative H boson coupling model. In the case of the 
fa3 analysis, this observable is called DCP because if CP is vio-
lated it would exhibit a distinctive forward–backward asymmetry 
between DCP > 0 and DCP < 0, as illustrated in Fig. 2(h) for the 
untagged category of events. In the untagged category, decay in-
formation is used in the calculation of Dint . In the VBF-jet and 

VH-jet categories, production information is used. As in the case of 
Dai , superscripts indicate which processes were used to calculate 
the matrix elements. In the f!1 and f Zγ

!1 analyses, the interference 
discriminant does not provide additional separation, and D0h+ is 
used as the third observable.

In the likelihood fit, the signal probability density function (pdf) 
is parameterized for each production mode and in each category as

Psig

(
D⃗; fai,φai

)
∝

∑

n

∣∣∣∣
ai

a1

∣∣∣∣
n

Tn

(
D⃗

)
cosn(φai) , (6)

where Tn is the three-dimensional template probability obtained 
from MC simulation, |ai/a1| is calculated from fai through Eq. (3), 
and cos(φai) = ± 1. The sum runs over five values n = 0, . . . , 4
in the case of VBF and VH, where the HVV coupling appears on 
both the production and decay sides, and over three contributions 
n = 0, 1, and 2 for the other signal modes. The background pdf is 
also parameterized with templates extracted from simulation, ex-
cept for the reducible background, Z +X, which is dominated by the 
Z + jets process but also includes the tt+ jets, Zγ + jets, WZ + jets, 
and WW + jets processes. The Z +X background is estimated us-
ing independent control regions in data with loose identification 
requirements on two leptons.

The yields of signal events in 2016 data are expressed with 
two unconstrained parameters µV and µF , which are the ratios 
of the observed yields to the expectation in the SM for the pro-
duction mechanisms driven by the HVV couplings (VBF and VH) 
and for the other modes (gluon fusion and ttH), respectively. The 
signal yield in 2015 data is expressed with a single parameter 
µ13 TeV, which is a linear combination of µV and µF . The fit is 
also performed simultaneously with the 2011 and 2012 data from 
Ref. [13], where the two signal strength parameters µ7 TeV and 
µ8 TeV are also linear combinations of µV and µF including the 
effects of the cross section scaling for each value of fai .

Most uncertainties in the signal yields cancel in this analysis 
because measurements of anomalous couplings are expressed as 
relative cross sections. Statistical uncertainties dominate over any 
systematic uncertainties in this analysis. In the decay-only observ-
ables the main effects come from lepton momentum uncertainties 
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Fig. 3. Observed (solid) and expected (dashed) likelihood scans of fa3 cos(φa3) (a), fa2 cos(φa2) (b), f"1 cos(φ"1) (c), and f Zγ
"1 cos(φZγ

"1) (d). Results of the Run 2 only and the 
combined Run 1 and Run 2 analyses are shown.

and are propagated into the template uncertainties as in the pre-
vious analyses [13], where the main effect is on the m4ℓ resolution 
affecting the Dbkg parameterization.

The primary new feature in this analysis, compared to
Run 1 [13], is the categorization based on jets and the kinematic 
discriminants using jet information. Both the shapes and the yields 
are varied according to uncertainties obtained from the jet energy 
variations. In addition, uncertainties in renormalization and factor-
ization scales, PDFs, and the modeling of hadronization and the 
underlying event in MC simulation are propagated to the template 
and relative yield uncertainties. As part of these studies, compar-
isons were made between QCD production at NLO and LO, with 
matched pythia hadronization in each case, for the VBF, VH, and 
ttH processes. In all cases, only small differences were observed. 
The uncertainties in the migration of signal and background events 
between categories amount to 3–13% for the signal and 4–25% 
for the background, depending on the category. Among the sig-
nal processes, the largest uncertainties arise from the prediction 
of the gg → H yield in the VBF-jet category. In ttH and gluon fu-
sion production, anomalous couplings on the production side are 
not generally related to the HVV anomalous couplings considered 
here. There is a negligible effect on the observed distributions with 
large variations in the couplings.

Backgrounds from the qq → 4ℓ, gg → 4ℓ, VBF, and V + (4ℓ)

processes are estimated using MC simulation. Theoretical uncer-
tainties in the background estimation include uncertainties from 

the renormalization and factorization scales, the PDFs, and the K-
factors described above. An additional 10% uncertainty is assigned 
to the gg → 4ℓ background K-factor to cover potential differences 
between signal and background.

5. Results and discussion

Four fai parameters sensitive to anomalous H boson interac-
tions, as defined in Eqs. (2) and (3), are tested in the observed 
data using the pdf in Eq. (6). The results of the likelihood scans of 
the fai parameters on 13 TeV data only and on the full, combined 
data set from collisions at 13, 8, and 7 TeV are shown in Fig. 3. The 
combined results are listed in Table 3 and supersede our previous 
measurement in Ref. [13].

The expected 68% CL constraints improve by nearly an order 
of magnitude compared to the Run 1 analysis [13], as is evident 
from the narrow minima at fai = 0 in the expectations in Fig. 3. 
This effect comes from utilizing production information, because 
the cross section in VBF and VH production increases quickly with 
fai due to larger q2 values contributing in Eq. (1) [33]. The narrow 
minima are shallower than expected, which may be understood 
by examining the best fitted (µV , µF ) values in the four analyses 
under the assumption that fai = 0: (0.76+1.10

−0.76, 1.08+0.21
−0.20) at fa3 =

0, (0.01+0.89
−0.01, 1.24+0.20

−0.18) at fa2 = 0, (0.20+0.94
−0.20, 1.20+0.21

−0.20) at f"1 =
0, and (0.24+0.84

−0.24, 1.20+0.20
−0.19) at f Zγ

"1 = 0. The values obtained for 
the different analyses vary due to the different categorization and 
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H→𝜸𝜸 and H→llll combination

ATLAS combines the measurements from multiple event categories

  Categories are combined into STXS to constrain six coefficients of an Effective Lagrangian

Table 1: Data categories entering the combined measurements for the H ! �� and H ! Z Z⇤
! 4` decay modes,

as described in Refs. [4] and [5], respectively. The categories are listed in order of prioritization such that events
assigned to a given category are not considered for subsequent categories. The purity of the targeted production
mode varies from category to category.

H ! ��
tt̄H+tH leptonic (two tHX and one ttH categories)
tt̄H+tH hadronic (two tHX and four BDT ttH categories)
VH dilepton
VH one-lepton, p`+E

miss
T

T � 150 GeV
VH one-lepton, p`+E

miss
T

T <150 GeV
VH Emiss

T , Emiss
T � 150 GeV

VH Emiss
T , Emiss

T <150 GeV
VH+VBFpj1

T � 200 GeV
VH hadronic (BDT tight and loose categories)
VBF, p�� j jT � 25 GeV(BDT tight and loose categories)
VBF, p�� j jT <25 GeV(BDT tight and loose categories)
ggF 2-jet, p��T � 200 GeV
ggF 2-jet, 120 GeV p��T <200 GeV
ggF 2-jet, 60 GeV p��T <120 GeV
ggF 2-jet, p��T < 60 GeV
ggF 1-jet, p��T � 200 GeV
ggF 1-jet, 120 GeV p��T <200 GeV
ggF 1-jet, 60 GeV p��T <120 GeV
ggF 1-jet, p��T < 60 GeV
ggF 0-jet (central and forward categories)

H ! Z Z⇤
! 4`

ttH
VH leptonic
2-jet VH
2-jet VBF, pj1

T � 200 GeV
2-jet VBF, pj1

T <200 GeV
1-jet ggF, p4`

T � 120 GeV
1-jet ggF, 60 GeV<p4`

T <120 GeV
1-jet ggF, p4`

T <60 GeV
0-jet ggF

the corresponding field operators dimension-6 in energy). The general form of the Lagrangian including
dimension-6 operators is [3]:

L = LSM +
’
i

c(6)
i
O

(6)
i
/⇤2, (1)

where⇤ is the energy scale of new processes; in the following the parameters are simplified to c̄i = c(6)
i
/⇤2.

Several bases of these operators are available for gauge-invariant products of SM fields; of these, the
strongly-interacting light Higgs (SILH) [10] and Warsaw [11] bases have the most complete public
implementations. The fit described here focusses on the dominant operator coe�cients in the SILH basis,
based on leading-order predictions and taking into account precision electroweak constraints [12].

There are 59 operators in the dimension-6 basis assuming flavour-universal couplings, with an additional
seventeen operators for the hermitian conjugates. The majority of these operators do not a�ect Higgs
physics or have coe�cients that are tightly constrained by precision electroweak data at leading order.
Constraints on the coe�cients of operators of the SILH implementation in Madgraph (the Higgs E�ective
Lagrangian, or HEL [13]) have been tabulated in an LHC Higgs working group document [14]. Of the
fifteen operators whose coe�cients are constrained by Higgs boson interactions, four are CP-odd and are
neglected because they do not enter any STXS observable at leading order in 1/⇤2 and are degenerate with
corresponding CP-even operators at 1/⇤4. Other operators that do not directly a�ect the H ! �� and
H ! Z Z⇤ measurements are those that a�ect the Higgs boson self-couplings and the Yukawa couplings

3

Parameter value
-2 0 2

γγ → ZZ* and H →Observed HEL constraints with H 

-1 = 13 TeV, 36.1 fbs
ATLAS Preliminary

 ]-4cG [ 10

 ]-4cA [ 10

cu

 ]-1cHW [ 10

 ]-1cHB [ 10

 ]-1cWW - cB [ 10

(a)

Parameter value
-2 0 2

γγ → ZZ* and H →SM expected HEL constraints with H 

-1 = 13 TeV, 36.1 fbs
ATLAS Preliminary

 ]-4cG [ 10

 ]-4cA [ 10

cu

 ]-1cHW [ 10

 ]-1cHB [ 10

 ]-1cWW - cB [ 10

(b)

Figure 3: The (a) observed and (b) SM predicted best-fit values and 68% C.L. intervals for each of the six parameters.

Table 3: The fit values and 68% C.L. uncertainties from the fit for six EFT parameters using the Stage 1 STXS
binning to relate the data to the parameters. The observed and SM expected results are shown.

Operator Fit result (observed) Fit result (SM expected)
Og cG = �0.05+0.27

�0.28 ⇥ 10�4
cG = 0.00+0.38

�0.26 ⇥ 10�4

O� cA = 0.3+1.9
�1.8 ⇥ 10�4

cA = 0.0+2.8
�2.2 ⇥ 10�4

Ou cu = �0.50+0.45
�0.81 cu = 0.00+0.24

�0.28

OHW cHW = �0.052 ± 0.028 cHW = 0.000+0.041
�0.043

OHB cHB = 0.026 ± 0.077 cHB = 0.00+0.14
�0.16

OW , OB cWW � cB = 0.078 ± 0.049 cWW � cB = 0.000+0.057
�0.074
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H→bb measurements

ATLAS measures a set of simplified template cross sections using multiple event categories

  A fit to the STXS measurements constrains coefficients of an Effective Lagrangian

Coefficients 

constrained 

individually

ATLAS, ATLAS-CONF-2018-053
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Figure 3: Measured VH, V ! leptons reduced stage-1 simplified template cross sections times the H ! bb̄ branching
ratio.

6 Constraints on anomalous Higgs boson interactions

The strength and tensor structure of the Higgs boson interactions are investigated using an e�ective
Lagrangian approach [43]. Extra terms of the form c(D)

i
O

(D)

i
/⇤D�4, where ⇤ is the energy scale of the

new interactions, O(D)

i
are dimension-D operators, and c(D)

i
are numerical coe�cients, are added to the

Standard Model Lagrangian to obtain an e�ective Lagrangian inspired by that of Ref. [44]. Only dimension
D = 6 operators are considered in this study, since dimension D = 5 operators violate baryon or lepton
number, while dimension D > 6 operators are further suppressed by powers of ⇤.

The results presented in this note focus on the coe�cients of the operators in the Strongly Interacting Light
Higgs formulation [45]. This formalism is defined as the e�ective theory of a strongly-interacting sector in
which a light composite Higgs arises as a pseudo-Goldstone boson, and is responsible for electroweak
symmetry breaking. Among such operators, four a�ect directly the cross sections measured in this note:

• OHW = i (DµH)
† �a

(D⌫H)Wa

µ⌫,

• OHB = i (DµH)
†
(D⌫H) Bµ⌫,

• OW =
i

2

✓
H†�a

$

DµH
◆

D⌫Wa

µ⌫,

• OB =
i

2

✓
H†

$

DµH
◆
@⌫Bµ⌫,

as they introduce new Higgs boson interactions with W bosons (OHW , OW ) and Z bosons (all four
operators). The corresponding CP-odd operators ÕHW , ÕHB, ÕW , and ÕB, are not considered.
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Operators that modify the coupling between the Higgs boson and bottom quarks induce variations
of the partial width �bb

H
and of the total Higgs boson width �H that partially cancel in the ratio

BR(H ! bb̄) = �
bb

H

�H
[46]. Therefore, their impact on the STXS measured here is small, and they are

neglected. Modifications of the gg ! ZH production cross sections are introduced only by either
higher-dimension (at least 8) operators or corrections that are formally at NNLO (next-to-next-to-leading
order) in QCD, and are not included in this study, in which the expected gg ! ZH contribution is thus
kept fixed to the SM prediction.

Constraints are set on the coe�cients of the four OW , OB, OHW , and OHB operators in the “Higgs
E�ective Lagrangian” (HEL) implementation [47], using the known relations between such coe�cients
and the stage-1 STXS based on leading-order predictions [46]. Such relations include both interference
terms between the SM and non-SM amplitudes, that are linear in the coe�cients and of order 1/⇤2, and
the SM-independent contributions, that are quadratic in the coe�cients and of order 1/⇤4. In the HEL
implementation, the coe�cients ci of interest are recast into the following dimensionless coe�cients:

c̄HW =
m2
W

g

cHW

⇤2 , c̄HB =
m2
W

g0
cHB

⇤2 , c̄W =
m2
W

g

cW
⇤2 , c̄B =

m2
W

g0
cB
⇤2 ,

where g and g0 are the SU(2) and U(1) SM gauge couplings. These dimensionless coe�cients are equal to
zero in the SM. The sum c̄W + c̄B is strongly constrained by precision electroweak data [48] and is thus
assumed here to be zero, and constraints are set on c̄HW , c̄HB, and c̄W � c̄B. The relations between the
HEL coe�cients and the reduced STXS measured in this note are obtained by averaging the relations for
the merged stage-1 STXS with weights proportional to their respective cross sections.

Simultaneous maximum likelihood fits to the five STXS measured in the 5-POI scheme are performed in
order to determine c̄HW , c̄HB, and c̄W � c̄B. Due to the large sensitivity to the Higgs boson anomalous
couplings to vector bosons provided by the pVT > 250 GeV cross sections, the 5-POI results have a better
constraining power on these coe�cients (e.g. approximately a factor two for c̄HW ) with respect to the
3-POI results. For this reason, constraints obtained with the 3-POI results are not shown here.

In each fit, all coe�cients but one are assumed to vanish, and 68% and 95% confidence level (CL)
one-dimensional intervals are inferred for the remaining coe�cient. The negative log likelihood one-
dimensional projections are shown in Figure 4, and the 68% and 95% CL intervals for c̄HW , c̄HB, and
c̄W � c̄B are summarised in Tables 6 and 7.

The parameters c̄HW and c̄W � c̄Hb are constrained at 95% CL to be no more than a few %, while the
constrain on c̄HB is about five times worse. In comparison to similar one-dimensional limits on the same
coe�cients obtained by a global analysis of Higgs, diboson and electroweak data [48]2 these constraints
are significantly better than those obtained without LHC Run 2 data, and worse by factors between about 5
(for c̄HW ) and 60 (for c̄HB) when diboson measurements, electroweak data, and several ATLAS and CMS
Higgs boson measurements (Table 3 of Ref. [48]), obtained with 36 fb�1 of Run 2 data in the ��, 4`, WW ,
bb and ⌧⌧ decay modes, are included.

2 It should be noted that in the fit of Ref. [48] only interference terms between the Standard Model amplitudes and the dimension-6
operators, which are of order 1/⇤2, are considered, while the SM-independent terms of order 1/⇤4 have been neglected.
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Figure 4: The observed (red) and expected (blue) profiled negative log-likelihood scans for the one-dimensional fits
to constrain the coe�cients (a) c̄HW , (b) c̄HB, (c) c̄W � c̄B of an e�ective Lagrangian (described in the text), when
the other coe�cients are assumed to vanish.

Table 6: The expected and observed 68% confidence level intervals for the e�ective Lagrangian coe�cients c̄HW ,
c̄HB, c̄W � c̄B when the other coe�cients are assumed to vanish.

Coe�cient Expected 68% CL intervals Observed 68% CL intervals
c̄HW [�0.0032, 0.0024] [�0.0008, 0.0037]
c̄HB [�0.069, �0.036]

–
[�0.026, 0.013] [�0.082, �0.057]

–
[0.002, 0.017]

c̄W � c̄B [�0.0060, 0.0045] [�0.0020, 0.0065]

14

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

Appendix

The impact on the 5-POI reduced stage-1 VH simplified template cross sections of the e�ective lagrangian
operators OHW , OHB, OW and OB, for the values of the coe�cients c̄HW , c̄HB and c̄W � c̄B that are
expected to be excluded at 95% confidence level by this analysis are shown in Figure 5.
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Figure 5: Impact on the 5-POI reduced stage-1 VH simplified template cross sections of the e�ective lagrangian
operators OHW , OHB, OW and OB, for the values of the coe�cients c̄HW , c̄HB and c̄W � c̄B that are expected to be
excluded at 95% confidence level by this analysis.
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Electroweak measurements

Measurements of gauge boson production sensitive to operators affecting Higgs physics

  Higgs doublet provides longitudinal degrees of freedom to the electroweak bosons
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Fig. 22 Unfolded normalized differential QCD+EW W j j production
cross sections as a function of jet centrality for the inclusive fiducial
region with Mj j > 0.5 TeV (left) and 1.0 TeV (right). Both statistical

(inner bar) and total (outer bar) measurement uncertainties are shown,
as well as ratios of the theoretical predictions to the data (the bottom
panel in each distribution)

LEFT =
∑

i

ci
!2 Oi ,

where Oi are field operators with dimension 6, the scale
of new physics is !, and ci are dimensionless coefficients.
The operators relevant to triple-gauge-boson couplings in the
HISZ basis [85] are

OB = (DµH)† BµνDνH,

OW = (DµH)† WµνDνH,

OWWW = Tr[WµνW ν
ρ W

ρµ],
OW̃ = (DµH)† W̃µνDνH,

OW̃WW = Tr[WµνW ν
ρ W̃

ρµ],
where H is the Higgs-boson field, Bµν = ∂µBν − ∂νBµ, Bµ

is the U(1)Y gauge field, and W̃µν = 1
2ϵµνρσW ρσ . The coef-

ficients of these operators are related to the aTGC parameters
via the following equations:

cW
!2 = 2

m2
Z

(gZ1 − 1),

cB
!2 = 2

tan2 θWm2
Z

(gZ1 − 1) − 2

sin2 θWm2
Z

(κZ − 1),

cWWW

!2 = 2

3g2m2
W

λV ,

cW̃
!2 = − 2

tan2 θWm2
W

κ̃Z ,

cW̃WW

!2 = 2

3g2m2
W

λ̃V ,

where g is the weak coupling, mZ is the Z -boson mass, and
the aTGC parameters do not have any form-factor suppres-
sion.

7.2 Experimental method

The signal region defined to increase the sensitivity to anoma-
lous triple-gauge-boson couplings requires Mj j > 1 TeV and
leading-jet pT > 600 GeV (Table 1). The leading-jet pT is
chosen because it is highly correlated with the q2 of the sig-
nal t-channel process. The pT threshold is optimized to max-
imize sensitivity to anomalous couplings, considering both
the statistical and systematic uncertainties. The event yields
in the reconstructed signal region used for setting the con-
straints are given in Table 4. The SM prediction is negligible
for pT > 1 TeV, yielding an approximate lower bound for
the validity of the EFT constraints.

The effects of anomalous couplings are modelled with
Sherpa. Each sample is normalized by a factor k =
NLO/LO given by the ratio of Powheg + Pythia8 to
Sherpa SM predictions of electroweak W j j production. The
number of events expected for a given parameter value is cal-
culated as:

Nreco = L × σℓν j j × A × C × k,

whereL is the integrated luminosity of the 8 TeV data,σℓν j j is
the cross section for the corresponding anomalous-coupling
variation, A is the selection acceptance at particle level, and
C is the ratio of selected reconstruction-level events to the

123

Traditionally constrain triple-gauge couplings with an effective Lagrangian with form factors

  Can relate coefficients to those of dimension-6 operators from an SMEFT basis
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Fig. 20 Unfolded normalized distribution of the number of jets with
pT > 30 GeV in the rapidity interval bounded by the two highest-pT
jets in the inclusive fiducial region with Mj j thresholds of 0.5 TeV (top
left), 1.0 TeV (top right), 1.5 TeV (bottom left), and 2.0 TeV (bottom

right). Both statistical (inner bar) and total (outer bar) measurement
uncertainties are shown, as well as ratios of the theoretical predictions
to the data (the bottom panel in each distribution)

framework, using the yield in the anomalous coupling sig-
nal region (Table 1) to constrain the parameters. The results
are complementary [83] to those obtained in diboson produc-
tion [84], which corresponds to the exchange of one off-shell
boson in the s-channel rather than two in the t-channel.

7.1 Theoretical overview

The signal-region measurements are sensitive to the WWV
(V = Z or γ ) couplings present in the t-channel production
mode shown in Fig. 1a. These couplings can be characterized

by an effective Lagrangian LWWV
eff including operators up to

mass-dimension six [34]:

iLWWV
eff = gWWV

{[
gV1 Vµ(W−

µνW
+ν − W+

µνW
−ν)

+ κVW+
µ W−

ν Vµν + λV

m2
W

VµνW+ρ
ν W−

ρµ

]

−
[ κ̃V

2
W−

µ W+
ν ϵµνρσVρσ

+ λ̃V

2m2
W

W−
ρµW
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Fig. 22 Unfolded normalized differential QCD+EW W j j production
cross sections as a function of jet centrality for the inclusive fiducial
region with Mj j > 0.5 TeV (left) and 1.0 TeV (right). Both statistical

(inner bar) and total (outer bar) measurement uncertainties are shown,
as well as ratios of the theoretical predictions to the data (the bottom
panel in each distribution)

LEFT =
∑

i

ci
!2 Oi ,

where Oi are field operators with dimension 6, the scale
of new physics is !, and ci are dimensionless coefficients.
The operators relevant to triple-gauge-boson couplings in the
HISZ basis [85] are

OB = (DµH)† BµνDνH,

OW = (DµH)† WµνDνH,

OWWW = Tr[WµνW ν
ρ W

ρµ],
OW̃ = (DµH)† W̃µνDνH,

OW̃WW = Tr[WµνW ν
ρ W̃

ρµ],
where H is the Higgs-boson field, Bµν = ∂µBν − ∂νBµ, Bµ

is the U(1)Y gauge field, and W̃µν = 1
2ϵµνρσW ρσ . The coef-

ficients of these operators are related to the aTGC parameters
via the following equations:

cW
!2 = 2

m2
Z

(gZ1 − 1),

cB
!2 = 2

tan2 θWm2
Z

(gZ1 − 1) − 2

sin2 θWm2
Z

(κZ − 1),

cWWW

!2 = 2

3g2m2
W

λV ,

cW̃
!2 = − 2

tan2 θWm2
W

κ̃Z ,

cW̃WW

!2 = 2

3g2m2
W

λ̃V ,

where g is the weak coupling, mZ is the Z -boson mass, and
the aTGC parameters do not have any form-factor suppres-
sion.

7.2 Experimental method

The signal region defined to increase the sensitivity to anoma-
lous triple-gauge-boson couplings requires Mj j > 1 TeV and
leading-jet pT > 600 GeV (Table 1). The leading-jet pT is
chosen because it is highly correlated with the q2 of the sig-
nal t-channel process. The pT threshold is optimized to max-
imize sensitivity to anomalous couplings, considering both
the statistical and systematic uncertainties. The event yields
in the reconstructed signal region used for setting the con-
straints are given in Table 4. The SM prediction is negligible
for pT > 1 TeV, yielding an approximate lower bound for
the validity of the EFT constraints.

The effects of anomalous couplings are modelled with
Sherpa. Each sample is normalized by a factor k =
NLO/LO given by the ratio of Powheg + Pythia8 to
Sherpa SM predictions of electroweak W j j production. The
number of events expected for a given parameter value is cal-
culated as:

Nreco = L × σℓν j j × A × C × k,

whereL is the integrated luminosity of the 8 TeV data,σℓν j j is
the cross section for the corresponding anomalous-coupling
variation, A is the selection acceptance at particle level, and
C is the ratio of selected reconstruction-level events to the
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Table 10 Expected and observed 95% C.L. intervals for individual
EFT coefficients divided by the square of the new physics scale !, with
other coefficients set to zero. Intervals are calculated using the high-q 2

region yields (Table 4)

Parameter Expected (TeV−2) Observed (TeV−2)

cW
!2 [−39, 37] [−33, 30]
cB
!2 [−200, 190] [−170, 160]
cWWW

!2 [−16, 13] [−13, 9]
cW̃
!2 [−720, 720] [−580, 580]
cW̃WW

!2 [−14, 14] [−11, 11]
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Fig. 29 The observed (solid blue) and expected (open dashed) 95% C.L. allowed regions in two-parameter planes for ! = 4 TeV. The regions
are derived using a single measured yield and therefore reduce to the corresponding one-parameter interval when the other parameter is set to
zero. Constraints on λ̃V are similar to those on λV

8 Summary

Measurements of the fiducial and differential cross sections
of electroweak production of W bosons in association with
two jets have been performed using the lepton decay chan-
nel and events with high dijet invariant mass. The measure-
ments use data collected by the ATLAS detector from proton–
proton collisions at the LHC at centre-of-mass energies of√
s = 7 and 8 TeV, corresponding to 4.7 and 20.2 fb−1 of

integrated luminosity, respectively. The cross sections in a
fiducial region with a signal purity of O(15%) are

σfid
EW ℓν j j (7 TeV) = 144 ± 23 (stat) ± 23 (exp) ± 13 (th) fb,

σfid
EW ℓν j j (8 TeV) = 159 ± 10 (stat) ± 17 (exp) ± 15 (th) fb,
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Table 3 Observed data and predicted SM event yields in the signal
region. The MC predictions are normalized to the theoretical cross sec-
tions in Table 2. The relative uncertainty of the total SM prediction is
O(10%)

Process 7 TeV 8 TeV

W j j (EW) 920 5600

W j j (QCD) 3020 19,600

Multijets 500 2350

t t̄ 430 1960

Single top 244 1470

Z j j (QCD) 470 1140

Dibosons 126 272

Z j j (EW) 5 79

Total SM 5700 32,500

Data 6063 33,719

and resolution. These uncertainties are constrained with a
correction to the predicted distribution derived using data in
a control region where the signal contribution is suppressed.
This forward-lepton control region is selected using the lep-
ton centrality distribution. Residual uncertainties arise pri-
marily from differences in the dijet mass spectrum between
the control region and the signal region.

To derive the Mj j correction, all processes other than
strong W j j production are subtracted from the data and the
result is compared to the prediction (Fig. 7). The correc-
tion is then determined with a linear fit to the ratio of the
subtracted data to the W j j prediction. The slopes of the
fits in 7 and 8 TeV data are consistent with zero; they are
(0.2 ± 1.1)%/TeV and (0.28 ± 0.43)%/TeV, respectively,
where the uncertainties are statistical only. The effect of a

slope correction of 1%/TeV is approximately 0.1 in the mea-
sured µEW.

Systematic uncertainties in the corrected dijet mass dis-
tribution in the signal and validation regions are estimated
by varying each source of uncertainty up or down by 1σ and
calculating the corresponding slope correction in the con-
trol region in the simulation. This correction is applied to
the prediction in the signal region and the fit performed on
pseudodata derived from the nominal prediction. The result-
ing change in µEW is taken as the corresponding systematic
uncertainty. The method is illustrated in the central-jet vali-
dation region in Fig. 8, where the background-subtracted and
corrected W j j dijet mass distribution is compared to data.
The ratio of subtracted data to the corrected W j j prediction
is consistent with a line of zero slope when considering sta-
tistical and experimental uncertainties (the dotted lines in the
figure).

5.2 Uncertainties in µEW

Uncertainties in µEW consist of: statistical uncertainties in
the fit to the normalizations of the signal and backgroundW j j
processes in the signal region; the statistical uncertainty of
the correction from the control region; and experimental and
theoretical uncertainties affecting the signal and background
predictions. Table 5 summarizes the uncertainties in the mea-
surement of µEW.

The total statistical uncertainty in µEW of the joint likeli-
hood fit is 0.16 (0.052) in 7 (8) TeV data, where the leading
uncertainty is the statistical uncertainty of the data in the
control region rather than in the signal region.

Systematic uncertainties affecting the MC prediction are
estimated by varying each uncertainty source up and down
by 1σ in all MC processes, fitting the ratio of the varied

Table 4 Observed data and
total predicted SM event yields
in each measurement region.
The MC predictions are
normalized to the theoretical
cross sections times branching
ratios in Table 2. The relative
uncertainty of the total SM
prediction is O(10%)

Region name 7 TeV 8 TeV

SM prediction Data SM prediction Data

Fiducial and differential measurements

Signal region 5700 6063 32500 33719

Forward-lepton control region 5000 5273 29400 30986

Central-jet validation region 2170 2187 12400 12677

Differential measurement only

Inclusive region, Mj j > 500 GeV – – 106000 107040

Inclusive region, Mj j > 1 TeV – – 17400 16849

Inclusive region, Mj j > 1.5 TeV – – 3900 3611

Inclusive region, Mj j > 2 TeV – – 1040 890

Forward-lepton/central-jet region – – 12000 12267

High-mass signal region – – 6100 6052

Anomalous coupling measurements only

High-q2 region – – 39 30
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hood fit is 0.16 (0.052) in 7 (8) TeV data, where the leading
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Systematic uncertainties affecting the MC prediction are
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by 1σ in all MC processes, fitting the ratio of the varied
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Fig. 1 Representative leading-order diagrams for electroweak W j j
production at the LHC. In addition to a the vector boson fusion pro-
cess, there are four b W bremsstrahlung diagrams, corresponding to

W± boson radiation by any incoming or outgoing quark, and two c
non-resonant diagrams, corresponding to W± boson radiation by either
incoming quark

Fig. 2 Examples of
leading-order diagrams for
strong W j j production at the
LHC. The left-hand diagram
interferes with the electroweak
diagrams of Fig. 1 when the
final-state quarks have the same
colours as the initial-state quarks
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topology and to the electroweak production of W j j (elec-
troweakW j j or EWW j j) than corresponding measurements
of Z - or Higgs-boson production.

The VBF process is inseparable from other electroweak
W j j processes, so it is not measured directly; sensitivity
to the VBF production mechanism is quantified by deter-
mining constraints on operator coefficients in an effective
Lagrangian approach [34]. The classes of electroweak dia-
grams constituting the signal are shown in Fig. 1 [35] and
contain at least three vertices where an electroweak gauge
boson connects to a pair of fermions. Diboson production,
where the final-state quarks result from the decay of an s-
channel gauge boson, is not shown and is considered as a
background; it is small for the VBF topology defined in the
analysis. The large background from a W boson associated
with strongly produced jets is shown in Fig. 2 and has only
two electroweak vertices. This background has O(10) times
the yield of the signal process, and can interfere with the
signal. This interference is suppressed because only a small
subset of the background diagrams have the same initial and
final state as the signal.

The analysis signature consists of a neutrino and either an
electron or a muon, two jets with a high dijet invariant mass,
and no additional jets at a wide angle from the beam. This
signature discriminates signal events from the copious back-
ground events consisting of strongly produced jets associated

with a W (or Z ) boson, top-quark production, or multijet pro-
duction. The purity of electroweak W j j production increases
with increasing dijet invariant mass, increasing the sensitivity
to anomalous triple-gauge-boson couplings.

Measurements of the inclusive and fiducial cross sections
of electroweak W j j production in proton–proton collisions
at centre-of-mass energies

√
s = 7 and 8 TeV are performed

in a fiducial region with a signal-to-background ratio of
approximately 1:8. The electroweak signal is extracted with
a binned likelihood fit to the dijet invariant mass distribu-
tion. The fit determines the ratio µEW of the measured signal
cross section to that of a Standard Model calculation [36];
this ratio is then multiplied by the prediction to provide the
measured cross section. To reduce the uncertainties in the
modelling of the strong W j j events, data are used to con-
strain their dijet mass distribution, resulting in a precise mea-
surement of the electroweak W j j fiducial cross section. The
quantum-mechanical interference between electroweak and
strong W j j processes is not modelled and its impact on the
measurement is estimated using a Monte Carlo simulation
and taken as an uncertainty.

In order to explore the kinematics of the W j j topology,
and the interplay between strong and electroweak produc-
tion, the 8 TeV data are unfolded differentially to particle
level in many variables and phase-space regions, and com-
pared to theoretical predictions. Electroweak W j j produc-

123

Eur. Phys. J. C (2017) 77 :474 Page 11 of 74 474

Ev
en

ts
 / 

G
eV

-310

-210

-110

1

10

210 ATLAS
Wjj signal region

-1= 7 TeV, 4.7 fbs
Data
EW Wjj
QCD Wjj
Top quarks
Multijets
Zjj and dibosons
Uncertainty

 [GeV]jjM
500 1000 1500 2000 2500 3000 3500

D
at

a 
/ P

re
di

ct
io

n

0.5
1

1.5

Ev
en

ts
 / 

G
eV

-310

-210

-110

1

10

210
ATLAS
Wjj signal region

-1= 8 TeV, 20.2 fbs
Data
EW Wjj
QCD Wjj
Top quarks
Multijets
Zjj and dibosons
Uncertainty

 [GeV]jjM
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

D
at

a 
/ P

re
di

ct
io

n

0.5
1

1.5

Ev
en

ts
 / 

un
it 

ra
pi

di
ty

0

500

1000

1500

2000

2500

3000

3500
ATLAS
Wjj signal region

-1= 7 TeV, 4.7 fbs
Data
EW Wjj
QCD Wjj
Top quarks
Multijets
Zjj and dibosons
Uncertainty

)
2

,j
1

 y(j∆
2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7

D
at

a 
/ P

re
di

ct
io

n

0.5
1

1.5

Ev
en

ts
 / 

un
it 

ra
pi

di
ty

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000
ATLAS
Wjj signal region

-1= 8 TeV, 20.2 fbs
Data
EW Wjj
QCD Wjj
Top quarks
Multijets
Zjj and dibosons
Uncertainty

)
2

,j
1

 y(j∆
2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7

D
at

a 
/ P

re
di

ct
io

n

0.5
1

1.5

Fig. 6 Predicted and observed distributions of the dijet invariant
mass (top) and !y( j1, j2) (bottom) for events in the signal region in
7 TeV (left) and 8 TeV (right) data. The bottom panel in each distribution

shows the ratio of data to the prediction. The shaded band represents
the statistical and experimental uncertainties summed in quadrature

the acceptance for events to pass the signal selection at the
particle level (see Table 1), Ni is the number of measured
events, L is the integrated luminosity, and Ci is the ratio of
reconstructed to generated events passing the selection and
accounts for experimental efficiencies and resolutions. The fit
includes a Gaussian constraint for all non-W j j backgrounds,
and accounts only for statistical uncertainties in the expected
yield. The fit result for µEW is translated into a fiducial cross
section by multiplying µEW by the predicted fiducial cross
section from Powheg + Pythia8. In addition, the total cross
section for jets with pT > 20 GeV is calculated by dividing
the fiducial cross section by A for the EW W j j process.

The dijet mass provides the discriminating fit distribution.
The region at relatively low invariant mass (≈500–1000 GeV)
has low signal purity and primarily determines µQCD, while
events with higher invariant mass have higher signal purity

and mainly determine µEW. The interference between the
processes is not included in the fit, and is instead taken as an
uncertainty based on SM predictions.

The uncertainty in the shape of the QCD W j j distribu-
tion dominates the measurement, but is reduced by using
the forward-lepton control region to correct the modelling
of the Mj j shape. This control region is defined in Table 1
and uses the same selection as the signal region, except for
the inversion of the central-lepton requirement. This section
describes the application of the control-region constraint, the
uncertainties in the measurement, and the results of the fit.

5.1 Control-region constraint

The SM prediction of the dijet mass distribution receives sig-
nificant uncertainties from the experimental jet energy scale
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3 Event selection

The proton–proton collision data samples correspond to a
total integrated luminosity of 4.7 fb−1 for the 7 TeV data and
20.2 fb−1 for the 8 TeV data with uncertainties of 1.8% [52]
and 1.9% [53], respectively.

The measurements use data collected with single-electron
and single-muon triggers. The triggers identify candidate
muons by combining an ID track with a muon-spectrometer
track, and candidate electrons by matching an inner detector
track to an energy cluster in the calorimeter consistent with
an electromagnetic shower. The triggers in the 7 TeV data
require pT > 18 GeV for muons and either ET > 20 GeV or
ET > 22 GeV for electrons, depending on the data-taking
period. The 8 TeV data events are selected by two triggers in
each channel. The electron-channel triggers have ET thresh-
olds of 24 and 60 GeV, where the lower-threshold trigger
includes a calorimeter isolation criterion: the measured ET
within a cone of radius R = 0.2 around the electron candi-
date, excluding the electron candidate’s ET, must be less than
10% of the ET of the electron. The muon-channel triggers
have pT thresholds of 24 and 36 GeV. The lower-threshold
trigger has a track-isolation requirement, where the scalar
summed pT of tracks within a cone of radius R = 0.2 around
the muon is required to be less than 12% of the pT of the
muon.

The analysis defines many measurement regions vary-
ing in electroweak W j j purity. Table 1 shows the regions
at the generated particle level based on the variables defined
below. Particle-level objects are reconstructed as follows: jets
are reconstructed using the anti-kt algorithm with a radius
parameter of 0.4 using final-state particles with a proper life-
time longer than 10 ps; and leptons are reconstructed by com-
bining the final-state lepton with photons within a cone of
R = 0.1 around the lepton. The requirements in Table 1 are
also used to select data events, except for the following dif-
ferences: (1) electrons must have |η| < 2.47 and cannot be in
the crack region of the calorimeter (1.37 < |η| < 1.52); (2)
muons must have |η| < 2.4; and (3) jets are selected using
pseudorapidity (|η| < 4.4) rather than rapidity. Also, a b-jet
veto is applied to the validation region in data when perform-
ing the measurement of the fiducial electroweak W j j cross
section described in Sect. 5.

3.1 Event preselection

Signal candidate events are initially defined by the pres-
ence of missing transverse momentum (Emiss

T > 20 GeV),
exactly one charged lepton (electron or muon) candidate with
pT > 25 GeV, and at least two jets. The highest-pT jet is
required to have pj1

T > 80 GeV and the second jet must
have pj2

T > 60 GeV. To isolate events with a W boson, a

Table 1 Phase-space definitions
at the generated particle level.
Each phase-space region
includes the preselection and the
additional requirements listed
for that region. The variables are
defined in Sects. 3.1 and 3.2

Region name Requirements

Preselection Lepton pT > 25 GeV

Lepton |η| < 2.5

Emiss
T > 25 GeV

mT > 40 GeV

pj1
T > 80 GeV

pj2
T > 60 GeV

Jet |y| < 4.4

Mj j > 500 GeV

"y( j1, j2) > 2

"R( j, ℓ) > 0.3

Fiducial and differential measurements

Signal region N cen
lepton = 1, N cen

jets = 0

Forward-lepton control region N cen
lepton = 0, N cen

jets = 0

Central-jet validation region N cen
lepton = 1, N cen

jets ≥ 1

Differential measurements only

Inclusive regions Mj j > 0.5 TeV, 1 TeV, 1.5 TeV, or 2 TeV

Forward-lepton/central-jet region N cen
lepton = 0, N cen

jets ≥ 1

High-mass signal region Mj j > 1 TeV, N cen
lepton = 1, N cen

jets = 0

Anomalous coupling measurements only

High-q2 region Mj j > 1 TeV, N cen
lepton = 1, N cen

jets = 0, pj1
T > 600 GeV
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trigger has a track-isolation requirement, where the scalar
summed pT of tracks within a cone of radius R = 0.2 around
the muon is required to be less than 12% of the pT of the
muon.

The analysis defines many measurement regions vary-
ing in electroweak W j j purity. Table 1 shows the regions
at the generated particle level based on the variables defined
below. Particle-level objects are reconstructed as follows: jets
are reconstructed using the anti-kt algorithm with a radius
parameter of 0.4 using final-state particles with a proper life-
time longer than 10 ps; and leptons are reconstructed by com-
bining the final-state lepton with photons within a cone of
R = 0.1 around the lepton. The requirements in Table 1 are
also used to select data events, except for the following dif-
ferences: (1) electrons must have |η| < 2.47 and cannot be in
the crack region of the calorimeter (1.37 < |η| < 1.52); (2)
muons must have |η| < 2.4; and (3) jets are selected using
pseudorapidity (|η| < 4.4) rather than rapidity. Also, a b-jet
veto is applied to the validation region in data when perform-
ing the measurement of the fiducial electroweak W j j cross
section described in Sect. 5.

3.1 Event preselection

Signal candidate events are initially defined by the pres-
ence of missing transverse momentum (Emiss

T > 20 GeV),
exactly one charged lepton (electron or muon) candidate with
pT > 25 GeV, and at least two jets. The highest-pT jet is
required to have pj1

T > 80 GeV and the second jet must
have pj2

T > 60 GeV. To isolate events with a W boson, a

Table 1 Phase-space definitions
at the generated particle level.
Each phase-space region
includes the preselection and the
additional requirements listed
for that region. The variables are
defined in Sects. 3.1 and 3.2

Region name Requirements

Preselection Lepton pT > 25 GeV

Lepton |η| < 2.5

Emiss
T > 25 GeV

mT > 40 GeV

pj1
T > 80 GeV

pj2
T > 60 GeV

Jet |y| < 4.4

Mj j > 500 GeV

"y( j1, j2) > 2

"R( j, ℓ) > 0.3

Fiducial and differential measurements

Signal region N cen
lepton = 1, N cen

jets = 0

Forward-lepton control region N cen
lepton = 0, N cen

jets = 0

Central-jet validation region N cen
lepton = 1, N cen

jets ≥ 1

Differential measurements only

Inclusive regions Mj j > 0.5 TeV, 1 TeV, 1.5 TeV, or 2 TeV

Forward-lepton/central-jet region N cen
lepton = 0, N cen

jets ≥ 1

High-mass signal region Mj j > 1 TeV, N cen
lepton = 1, N cen

jets = 0

Anomalous coupling measurements only

High-q2 region Mj j > 1 TeV, N cen
lepton = 1, N cen

jets = 0, pj1
T > 600 GeV

123
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Electroweak measurements
Experiments now quote TGC constraints in terms of SMEFT coefficients

  Most recently in measurements of vector-boson fusion W/Z production
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uncertainties are represented by individual nuisance parameters with log-normal distributions
and are profiled in the fit.

8.3 Results

No significant deviation from the SM expectation is observed. Limits on ATGC parameters
were previously set by LEP [65], ATLAS [66, 67], and CMS [68, 69]. The LHC semileptonic
diboson analyses using 8 TeV data currently set the most stringent limits.

Limits on the EFT parameters are reported and also translated into the equivalent parameters
defined in an effective Lagrangian (LEP parametrization) in Ref. [70], without form factors:
lg = lZ = l, DkZ = Dg

Z
1 � Dkg tan2 qW. The parameters l, DkZ, and Dg

Z
1 are considered,

where the D symbols represents deviations from their respective SM values.

This analysis shows high sensitivity to cWWW/L2 and cW/L2 parameters (equivalently lZ and
Dg

Z

1 ). The sensitivity to cB/L2 (equivalently DkZ) parameter is very low since the contribution
of this operator to the WWZ vertex is suppressed by the weak mixing angle.

Results for 1D limits on cWWW and cW (l and Dg
Z
1 ) can be found in Table 2 (Table 3) respectively,

and 2D limits are shown in Fig. 9. Results are dominated by the sensitivity in the muon channel
due to the larger acceptance for muons. An ATGC signal is not included in the interference
between EW and DY production. The effect on the limits is small (<3%).
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Figure 8: Distributions of pTZ in data and SM backgrounds, and various ATGC scenarios in
the dielectron (left) and dimuon (right) channels.

Table 2: One-dimensional limits on the ATGC EFT parameters at 95% CL.

Coupling constant Expected 95% CL interval (TeV�2) Observed 95% CL interval (TeV�2)
cWWW/L2 [�3.7, 3.6] [�2.6, 2.6]

cW/L2 [�12.6, 14.7] [�8.4, 10.1]

9 Study of the hadronic and jet activity in Z + jet events
Now that the presence of an SM signal is established, the properties of the hadronic activity in
the selected events can be examined. The production of additional jets in a region with a larger
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1 Introduction
In proton-proton (pp) collisions at the CERN LHC, the production of dileptons (``) consistent
with the Z boson invariant mass in association with two jets (jj) is dominated by events where
the dilepton pair is produced by a Drell–Yan (DY) process, in association with jets from strong
interactions. This production is governed by a mixture of electroweak (EW) and strong pro-
cesses of order a2

EWa2
S, where aS is the strong coupling and aEW is the EW coupling strength.

The pure electroweak production of the ``jj final state, at order a4
EW, is less frequent [1], and

includes production via the vector boson fusion (VBF) process, with its distinctive signature
of two jets with both large energy and separation in pseudorapidity h. In this paper the elec-
troweak production is referred to as EW Zjj, and the two jets produced through the fragmenta-
tion of the outgoing quarks are referred to as “tagging jets”.

Figure 1 shows representative Feynman diagrams for the EW Zjj signal, namely VBF (left),
bremsstrahlung-like (center), and multiperipheral (right) production. Gauge cancellations lead
to a large negative interference between the VBF process and the other two processes, with the
interferences from the bremsstrahlung-like production being larger. Interference with multi-
peripheral production is limited to cases where the dilepton mass is close to the Z boson peak
mass [2].
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Figure 1: Representative Feynman diagrams for purely electroweak amplitudes for dilepton
production in association with two jets: vector boson fusion (left), bremsstrahlung-like (center),
and multiperipheral production (right).

In the inclusive production of ``jj final states, some of the nonexclusive EW interactions with
identical initial and final states can interfere with the exclusive EW interactions that are shown
in Fig. 1. This interference effect between the signal production and the main background
processes is much smaller than the interference effects among the EW production amplitudes,
but needs to be taken into account when measuring the signal contribution [3, 4].

Figure 2 (left) shows one example of corrections to order a2
S for DY production that have the

same initial and final states as those in Fig. 1. A process at order a2
S that does not interfere with

the EW signal is shown in Fig. 2 (right).

The study of EW Zjj processes is part of a more general investigation of standard model (SM)
vector boson fusion and scattering processes that include studies of Higgs boson production [5–
7] and searches for physics beyond the SM [8–11]. When isolated from the backgrounds, the
properties of EW Zjj events can be compared with SM predictions. Probing the additional
hadronic activity in selected events can shed light on the modelling of additional parton radia-
tion [12, 13], which is important for signal selection or vetoing of background events.

New physics could appear in the form of anomalous trilinear gauge couplings (ATGCs) [14,
15] that can be parameterized with higher-dimensional operators. Their measurements could
provide an indirect search for new physics at mass scales not directly accessible at the LHC.
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uncertainties are represented by individual nuisance parameters with log-normal distributions
and are profiled in the fit.

8.3 Results

No significant deviation from the SM expectation is observed. Limits on ATGC parameters
were previously set by LEP [65], ATLAS [66, 67], and CMS [68, 69]. The LHC semileptonic
diboson analyses using 8 TeV data currently set the most stringent limits.

Limits on the EFT parameters are reported and also translated into the equivalent parameters
defined in an effective Lagrangian (LEP parametrization) in Ref. [70], without form factors:
lg = lZ = l, DkZ = Dg

Z
1 � Dkg tan2 qW. The parameters l, DkZ, and Dg

Z
1 are considered,

where the D symbols represents deviations from their respective SM values.

This analysis shows high sensitivity to cWWW/L2 and cW/L2 parameters (equivalently lZ and
Dg

Z

1 ). The sensitivity to cB/L2 (equivalently DkZ) parameter is very low since the contribution
of this operator to the WWZ vertex is suppressed by the weak mixing angle.

Results for 1D limits on cWWW and cW (l and Dg
Z
1 ) can be found in Table 2 (Table 3) respectively,

and 2D limits are shown in Fig. 9. Results are dominated by the sensitivity in the muon channel
due to the larger acceptance for muons. An ATGC signal is not included in the interference
between EW and DY production. The effect on the limits is small (<3%).
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Figure 8: Distributions of pTZ in data and SM backgrounds, and various ATGC scenarios in
the dielectron (left) and dimuon (right) channels.

Table 2: One-dimensional limits on the ATGC EFT parameters at 95% CL.

Coupling constant Expected 95% CL interval (TeV�2) Observed 95% CL interval (TeV�2)
cWWW/L2 [�3.7, 3.6] [�2.6, 2.6]

cW/L2 [�12.6, 14.7] [�8.4, 10.1]

9 Study of the hadronic and jet activity in Z + jet events
Now that the presence of an SM signal is established, the properties of the hadronic activity in
the selected events can be examined. The production of additional jets in a region with a larger

9.1 Jet activity studies in a high-purity region 17

Table 3: One-dimensional limits on the ATGC effective Lagrangian (LEP parametrization) pa-
rameters at 95% CL.

Coupling constant Expected 95% CL interval Observed 95% CL interval
lZ [�0.014, 0.014] [�0.010, 0.010]

Dg
Z

1 [�0.053, 0.061] [�0.035, 0.042]
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Figure 9: Two-dimensional observed 95% CL limits (continuous black line) and expected 68%,
95%, and 99% CL limits on anomalous coupling parameters.

contribution from EW Zjj processes is explored in Section 9.1. Studies of the region in rapidity
with expected low hadron activity (rapidity gap), using track-only observables, are presented
in Section 9.2. Finally a study of hadronic activity vetoes, using both PF jets and track-only ob-
servables, is presented in Section 9.3. A significant suppression of the hadronic activity in signal
events is expected because the final-state objects originate from pure electroweak interactions,
in contrast with the radiative QCD production of jets in DY Zjj events. The reconstructed dis-
tributions are compared directly to the prediction obtained with a full simulation of the CMS
detector.

In the following studies, event distributions are shown with a selection BDT > 0.92, which
allows a signal-enriched region to be selected with a similar fraction of signal and background
events. The BDT > 0.92 selection corresponds approximately to a selection BDT0 > 1.946 on
the transformed BDT’ discriminants shown in Fig. 7.

9.1 Jet activity studies in a high-purity region

In this study, aside from the two tagging jets used in the preselection, all PF jets with a pT >

15 GeV found within the pseudorapidity gap of the tagging jets, h
tag jet
min < h < h

tag jet
max , are used.

The background contribution uses the normalizations obtained from the fit discussed in Sec-
tion 7.

The pT of the pT-leading additional jet, as well as the scalar pT sum (HT) of all additional jets,
are shown in Fig. 10. Data and expectations are generally in reasonable agreement for all dis-
tributions in the signal-enriched regions, with some deficit of the simulation predictions for the
rate of events with no additional jet activity. A suppression of the emission of additional jets
is observed in data, when taking into account the background-only predictions. In the simula-
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Top quark measurements

Top quark production sensitive to many dimension-6 operators

  In a global analysis the production operators need to be constrained to access ttH operator2

Figure 1: Representative Feynman diagrams for the tW (left panel) and tt (right panel) pro-
duction at leading order. The upper row gives the SM diagrams, the middle and lower rows
present diagrams corresponding to the O(3)

fq , OtW ,OtG, OG and Ou/cG contributions.

been set on the Wtb anomalous coupling through single top quark t-channel production and
measurements of the W boson polarisation from top quark decay by the D0 [5], ATLAS [6, 7]
and CMS [8, 9] Collaborations. Direct limits on the top chromomagnetic dipole moment have
been obtained by the CMS Collaboration at 7 TeV using top quark pair events [10]. Searches
for top quark FCNC interactions have been performed at Tevatron [11, 12] and at LHC [8, 13]
via single top quark production and limits are set on related anomalous couplings.

In this note, a search for new physics in top quark production using an EFT framework is re-
ported. Final states with two opposite-sign isolated leptons (electrons or muons) in association
with jets identified as originated from the fragmentation of a b quark (“b jets”) are analysed.
The search is sensitive to new physics contributions to the tW and tt production, and the six
effective couplings, CG, C(3)

fq , CtW , CtG, CuG, and CcG, are constrained independently. Kinematic
distributions of final state particles and the production rate of the tW and tt processes are both
affected by the effective couplings. For the C(3)

fq , CtW , CtG, and CG effective couplings, the de-
viation from the SM prediction is dominated by the interference term between SM and new
physics diagrams, which is linear with respect to the effective coupling. Therefore, kinematic
distributions of final state particles vary as a function of Wilson coefficients and a small value of
the effective couplings leads to distributions similar to the SM predictions. On the other hand,
the new physics terms for the CuG and CcG effective couplings do not interfere with the SM
tW process, and the kinematic distributions of final state particles are determined by the new
physics term independently of the SM prediction. In this analysis, we use the rates of tW and tt
production for probing the C(3)

fq , CtW , CtG, and CG effective couplings, while both variation in
rate and kinematic distributions of final state particles are employed for probing the CuG and
CcG effective couplings. This is the first search for new physics that uses the tW process. The
analysis utilises 35.9 fb�1 of proton-proton collision data collected by the CMS experiment in
2016 at a centre-of-mass energy of 13 TeV.

The note is structured as follows. In Section 2, a description of the simulated samples used in

1. Introduction 1

1 Introduction
Due to its large mass, close to the electroweak symmetry breaking scale, the top quark is ex-
pected to play an important role in several new physics scenarios. If the new physics scale is in
the available energy range of the LHC, the existence of new physics could be directly observed
via the production of new particles. Otherwise, new physics could affect standard model (SM)
interactions indirectly, through modifications of SM couplings or enhancements of rare SM pro-
cesses. In the latter case, it is useful to introduce a model-independent approach to parametrize
and to constrain possible deviations from SM predictions, independently of the fundamental
theory of new physics.

An effective field theory (EFT) approach is followed to search for new physics in the top quark
sector in the dilepton final states. In Refs. [1, 2] all dimension-six operators that contribute to
the top quark pair production (tt) and the single top quark production in association with a
W boson (tW) are investigated. The operators and the related effective Lagrangian, which are
relevant for dilepton final states, can be written as [3]:

O(3)
fq = (f+t I Dµf)(q̄gµt Iq), Leff =

C(3)
fq

p
2L2

gv2b̄gµPLtW�
µ + h.c., (1)

OtW = (q̄sµnt I t)f̃WI
µn, Leff = �2

CtW
L2 vb̄sµnPRt∂nW�

µ + h.c., (2)

OtG = (q̄sµnlAt)f̃GA
µn, Leff =

CtG
p

2L2
v
⇣

t̄sµnlAt
⌘

GA
µn + h.c., (3)

OG = fABCGAn
µ GBr

n GCµ
r , Leff =

CG
L2 fABCGAn

µ GBr
n GCµ

r + h.c., (4)

Ou(c)G = (q̄sµnlAt)f̃GA
µn, Leff =

Cu(c)G
p

2L2
v
⇣

ū (c̄) sµnlAt
⌘

GA
µn + h.c., (5)

where C(3)
fq , CtW , CtG, CG and Cu(c)G stand for the dimensionless Wilson coefficients, also called

effective couplings. The variable L represents the energy scale beyond which new physics
becomes relevant. The detailed description of the operators is given in Refs. [1, 2]. The opera-
tors O(3)

fq and OtW modify the SM interaction between W boson, top quark, and b quark (Wtb).
The operator OtG is called chromomagnetic dipole moment operator of the top quark. The
triple gluon field strength operator OG represents the only genuinely gluonic CP conserving
term which can appear at dimension 6 within an effective strong interaction Lagrangian [4].
The operators OuG and OcG lead to flavor changing neutral current (FCNC) interactions of top
quark and contribute to the tW production. The effect of introducing the new couplings C(3)

fq ,
CtW , CtG and Cu(c)G can be investigated in the tW production. The chromomagnetic dipole
moment operator of the top quark affects also the tt production. In the case of the CG coupling,
only the tt production is modified. It should be noted that the OtW and OtG operators with
imaginary coefficient lead to CP-violating effects. Representative Feynman diagrams for new
physics contributions in the tW and tt production are shown in Fig. 1. In this analysis we only
probe CP-even dimension six operators via top quark production.

Several searches for new physics in the top quark sector including new non-SM couplings
have been performed at the Tevatron and LHC colliders. Results can be interpreted in two
ways. Most of the previous analyses followed the anomalous coupling approach in which SM
interactions are extended for possible new interactions. In this article, the EFT framework with
effective couplings is used for the interpretation of the results. Constraints obtained on anoma-
lous couplings can be translated to effective coupling bounds [1, 5]. A variety of limits have

Representative set of 
operators affecting tt & tW 
production (Warsaw basis):

CMS, CMS PAS TOP-17-020 (2017)
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Figure 7: Observed best fit together with one and two standard deviation bounds on the top
quark effective couplings. The blue dashed line shows the SM expectation and the red verical
lines indicate the 95% CL bounds including the theoretical uncertainties.

Top quark measurements

CMS, CMS PAS TOP-17-020 (2017)

7. Constraints on the effective couplings 11

Table 5: Summary of the observed and expected allowed intervals at 68% CL (best fit values
with up and low limits) and 95% CL (in square brackets) on the effective couplings obtained in
the ee, eµ, µµ channels and all channels combined.

Eff. coupling Channel Observed Expected

CG

ee �0.14+0.51
�0.82 [�1.14 , 0.83] 0.00+0.59

�0.90 [�1.20 , 0.88]
eµ �0.18+0.42

�0.73 [�1.01 , 0.70] 0.00+0.51
�0.82 [�1.08 , 0.77]

µµ �0.14+0.44
�0.75 [�1.06 , 0.75] 0.00+0.57

�0.88 [�1.16 , 0.85]
Combined �0.18+0.42

�0.73 [�1.01 , 0.70] 0.00+0.51
�0.82 [�1.07 , 0.76]

C(3)
fq

ee 1.12+2.89
�1.18 [�4.03 , 4.37] 0.00+1.74

�2.53 [�6.40 , 3.27]
eµ �0.70+0.59

�2.16 [�3.74 , 1.61] 0.00+1.12
�1.34 [�2.57 , 2.15]

µµ 1.13+2.86
�0.87 [�3.58 , 4.46] 0.00+1.92

�2.20 [�4.68 , 3.66]
Combined �1.52�0.33

�2.71 [�3.82 , 0.63] 0.00+0.88
�1.05 [�2.04 , 1.63]

CtW

ee 6.18+7.81
�3.02 [�4.16 , 8.95] 0.00+6.81

�2.02 [�3.33 , 8.12]
eµ 1.64+5.59

�0.80 [�1.89 , 6.68] 0.00+6.19
�1.40 [�2.39 , 7.18]

µµ �1.40+7.79
�3.00 [�4.23 , 9.01] 0.00+6.97

�2.18 [�3.63 , 8.42]
Combined 2.38+4.57

+0.22 [�0.96 , 5.74] 0.00+5.93
�1.14 [�1.91 , 6.70]

CtG

ee �0.19+0.02
�0.40 [�0.65 , 0.22] 0.00+0.21

�0.22 [�0.44 , 0.41]
eµ �0.03+0.11

�0.19 [�0.34 , 0.27] 0.00+0.15
�0.17 [�0.34 , 0.29]

µµ �0.15+0.02
�0.34 [�0.53 , 0.19] 0.00+0.18

�0.19 [�0.40 , 0.35]
Combined �0.13+0.02

�0.27 [�0.41 , 0.17] 0.00+0.14
�0.15 [�0.30 , 0.28]

CuG

ee �0.017+0.22
�0.22 [�0.37 ,0.37 ] 0.00+0.29

�0.29 [�0.42 , 0.42]
eµ �0.017+0.17

�0.17 [�0.29 ,0.29 ] 0.00+0.26
�0.26 [�0.38 , 0.38]

µµ �0.017+0.17
�0.17 [�0.29 ,0.29 ] 0.00+0.27

�0.27 [�0.38 , 0.38]
Combined �0.017+0.13

�0.13 [�0.22 ,0.22 ] 0.00+0.21
�0.21 [�0.30 , 0.30]

CcG

ee �0.032+0.47
�0.47 [�0.78 ,0.78 ] 0.00+0.63

�0.63 [�0.92 , 0.92]
eµ �0.032+0.34

�0.34 [�0.60 ,0.60 ] 0.00+0.56
�0.56 [�0.81 , 0.81]

µµ �0.032+0.36
�0.36 [�0.63 ,0.63 ] 0.00+0.58

�0.58 [�0.84 , 0.84]
Combined �0.032+0.26

�0.26 [�0.46 ,0.46 ] 0.00+0.46
�0.46 [�0.65 , 0.65]

The observed best fit together with one and two standard deviation bounds on the 6 Wilson
coefficients, C(3)

fq , CtW , CtG, CG, CuG and CcG, obtained from the combination of all channels are
shown in Fig. 7.
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Table 3: Summary of the observables used for probing effective couplings in various (n-jets,m-
tags) categories in the ee, eµ, µµ channels.

Eff. coupling Channel Categories
1-jet,0-tag 1-jet,1-tag 2-jets,1-tag n-jets,1-tag �2-jets,2-tags

CG

ee - Yield Yield - Yield
eµ Yield Yield Yield - Yield
µµ - Yield Yield - Yield

C(3)
fq , CtW , CtG

ee - NN11 NN21 - Yield
eµ NN10 NN11 NN21 - Yield
µµ - NN11 NN21 - Yield

CuG, CcG

ee - - - NNFCNC -
eµ - - - NNFCNC -
µµ - - - NNFCNC -

Table 4: Input variables for the NN used in the analysis in various bins of n-jets and m-tags.
The symbols ”

p
” indicate the variables used for the 3 categories and for the FCNC analysis.

Variable Description NN10 NN11 NN21 NNFCNC
Mll Invariant mass of dilepton system

p p

p``T pT of dilepton system
p p p

DpT(`, `) pleading lepton
T - psub-leading lepton

T
p p

pleading lepton
T pT of leading lepton

p p p

Centrality(`leading,jetleading) Scalar sum of pT of the leading lepton and p p

leading jet, over total energy of selected objects

Centrality(`, `) Scalar sum of pT of the leading and sub-leading p p

leptons, over total energy of selected objects
Df(``,jetleading) Df between dilepton system and leading jet

p p p

pT(`` ,jetleading) pT of dilepton and leading jet system
p p

pT(`leading,jetleading) pT of leading lepton and leading jet system
p

Centrality(``,jetleading) Scalar sum of pT of the dilepton system and leading p

jet, over total energy of selected objects
DR(`, `) DR between leading and sub-leading leptons

p

DR(`leading,jetleading) DR between leading lepton and leading jet
p

M(`leading,jetleading) Invariant mass of leading lepton and leading jet
p

M(jetleading,jetsub-leading) Invariant mass of leading jet and sub-leading jet
p

DR(`leading,jetsub-leading) DR between leading lepton and sub-leading jet
p

DR(``,jetleading) DR between dilepton system and leading jet
p p

DpT(`sub-leading, jetsub-leading) psub-leading lepton
T - psub-leading jet

T
p

M(`sub-leading, jetleading) Invariant mass of sub-leading lepton and leading jet
p

6 Systematic uncertainties
The normalization and shape of the signal and the backgrounds are both affected by different
sources of systematic uncertainty. For each source, an induced variation can be parametrised,
and treated as a nuisance parameter in the fit that is described in the next section.

A systematic uncertainty of 2.5% is assigned to the integrated luminosity and is used for signal
and background rates [49]. The efficiency corrections for trigger and offline selection of leptons
were estimated by comparing the efficiency measured in data and in MC simulation using Z
! `` events, based on a tag-and-probe method as in Ref. [50]. The scale factors obtained are
varied by one standard deviation to take into account the corresponding uncertainties on the
efficiency. The jet energy scale and resolution uncertainties depend on pT and h of the jet and
are computed by shifting the energy of each jet coherently and propagating the variation to
~p miss

T [51].

CMS constrains six operator coefficients by 
fitting to signal regions in tt and tW production


Three operators sensitive to flavour
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Top quark measurements

1 Introduction

Properties of the top quark have been explored by the Large Hadron Collider (LHC) and previous collider
experiments in great detail. The production cross sections of top quark pairs and single top quarks, as
well as the top quark mass, spin correlations and W helicity fractions have all been measured with great
precision. Other properties of the top quark are only beginning to be accessible, owing to the large
center-of-mass energy and luminosity at the LHC. These include its coupling to the Higgs boson and weak
neutral-current couplings.

The production of top quark pairs in association with a Z or W boson (tt̄Z and tt̄W) is often found to
be an important background in searches involving final states with multiple leptons and b-quarks. These
processes also constitute an important background in measurements of the associated production of the
Higgs boson with top quarks.

Measurements of tt̄Z and tt̄W also provide a direct probe of the weak couplings of the top quark. These
couplings may be modified in the presence of physics beyond the Standard Model (BSM). Any deviations
from the SM predictions due to BSM e�ects can be parameterized in a model independent way using
the framework of the Standard Model E�ective Field Theory (SMEFT) [1–3]. In case no deviations are
observed, measurements of �t t̄Z and �t t̄W can be used to set constraints on the weak couplings of the top
quark in the SMEFT context [4–6]. The tt̄Z and tt̄W processes have been established by ATLAS [7, 8]
and CMS [9, 10], with measured cross sections compatible with the SM prediction.

This paper presents measurements of the tt̄Z and tt̄W cross sections using 36.1 fb�1 of proton–proton
(pp) collision data at

p
s = 13 TeV collected by the ATLAS detector in 2015 and 2016. The final states

of top-quark pairs produced in association with a Z or a W boson comprise up to four isolated, prompt
leptons.1 In this analysis, decay modes with two opposite-sign (OS) or same-sign (SS) charged leptons,
three or four leptons are considered. An interpretation of the tt̄Z cross section measurement in the SMEFT
framework is also performed.

Table 1 lists the analysis channels and the targeted decay modes of the tt̄Z and tt̄W processes. Each channel
is divided into multiple analysis regions in order to enhance the sensitivity to the signal. Simultaneous
fits are performed to the signal regions and selected control regions in order to extract the cross sections
for tt̄Z and tt̄W production.

Table 1: List of tt̄W and tt̄Z decay modes and analysis channels targeting them. The symbols b and ⌫ denote a
b-quark or antiquark and neutrino or antineutrino, respectively, with charge conjugation implied.

Process tt̄ decay Boson decay Channel

tt̄W (`±⌫b)(qq̄b) `±⌫ SS dilepton
(`±⌫b)(`⌥⌫b) `±⌫ Trilepton

tt̄Z (qq̄b)(qq̄b) `+`� OS dilepton
(`±⌫b)(qq̄b) `+`� Trilepton
(`±⌫b)(`⌥⌫b) `+`� Tetralepton

1 In this paper, lepton is used to denote electron or muon, and prompt lepton is used to denote a lepton produced in a Z or W
boson decay, or the decay of a ⌧-lepton which arises from a Z or W boson decay.

2

Table 8: List of relative uncertainties in the measured cross sections of the tt̄Z and tt̄W processes from the fit,
grouped in categories. All uncertainties are symmetrized. The quadratic sum may not be equal to the total due to
correlations between uncertainties introduced by the fit.

Uncertainty �t t̄Z �t t̄W

Luminosity 2.9% 4.5%
CR and simulated sample statistics 1.8% 7.6%
JES/JER 1.9% 4.1%
Flavor tagging 4.2% 3.7%
Other object-related 3.7% 2.5%
Data-driven background normalization 2.4% 3.9%
Modeling of backgrounds from simulation 5.3% 2.6%
Background cross sections 2.3% 4.9%
Fake leptons and charge misID 1.8% 5.7%
tt̄Z modeling 4.9% 0.7%
tt̄W modeling 0.3% 8.5%

Total systematic 10% 16%
Statistical 8.4% 15%

Total 13% 22%

Table 9: E�ective field theory operators considered and their form in terms of SM fields. The notation of Ref. [6]
is used.

Operator Expression

O
(3)
�Q i 1

2 (�
†
$

D
I

µ�)(Q̄�µ⌧IQ)

O
(1)
�Q i 1

2 (�
†
$

Dµ�)(Q̄�µQ)

O�t i 1
2 (�

†
$

Dµ�)(t̄�µt)
OtW ytgw(Q̄�µ⌫⌧I t)�̃W I

µ⌫

OtB ytgY (Q̄�µ⌫t)�̃Bµ⌫

27

Approximate confidence intervals for the Wilson coe�cients Ci are computed using the formula �(Ci) = ✏ ,
where �(Ci) is the profile likelihood test statistic and the threshold ✏ is set to 0.5 and 2 for the 68% and 95%
confidence levels, respectively. The profile likelihood test statistic is defined as � logL(Ci) + logL(Ĉi),
where L is the profile likelihood as a function of the Wilson coe�cient Ci and the Ĉi is the best fit value
of Ci.

The confidence intervals on Ci are computed considering only the minimum of �(Ci) near Ci = 0. For
coe�cients C(3)

�Q � C
(1)
�Q (C�t ), another, deeper minimum exists for negative values of Ci ⇠ 30 (20), which

are excluded by indirect constraints. The 68% and 95% confidence intervals are shown in Table 10.
Previous constraints on the EFT coe�cients, taken from Ref. [6], are also summarized in Table 10 for
comparison. The lower boundary of the 95% confidence level for C�t is at large negative values of C�t ,
which are excluded by indirect constraints. The tt̄Z measurement provides competitive constraints on
C
(3)
�Q � C

(1)
�Q, C�t and CtB, while the CtW coe�cient is better constrained in measurements of W boson

helicity fractions and single top quark production.

Table 10: The expected and observed 68% and 95% confidence intervals that include the value 0, on Ci/⇤
2 for the

EFT coe�cients C
(3)
�Q, C(1)

�Q, C�t , CtB and CtW . The measurement is sensitive only to the di�erence C
(3)
�Q � C

(1)
�Q.

All results are given in units of 1/TeV2. Previous 95% confidence level constraints as summarized in Ref. [6] are
quoted in the last column.

Coe�cient Expected limits Observed limits Previous constraints
at 68% and 95 % CL at 68% and 95 % CL at 95 % CL

(C
(3)
�Q � C

(1)
�Q)/⇤

2 [-2.1, 1.9], [-4.6, 3.7] [-1.0, 2.7], [-3.4, 4.3] [-3.4, 7.5]
C�t/⇤

2 [-3.8, 2.8], [-23, 5.0] [-2.0, 3.6], [-27, 5.7] [-2.0, 5.7]
CtB/⇤

2 [-8.3, 8.6], [-12, 13] [-11, 10], [-15, 15] [-16, 43]
CtW/⇤2 [-2.8, 2.8], [-4.0, 4.1] [-2.2, 2.5], [-3.6, 3.8] [-0.15, 1.9]

9 Conclusion

Measurements of the production cross sections of a top-quark pair in association with a Z or W boson using
36.1 fb�1 of data collected by the ATLAS detector in

p
s = 13 TeV pp collisions at the LHC are presented.

Final states with two same or opposite-charge leptons, three or four leptons are analyzed. The tt̄Z and tt̄W
production cross sections are determined to be �t t̄Z = 0.95 ± 0.08stat. ± 0.10syst. pb = 0.95 ± 0.13 pb and
�t t̄W = 0.87±0.13stat.±0.14syst. pb = 0.87±0.19 pb. The measured values are found to be consistent with
the SM predictions. The measurements are used to derive confidence intervals on the Wilson coe�cients
of dimension-6 e�ective field theory operators involving the top quark.
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ATLAS individually constrains four operator coefficients by fitting to signal regions in ttZ production
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Figure 11: Data compared to the fit that extracts �t t̄Z and �t t̄W in the (a) trilepton and (b) tetralepton signal
regions targeting the tt̄Z process. Yields for the control regions used to extract the normalization of the W Z and
Z Z backgrounds are also shown. The ‘Other’ background summarizes all small SM backgrounds described in
Section 3. The shaded band represents the total uncertainty.
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Figure 12: Data compared to the fit that extracts �t t̄Z and �t t̄W in the regions targeting the tt̄W process. The ‘Other’
background summarizes all small SM backgrounds described in Section 3. The shaded band represents the total
uncertainty.
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for the parametrisation of the NLO cross section, which can be used in subsequent

phenomenological studies.

This paper is organised as follows. In Section 2, we explain the framework of the

calculation. In particular, we introduce the Higgs-electroweak chiral Lagrangian and

describe how it is applied to Higgs boson pair production, including the NLO QCD

corrections. Section 3 is dedicated to the phenomenological results. We provide a

parametrisation of the NLO cross section in terms of coe�cients of all combinations

of couplings occurring in the NLO cross section. Based on this parametrisation we

show heat maps both at LO and at NLO, where we vary two couplings while keeping

the others fixed to the SM values. Then we give results for total cross sections and

di↵erential distributions at twelve benchmark points and discuss their implications

before we conclude. An appendix explains the conventions used for the tables containing

the di↵erential coe�cients of the couplings in the Higgs boson pair invariant mass

distribution. The values are available in csv format as ancillary files to the arXiv

submission and the JHEP publication. A further appendix compares the treatment of

Higgs-pair production in the Higgs-electroweak chiral Lagrangian and in SMEFT.

2 Details of the calculation

2.1 The Higgs-electroweak chiral Lagrangian

In the present analysis, we will describe the potential impact of physics beyond the

Standard Model through the electroweak chiral Lagrangian including a light Higgs

boson [19, 21, 74]. This framework provides us with a consistent e↵ective field theory

(EFT) for New Physics in the Higgs sector, as we will summarise in the following.

To leading order the Lagrangian is given by

L2 = �
1

2
hGµ⌫G

µ⌫
i �

1

2
hWµ⌫W

µ⌫
i �

1

4
Bµ⌫B

µ⌫ +
X

 =qL,lL,uR,dR,eR

 ̄i 6D 

+
v
2

4
hDµU

†
D

µ
Ui (1 + FU(h)) +

1

2
@µh@

µ
h� V (h)

�v

"
q̄L

 
Yu +

1X

n=1

Y
(n)
u

✓
h

v

◆n
!
UP+qR + q̄L

 
Yd +

1X

n=1

Y
(n)
d

✓
h

v

◆n
!
UP�qR

+l̄L

 
Ye +

1X

n=1

Y
(n)
e

✓
h

v

◆n
!
UP�lR + h.c.

#
. (2.1)

The first line is the unbroken SM, the remainder represents the Higgs sector. Here

h is the Higgs field and U = exp(2i'a
T

a
/v) encodes the electroweak Goldstone fields

– 4 –

Alternatively treat Higgs boson as (non-SM) electroweak singlet & expand in chiral dimensions

At LO Higgs interactions can be 
expressed as SM-like interactions 
with different numerical coefficients
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Kappa multipliers to Lagrangian operators

The dominant effects of new physics are in the Higgs sector in the non-linear-EFT scenario

Constrained experimentally using multiplicative 𝜅 parameters to the Higgs SM-like interactions

Table 36: LO coupling scale factor relations for Higgs boson cross sections and partial decay widths relative to the
SM. For a givenmH hypothesis, the smallest set of degrees of freedom in this framework comprises κW , κZ , κb ,
κt, and κτ. For partial widths that are not detectable at the LHC, scaling is performed via proxies chosen among
the detectable ones. Additionally, the loop-induced vertices can be treated as a function of other κi or effectively,
through the κg and κγ degrees of freedom which allow probing for BSM contributions in the loops. Finally, to
explore invisible or undetectable decays, the scaling of the total width can also be taken as a separate degree of
freedom, κH, instead of being rescaled as a function, κ2H(κi,mH), of the other scale factors.

Production modes
σggH
σSMggH

=

{
κ2g(κb, κt,mH)
κ2g

(94)

σVBF
σSMVBF

= κ2VBF(κW, κZ,mH) (95)

σWH

σSMWH

= κ2W (96)

σZH
σSMZH

= κ2Z (97)

σttH

σSM
ttH

= κ2t (98)

Detectable decay modes
ΓWW(∗)

ΓSM
WW(∗)

= κ2W (99)

ΓZZ(∗)

ΓSM
ZZ(∗)

= κ2Z (100)

Γbb

ΓSM
bb

= κ2b (101)

Γτ−τ+

ΓSM
τ−τ+

= κ2τ (102)

Γγγ

ΓSMγγ
=

{
κ2γ (κb, κt, κτ, κW,mH)
κ2γ

(103)

Currently undetectable decay modes
Γtt

ΓSM
tt

= κ2t (104)

Γgg

ΓSMgg
: see Section 10.2.2

Γcc

ΓSMcc
= κ2t (105)

Γss

ΓSMss
= κ2b (106)

Γµ−µ+

ΓSM
µ−µ+

= κ2τ (107)

ΓZγ

ΓSMZγ
=

{
κ2(Zγ)(κb, κt, κτ, κW,mH)

κ2(Zγ)
(108)

Total width
ΓH

ΓSMH
=

{
κ2H(κi,mH)

κ2H
(109)
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Table 36: LO coupling scale factor relations for Higgs boson cross sections and partial decay widths relative to the
SM. For a givenmH hypothesis, the smallest set of degrees of freedom in this framework comprises κW , κZ , κb ,
κt, and κτ. For partial widths that are not detectable at the LHC, scaling is performed via proxies chosen among
the detectable ones. Additionally, the loop-induced vertices can be treated as a function of other κi or effectively,
through the κg and κγ degrees of freedom which allow probing for BSM contributions in the loops. Finally, to
explore invisible or undetectable decays, the scaling of the total width can also be taken as a separate degree of
freedom, κH, instead of being rescaled as a function, κ2H(κi,mH), of the other scale factors.

Production modes
σggH
σSMggH

=

{
κ2g(κb, κt,mH)
κ2g

(94)

σVBF
σSMVBF

= κ2VBF(κW, κZ,mH) (95)

σWH

σSMWH

= κ2W (96)

σZH
σSMZH

= κ2Z (97)

σttH

σSM
ttH

= κ2t (98)

Detectable decay modes
ΓWW(∗)

ΓSM
WW(∗)

= κ2W (99)

ΓZZ(∗)

ΓSM
ZZ(∗)

= κ2Z (100)

Γbb

ΓSM
bb

= κ2b (101)

Γτ−τ+

ΓSM
τ−τ+

= κ2τ (102)

Γγγ

ΓSMγγ
=

{
κ2γ (κb, κt, κτ, κW,mH)
κ2γ

(103)

Currently undetectable decay modes
Γtt

ΓSM
tt

= κ2t (104)

Γgg

ΓSMgg
: see Section 10.2.2

Γcc

ΓSMcc
= κ2t (105)

Γss

ΓSMss
= κ2b (106)

Γµ−µ+

ΓSM
µ−µ+

= κ2τ (107)

ΓZγ

ΓSMZγ
=

{
κ2(Zγ)(κb, κt, κτ, κW,mH)

κ2(Zγ)
(108)

Total width
ΓH

ΓSMH
=

{
κ2H(κi,mH)

κ2H
(109)

134

See also talk from S. Rosati
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Combination of Higgs boson measurements
Combination of many ATLAS production and decay channels constrains 𝜅 parameters

Table 1: Integrated luminosity of the dataset used for each input analysis to the combination.

Analysis Integrated luminosity (fb�1)
H ! �� (including ttH, H ! ��) 79.8
H! Z Z⇤! 4` (including ttH, H! Z Z⇤! 4`) 79.8
H!WW⇤! e⌫µ⌫ 36.1
H ! ⌧⌧ 36.1
VH, H ! bb̄ 36.1
H ! µµ 79.8
ttH, H ! bb̄ and ttH multilepton 36.1

The simulated Higgs boson samples used to describe the signal processes are described below. Simulated
background samples are described in the individual references for the input analyses. Higgs boson produc-
tion via gluon-gluon fusion is simulated using the P����� B�� [26–29] NNLOPS implementation [30,
31]. The event generator uses HNNLO [32] to reweight the inclusive Higgs boson rapidity distribution
produced by the next-to-leading order (NLO) generation of pp ! H + parton, with the scale of each
parton emission determined using the MiNLO procedure [33]. The PDF4LHC15 parton distribution
functions (PDFs) are used for the central prediction and uncertainty. The sample is normalised such that
it reproduces the total cross-section predicted by a next-to-next-to-next-to-leading-order (N3LO) QCD
calculation with NLO electroweak corrections applied [34–38]. The NNLOPS generator reproduces the
Higgs boson pT distribution predicted by the NNLO plus next-to-next-to-leading logarithm (NNLL) cal-
culation of H���2.3 [39], which includes the e�ects of top- and bottom-quark masses and uses dynamical
renormalisation and factorisation scales.

The VBF and VH production processes are simulated to NLO accuracy in QCD using the P����� B��
[40] generator with the PDF4LHC15 set of PDFs. The VBF sample is normalised to an approximate-
NNLO QCD cross-section with NLO electroweak corrections applied [34, 41–43]. The VH samples are
normalised to cross-sections calculated at NNLO in QCD with NLO electroweak corrections [44, 45] and
additional NLO QCD corrections [46] for the gg ! ZH subprocess [34].

Higgs boson production in association with a top–antitop pair is simulated at NLO accuracy in QCD using
the P����� B�� generator with the PDF4LHC15 set of PDFs for the H! �� and H! Z Z⇤! 4` decay
processes. For other Higgs boson decays, the M��G����5_�MC@NLO [47] generator is used with the
NNPDF3.0 set of PDFs. In both cases the sample is normalised to a calculation with NLO QCD and
electroweak corrections [34, 48–51].

In addition to the primary Higgs boson processes, separate samples are used to model lower-rate processes.
Higgs boson production in association with a bottom–antibottom pair (bb̄H) is simulated using M��-
G����5_�MC@NLO [52] with NNPDF2.3LO PDFs and is normalised to a cross-section calculated to
NNLO in QCD [34, 53–55]. The sample includes the e�ect of interference with the ggF production mech-
anism. Higgs boson production in association with a single top quark and a W boson (tHW) is produced
at LO accuracy using M��G����5_�MC@NLO. Finally, Higgs boson production in association with a
single top quark in the t-channel (tHq) is generated at LO accuracy using M��G����5_�MC@NLO with
CT10 [56] PDFs. The tH samples are normalised to NLO QCD calculations [34, 57].

The parton-level events are input to P�����8 [58] or H�����++ [59] to model the Higgs boson decay,

3

Table 2: Summary of the signal regions entering the combined measurements. Each 0-jet and 1-jet H ! WW⇤ entry corresponds to two categories for a leading
lepton flavour of either e or µ. For H ! ⌧⌧, each entry corresponds to 3 categories for ⌧lep⌧lep, ⌧lep⌧had and ⌧had⌧had, unless otherwise specified. "Multilepton"
refers to decays of the Higgs boson with one or more leptons, and encompasses H ! WW⇤, H ! ⌧⌧, and H ! Z Z⇤ excluding H! Z Z⇤! 4`. The H ! µµ
analysis only enters in the measurement in Section 5.4.3 and is not included here.

H! �� H! Z Z⇤! 4` H ! WW⇤ H ! ⌧⌧ H ! bb̄
ttH leptonic (3 categories) ttH leptonic ttH multilepton 1 ` + 2 ⌧had ttH 1 `, boosted
ttH hadronic (4 categories) ttH hadronic ttH multilepton 2 opposite-sign ` ttH 1 `, resolved (11 categories)

ttH multilepton 2 same-sign ` (categories for 0 or 1 ⌧had) ttH 2 ` (7 categories)
ttH multilepton 3 ` (categories for 0 or 1 ⌧had)
ttH multilepton 4 `

VH 2 ` VH leptonic 2 `, 75  pVT < 150 GeV, Njets = 2

VH 1 `, p
`+Emiss

T
T � 150 GeV 0-jet, p4`

T � 100 GeV 2 `, 75  pVT < 150 GeV, Njets � 3

VH 1 `, p
`+Emiss

T
T <150 GeV 2 `, pVT � 150 GeV, Njets = 2

VH Emiss
T , Emiss

T � 150 GeV 2 `, pVT � 150 GeV, Njets � 3
VH Emiss

T , Emiss
T <150 GeV 1 ` pVT � 150 GeV, Njets = 2

VH+VBF pj1
T � 200 GeV 1 ` pVT � 150 GeV, Njets = 3

VH hadronic (2 categories) 2-jet, mj j < 120 GeV 0 `, pVT � 150 GeV, Njets = 2
0 `, pVT � 150 GeV, Njets = 3

VBF, p�� j jT � 25 GeV (2 categories) 2-jet VBF, pj1
T � 200 GeV 2-jet VBF VBF p⌧⌧T > 140 GeV

VBF, p�� j jT <25 GeV (2 categories) 2-jet VBF, pj1
T <200 GeV (⌧had⌧had only)

VBF high-mj j

VBF low-mj j

2-jet, p��T � 200 GeV 1-jet, p4`
T � 120 GeV 1-jet, m`` < 30 GeV, p`2

T < 20 GeV Boosted, p⌧⌧T > 140 GeV
2-jet, 120 GeV p��T <200 GeV 1-jet, 60 GeV p4`

T <120 GeV 1-jet, m`` < 30 GeV, p`2
T � 20 GeV Boosted, p⌧⌧T  140 GeV

2-jet, 60 GeV p��T <120 GeV 1-jet, p4`
T < 60 GeV 1-jet, m`` � 30 GeV, p`2

T < 20 GeV
2-jet, p��T < 60 GeV 0-jet, p4`

T < 100 GeV 1-jet, m`` � 30 GeV, p`2
T � 20 GeV

1-jet, p��T � 200 GeV 0-jet, m`` < 30 GeV, p`2
T < 20 GeV

1-jet, 120 GeV p��T <200 GeV 0-jet, m`` < 30 GeV, p`2
T � 20 GeV

1-jet, 60 GeV p��T <120 GeV 0-jet, m`` � 30 GeV, p`2
T < 20 GeV

1-jet, p��T < 60 GeV 0-jet, m`` � 30 GeV, p`2
T � 20 GeV

0-jet (2 categories)

8
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limit of 0.37. In the model with BBSM = 0, the compatibility of the measurement with the SM prediction
corresponds to a p-value of pSM = 87%.

Table 9: Fit results for Higgs boson coupling modifiers per particle type with e�ective photon and gluon couplings
and either (a) BBSM = 0 or (b) BBSM included as a free parameter. The SM corresponds to BBSM = 0 and all 
parameters set to unity. All parameters except t are assumed to be positive. For (b), the conditions W ,Z  1 are
also applied.

Parameter (a) no BSM (b) with BSM
Z 1.07 ± 0.10 restricted to Z  1
W 1.07 ± 0.11 restricted to W  1
b 0.97+0.24

�0.22 0.85+0.13
�0.14

t 1.09+0.15
�0.14 1.05+0.14

�0.13

⌧ 1.02+0.17
�0.16 0.95 ± 0.13

� 1.02+0.09
�0.12 0.98+0.05

�0.08

g 1.00+0.12
�0.11 0.97+0.10

�0.09

BBSM - < 0.26 at 95% CL
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Figure 11: Best-fit values and uncertainties of Higgs boson coupling modifiers per particle type with e�ective photon
and gluon couplings and either BBSM = 0 (left), or BBSM included as a free parameter (right). The SM corresponds
to BBSM = 0 and all  parameters set to unity. All parameters except t are assumed to be positive. In the model
with BBSM included as a free parameter, the conditions W ,Z  1 are also applied and an upper limit on BBSM is
reported.

5.4.5 Parameterization using ratios of coupling modifiers

Finally, a model based on ratios of coupling modifiers is defined analogously to the cross-section ratio
model of Section 5.3. The model parameters are the scaling factors defined in Table 10. The paramet-
erization requires no assumption on the total width of the Higgs boson. All parameters are assumed
to be positive. The results are summarized in Table 10 and Figure 12. The compatibility between the
measurement and the SM prediction corresponds to a p-value of pSM = 86%.
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Combination of Higgs boson measurements
ATLAS combination constrains seven 𝜅 parameters and BSM branching fraction
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Combination of Higgs boson measurements
3.1 H ! gg 5

Table 1: Summary of the channels in the analyses included in this combination. The first and
second columns indicate the decay mode and/or production mechanism targeted by an anal-
ysis. Notes on the expected composition of the signal are given in the third column. In some
cases, the composition for subdivisions of different final states or categories that target the
same production process is not given. In these cases an approximate range for the composition
is provided. Where the numbers do not sum to 100%, the remaining contributions are from
other production processes. The third column provides the total number of categories per pro-
duction tag, excluding control regions. Finally, where relevant, the fourth column specifies the
approximate expected relative mass resolution for the SM Higgs boson.

Production and decay tags Expected signal composition
Number of

Mass resolution
categories

H ! gg, Section 3.1
Untagged 74–91% ggH 4
VBF 51–80% VBF 3
VH hadronic 25% WH, 15% ZH 1
WH leptonic 64–83% WH 2
ZH leptonic 98% ZH 1
VH pmiss

T 59% VH 1

gg

ttH 80–89% ttH, ⇡8% tH 2

⇡1–2%

H ! ZZ(⇤) ! 4`, Section 3.2
Untagged ⇡95% ggH 3
VBF 1, 2-jet ⇡11–47% VBF 6
VH hadronic ⇡13% WH, ⇡10% ZH 3
VH leptonic ⇡46% WH 3
VH pmiss

T ⇡56% ZH 3

4µ, 2e2µ/2µ2e, 4e

ttH ⇡71% ttH 3

⇡1–2%

H ! WW(⇤) ! `n`n, Section 3.3
ggH 0, 1, 2-jet ⇡55–92% ggH, up to ⇡15% H ! tt 17

eµ/µe
VBF 2-jet ⇡47% VBF, up to ⇡25% H ! tt 2

ee+µµ ggH 0, 1-jet ⇡84–94% ggH 6
eµ+jj VH 2-jet 22% VH, 21% H ! tt 1

3` WH leptonic ⇡80% WH, up to 19% H ! tt 2
4` ZH leptonic 85–90% ZH, up to 14% H ! tt 2

⇡20%

H ! tt, Section 3.4
0-jet ⇡70–98% ggH, 29% H ! WW in eµ 4
VBF ⇡35–60% VBF, 42% H ! WW in eµ 4eµ, eth, µth, thth

Boosted ⇡48–83% ggH, 43% H ! WW in eµ 4
⇡10–20%

VH production with H ! bb, Section 3.5
Z(nn)bb ZH leptonic ⇡100% VH, 85% ZH 1
W(`n)bb WH leptonic ⇡100% VH, ⇡97% WH 2

Low-pT(V) ZH leptonic ⇡100% ZH, of which ⇡20% ggZH 2
Z(``)bb

High-pT(V) ZH leptonic ⇡100% ZH, of which ⇡36% ggZH 2

⇡10%

Boosted H Production with H ! bb, Section 3.6
H ! bb pT(H) bins ⇡72–79% ggH 6 ⇡10%

ttH production with H ! leptons, Section 3.7.1
2`ss WW/tt ⇡ 4.5, ⇡5% tH 10
3` WW : tt : ZZ ⇡ 15 : 4 : 1, ⇡5% tH 4
4` WW : tt : ZZ ⇡ 6 : 1 : 1, ⇡3% tH 1
1`+2th 96% ttH with H ! tt, ⇡6% tH 1
2`ss+1th tt : WW ⇡ 5 : 4, ⇡5% tH 2

H ! WW, tt, ZZ

3`+1th tt : WW : ZZ ⇡ 11 : 7 : 1, ⇡3% tH 1
ttH production with H ! bb, Section 3.7.2

tt ! jets ⇡83–97% ttH with H ! bb 6
tt ! 1`+jets ⇡65–95% ttH with H ! bb, up to 20% H ! WW 18H ! bb
tt ! 2`+jets ⇡84–96% ttH with H ! bb 3

Search for H ! µµ, Section 3.8
µµ S/B bins 56–96% ggH, 1–42% VBF 15 ⇡1–2%

Search for invisible H decays, Section 3.9
VBF 52% VBF, 48% ggH 1
ggH + � 1 jet 80% ggH, 9% VBF 1
VH hadronic 54% VH, 39% ggH 1

H ! invisible

ZH leptonic ⇡100% ZH, of which 21% ggZH 1

Combination of many CMS production and decay channels constrains eight 𝜅 parameters

8.2 Generic model within k-framework with effective loops 25

Table 7: Best fit values and ±1s uncertainties for the parameters of the k model in which the
loop processes are resolved. The expected uncertainties are given in brackets.

Parameter Best fit value Uncertainty

stat. syst.

kW 1.10 +0.12
�0.17

+0.08
�0.16

+0.08
�0.06

(+0.11
�0.10) (+0.08

�0.08) (+0.06
�0.06)

kZ 0.99 +0.11
�0.12

+0.09
�0.10

+0.06
�0.07

(+0.11
�0.11) (+0.09

�0.09) (+0.06
�0.06)

kt 1.11 +0.12
�0.10

+0.07
�0.07

+0.09
�0.08

(+0.11
�0.12) (+0.07

�0.08) (+0.09
�0.09)

kb �1.10 +0.33
�0.23

+0.29
�0.16

+0.15
�0.17

(+0.22
�0.22) (+0.15

�0.15) (+0.17
�0.16)

kt 1.01 +0.16
�0.20

+0.11
�0.17

+0.12
�0.11

(+0.17
�0.15) (+0.12

�0.10) (+0.12
�0.11)

kµ 0.79 +0.58
�0.79

+0.56
�0.80

+0.14
�0.00

(+0.50
�1.01) (+0.50

�1.01) (+0.08
�0.10)
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Figure 11: Summary plots for the k-framework model in which the ggH and H ! gg loops are
scaled with effective couplings. The points indicate the best fit values while the thick and thin
horizontal bars show the 1s and 2s CL intervals, respectively. In the left figure the constraint
BBSM = 0 is imposed, and both positive and negative values of kW and kZ are considered. In
the right figure a constraint |kW|, |kZ|  1 is imposed (same sign of kW and kZ), while Binv > 0
and Bundet > 0 are free parameters.

Also constrains BSM branching fraction & invisible decay
CMS, 1809.10733 (2018)



Combination of Higgs boson measurements

Combination of CMS differential cross sections used to study pairs of 𝜅 parameters

Low pTH sensitive to b & c quark loops in gluon fusion

Constraints on pairs of parameters dominated by rate (through total width)

Also study ttH + ggF and ttH + bbH pairs of coupling modifiers

Rate + shape Shape only

-18.0 < 𝜅c < 22.9

!27
CMS, CMS PAS HIG-17-028 (2018) See also talk from A. de Wit
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Summary

SM effective field theory operators now broadly used to interpret 
Higgs, Electroweak and top measurements at the LHC


Extensive combination frameworks applied to Higgs measurements to 
constrain effective couplings


These are the ingredients to a global SM EFT fit


Global fit will require expanded coordination of experimental 
combination across measurements and theoretical feedback on fit 
strategies and uncertainties


