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Higgs mass very precisely 
measured, probably more 
precisely than we’ll ever need

Several decay modes observed 
with high significance: γγ, ZZ*, 
WW*, ττ. BB not too far from 
present sensitivity. Non-trivial 
constraints on μμ and Zγ modes 

Two distinct production modes 
observed: gluon fusion, and 
vector-boson fusion. VH and ttH 
associated production not too 
far from Run-1 sensitivity

 Measured rates in perfect 
agreement with SM predictions 
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Figure 7: Best fit values of �i · B f for each specific channel i ! H ! f , as obtained from the generic paramet-
erisation with 23 parameters for the combination of the ATLAS and CMS measurements. The error bars indicate
the 1� intervals. The fit results are normalised to the SM predictions for the various parameters and the shaded
bands indicate the theoretical uncertainties in these predictions. Only 20 parameters are shown because some are
either not measured with a meaningful precision, in the case of the H ! ZZ decay channel for the WH, ZH, and
ttH production processes, or not measured at all and therefore fixed to their corresponding SM predictions, in the
case of the H ! bb decay mode for the ggF and VBF production processes.
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Higgs in Run-1

Signal strengths in Run-1

1. Introduction

The elucidation of the mechanism of electroweak (EW) symmetry breaking has been one of the main
goals driving the design of the ATLAS [1] and CMS [2] experiments at the CERN LHC. In the Standard
Model (SM) of particle physics [3–6], the breaking of the symmetry is achieved through the introduction
of a complex doublet scalar field, leading to the prediction of the existence of one physical neutral scalar
particle, commonly known as the Higgs boson [7–12]. Through Yukawa interactions, the Higgs scalar
field can also account for fermion masses [4, 13]. While the SM does not predict the value of the Higgs
boson mass, mH , the production cross sections and decay branching fractions (B) of the Higgs boson can
be precisely calculated once its mass is known.

In 2012, the ATLAS and CMS Collaborations reported the observation of a new particle with a mass
of approximately 125 GeV and Higgs-boson-like properties [14–16]. Subsequent results from both ex-
periments, summarised in Refs. [17–21], established that all measurements of the properties of the new
particle, including its spin, CP properties, and coupling strengths to SM particles, are consistent within
the uncertainties with those expected for the SM Higgs boson. ATLAS and CMS have published a com-
bined measurement of the Higgs boson mass [22], using LHC Run 1 data for the H ! �� and H ! ZZ
channels, where Run 1 indicates the LHC proton–proton (pp) data taking period in 2011 and 2012 at
centre-of-mass energies

p
s = 7 and 8 TeV. The combined mass measurement is

mH = 125.09 ± 0.21(stat.) ± 0.11(syst.) GeV, (1)

where the total uncertainty is dominated by the statistical component. The Higgs boson mass is assumed
to be mH = 125.09 GeV for all analyses presented in this paper.

This paper reports the first ATLAS and CMS combined measurements of the Higgs boson production
and decay rates as well as constraints on its couplings to SM particles. These measurements yield the
most precise and comprehensive experimental results on these quantities to date. The main production
processes studied are gluon fusion (ggF), vector boson fusion (VBF), and associated production with
vector bosons (WH and ZH, denoted together as VH) or a pair of top quarks (ttH). The decay channels
considered are those to bosons, H ! ZZ, H ! WW, and H ! ��; and to fermions, H ! ⌧⌧, H ! bb,
and H ! µµ. Throughout this paper, Z and W indicate both real and virtual vector bosons, and no
distinction is made between particles and antiparticles.

All analyses used in the combination are based on the complete Run 1 collision data collected by the
ATLAS and CMS experiments. These data correspond to integrated luminosities per experiment of ap-
proximately 5 fb�1 at

p
s = 7 TeV (recorded in 2011) and 20 fb�1 at

p
s = 8 TeV (recorded in 2012).

The results of the ATLAS and CMS individual combinations based on the Run 1 data are reported in
Refs. [17, 18].

Unless otherwise stated, in this paper it is assumed, as in Refs. [17, 18], that the particle under study is
a single SM-like Higgs boson state, i.e. a CP-even scalar particle with the tensor coupling structure of
the SM for its interactions. The Higgs boson width, predicted to be approximately 4 MeV in the SM, is
assumed to be small enough that the narrow-width approximation is valid and that the Higgs boson pro-
duction and decay mechanisms can be factorised. These assumptions are corroborated by tests of the spin
and CP properties of the Higgs boson [20, 21] and by studies of its width [18, 23–25]. The Higgs boson
signal modelling is based on the hypothesis of a SM Higgs boson in terms of its production and decay
kinematics. Measurements of di↵erential production cross sections [26–29] support these assumptions
within the current statistical uncertainties. The inherent model dependence related to these hypotheses
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Table 13: Measured signal strengths µ and their total uncertainties for di↵erent Higgs boson decay channels. The
results are shown for the combination of ATLAS and CMS, and separately for each experiment, for the combinedp

s = 7 and 8 TeV data. The expected uncertainties in the measurements are displayed in parentheses. These results
are obtained assuming that the Higgs boson production process cross sections at

p
s = 7 and 8 TeV are the same as

in the SM.

Decay channel ATLAS+CMS ATLAS CMS

µ�� 1.14 +0.19
�0.18 1.14 +0.27

�0.25 1.11 +0.25
�0.23

⇣

+0.18
�0.17

⌘ ⇣

+0.26
�0.24

⌘ ⇣

+0.23
�0.21

⌘

µZZ 1.29 +0.26
�0.23 1.52 +0.40

�0.34 1.04 +0.32
�0.26

⇣

+0.23
�0.20

⌘ ⇣

+0.32
�0.27

⌘ ⇣

+0.30
�0.25

⌘

µWW 1.09 +0.18
�0.16 1.22 +0.23

�0.21 0.90 +0.23
�0.21

⇣

+0.16
�0.15

⌘ ⇣

+0.21
�0.20

⌘ ⇣

+0.23
�0.20

⌘

µ⌧⌧ 1.11 +0.24
�0.22 1.41 +0.40

�0.36 0.88 +0.30
�0.28

⇣

+0.24
�0.22

⌘ ⇣

+0.37
�0.33

⌘ ⇣

+0.31
�0.29

⌘

µbb 0.70 +0.29
�0.27 0.62 +0.37

�0.37 0.81 +0.45
�0.43

⇣

+0.29
�0.28

⌘ ⇣

+0.39
�0.37

⌘ ⇣

+0.45
�0.43

⌘

µµµ 0.1 +2.5
�2.5 �0.6 +3.6

�3.6 0.9 +3.6
�3.5

⇣

+2.4
�2.3

⌘ ⇣

+3.6
�3.6

⌘ ⇣

+3.3
�3.2

⌘

Higgs boson decays are also studied with six independent signal strengths, one for each decay channel
included in the combination, assuming that the Higgs boson production cross sections are the same as in
the SM. Unlike the production signal strengths, these decay-based signal strengths are independent of the
collision centre-of-mass energy and therefore the

p
s = 7 and 8 TeV data sets can be combined without

additional assumptions. Table 13 and Fig. 13 present the best fit results for the combination of ATLAS
and CMS, and separately for each experiment (the results for µµµ are only reported in Table 13). The
p-value of the compatibility between the data and the SM predictions is 75%.

From the combined likelihood scans it is possible to evaluate the significances for the observation of the
di↵erent production processes and decay channels. The combination of the data from the two experiments
corresponds to summing their recorded integrated luminosities and consequently increases the sensitivity
by approximately a factor of

p
2, since the theoretical uncertainties in the Higgs boson signal are only

weakly relevant for this evaluation and all the other significant uncertainties are uncorrelated between the
two experiments. The results are reported in Table 14 for all production processes and decay channels,
except for those that have already been clearly observed, namely the ggF production process and the
H ! ZZ, H ! WW, and H ! �� decay channels. The combined significances for the observation of the
VBF production process and of the H ! ⌧⌧ decay are each above 5�, and the combined significance for
the VH production process is above 3�. The combined significance for the ttH process is 4.4�, whereas
only 2.0� is expected, corresponding to a measured excess of 2.3� with respect to the SM prediction.
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Figure 14: Negative log-likelihood contours at 68% CL in the (µ f
ggF+ttH , µ f

VBF+VH) plane for the combination of
ATLAS and CMS, as obtained from the ten-parameter fit described in the text for each of the five decay channels
H ! ZZ, H ! WW, H ! ��, H ! ⌧⌧, and H ! bb. The best fit values obtained for each of the five decay
channels are also shown, together with the SM expectation.

mass measurements in the di↵erent channels. Several BSM models predict, for example, a superposition
of states with indistinguishable mass values [121–124], possibly with di↵erent coupling structures to the
SM particles. With such an assumption, it may be possible to distinguish between single and multiple
states by measuring the cross sections of individual production processes independently for each decay
mode, as described in Section 4.1.1. Several methods have been proposed to assess the compatibility
of the data with a single state [125, 126]. A test for the possible presence of overlapping Higgs boson
states is performed, based on a profile likelihood ratio suggested in Ref. [127]. This test accounts both
for missing measurements, such as the H ! bb decay mode in the ggF and VBF production processes,
and for uncertainties in the measurements, including their correlations.
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Higgs in Run-1
Non-trivial correlations between measured signal strengths of different production 

modes. Unfortunately,  public information not enough to fully reconstruct them 

HR2

Higgs Run-2
(last compiled September 7, 2016)

Decay Production µ

��

 
ggh + tth

VBF + Vh

!  
1.05+0.44

�0.41

1.16+0.27
�0.24

!

Wh 0.5+1.3
�1.2

Zh 0.5+3.0
�2.5

tt̄h 2.2+1.6
�1.3

Z� incl. 2.7+4.5
�4.3 [1] & �0.2+4.9

�4.9 [2]

ZZ⇤

 
ggh + tth

VBF + Vh

!  
1.42+0.37

�0.33

0.47+1.37
�0.92

!

WW ⇤

 
ggh + tth

VBF + Vh

!  
0.98+0.22

�0.20

1.38+0.41
�0.37

!

Wh 1.6+1.2
�1.0

Zh 5.9+2.6
�2.2

tt̄h 5.0+1.8
�1.7

⌧+⌧�

 
ggh

VBF

!  
1.0+0.6

�0.6

1.3+0.4
�0.4

!

Wh �1.4+1.4
�1.4

Zh 2.2+2.2
�1.8

tt̄h �1.9+3.7
�3.3

bb̄ Wh 1.0+0.5
�0.5

Zh 0.4+0.4
�0.4

tt̄h 1.15+0.99
�0.94

µ+µ� incl. 0.1+2.5
�2.5

Table 1: The LHC Run-1 Higgs results used in the fit. All the numbers except for Z�
are taken from the ATLAS+CMS combination in Ref. [3]. Here µ is the ratio between
the observed Higgs signal rate in a given production and decay channel, and the one
predicted by the SM. For the signal strengths collected in one bracket experimental
correlations are taken into account; other correlations are ignored.
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For Higgs analyses, the energy gain from 8 to 13 TeV is less relevant than for 
heavy new physics searches: cross section increases only by factor of 2. 
Therefore, progress with respect to run-1 is less spectacular. 

Nevertheless, already enough data analyzed to rediscover the Higgs boson at 13 
TeV, and rates are measured with similar precision as in Run-1 

So far, Higgs rediscovered in γγ and ZZ channels

Combination of H!γγ and H!ZZ* 

•  Combine H!γγ and H!Z!4l inclusive samples, with no categorization 

•  Higgs production is observed with 10σ significance (8.6σ expected) with 13 TeV data 
in agreement with SM expectations 

  Measurement at 13 TeV SM prediction at 13 TeV 

 σ (pb) 59.0+9.7
-9.2(stat)+4.4

-3.5(syst) 55.5+2.4
-3.4  

µ 1.13+0.18
-0.17 1 

ATLAS-CONF-2016-081 

Comparable precision to Run 1  
Florencia Canelli - University of Zurich 17 

Higgs in Run-2
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Higgs in Run-2
So far...

Where run-2 measurements are available,
 precision is comparable to run-1 results 

Channel Production µ(ATLAS) µ(CMS)

�� ggh 0.59+0.29
�0.28 0.77+0.25

�0.23

VBF 2.24+0.80
�0.71 1.61+0.90

�0.80

Vh 0.23+1.27
�1.05 -

tth �0.25+1.26
�0.99 1.9+1.5

�1.2

ZZ⇤ ggh 1.37+0.37
�0.34 0.96+0.40

�0.33

VBF 3.7+2.8
�2.1 0.67+1.61

�0.67

Vh 0.00+2.54
�0.17 -

tth - 8.4+13.1
�8.2

WW ⇤ inc - 0.3± 0.5

bb̄ VBF �3.9+2.8
�2.9 �3.7+2.4

�2.5

Vh 0.21+0.51
�0.50 -

tth 2.1+1.0
�0.9 �2.0+1.8

�1.8

multi-` cats. 2.5+1.3
�1.1 2.3+0.9

�0.8

Table 2: The LHC Run-2 Higgs results used in the fit. For run-2, all experimental
correlations are ignored for the time being.
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For ttH, cross section increases by factor of 4 
between 8 and 13 TeV LHC, so progress is faster.

Naively combining 13 and 8 TeV results, one could 
claim discovery of ttH and a 2.5 sigma hint of 
new physics!

Higgs tth production

ttH(!bb) 
•  Largest branching ratio and large background, also offers 

sensitivity to the Higgs-Bottom Yukawa coupling 

•  Analysis strategy: categorize events according to amount of 
leptons, jets, b-jets 
–  Main background tt+heavy flavour production: very challenging 

theoretical description 
 
•  Dominant systematic uncertainty: signal and background 

modeling and normalization (larger than statistical 
uncertainty) 

ATLAS –CONF-2016-080 

CMS-PAS-HIG-16-004 

Florencia Canelli - University of Zurich 20 

 = 125 GeVH at m
SM

σ/σ = µBest fit 
10− 5− 0 5

Combined

Dilepton

Lepton+Jets

CMS Preliminary  (13 TeV)-12.7 fb

µ = −2.0−1.8
+1.8

µ = 2.1−0.9
+1.0

ttH(multileptons) 
•  Targets Higgs decays and focus on final states with clean 

signatures and low backgrounds 

•  Signature: 2-4 leptons, 2 or more jets, and at least 1 b-
tagged jet. Allows at least one τhad 

•  Dominant systematic uncertainty: fake-rate measurements 
and non-prompt background estimates 

ATLAS-CONF-2016-058 

CMS-PAS-HIG-16-022 

t

b

W+

ν!

"+

t̄

b̄

W−

"−

ν̄!

H
W+

W−

ν!

"+

"−

ν̄!

g

g

And also H!ZZ, H!ττ  

Florencia Canelli - University of Zurich 22 

µ = 2.5−1.1
+1.3

µ = 2.0−0.7
+0.8

ttH combination  ATLAS-CONF-2016-068 µ =1.7−0.8
+0.7

(naive!)

Table 12: Measured signal strengths µ and their total uncertainties for di↵erent Higgs boson production processes.
The results are shown for the combination of ATLAS and CMS, and separately for each experiment, for the com-
bined

p
s = 7 and 8 TeV data. The expected uncertainties in the measurements are displayed in parentheses. These

results are obtained assuming that the Higgs boson branching fractions are the same as in the SM.

Production process ATLAS+CMS ATLAS CMS

µggF 1.03 +0.16
�0.14 1.26 +0.23

�0.20 0.84 +0.18
�0.16

⇣

+0.16
�0.14

⌘ ⇣

+0.21
�0.18

⌘ ⇣

+0.20
�0.17

⌘

µVBF 1.18 +0.25
�0.23 1.21 +0.33

�0.30 1.14 +0.37
�0.34

⇣

+0.24
�0.23

⌘ ⇣

+0.32
�0.29

⌘ ⇣

+0.36
�0.34

⌘

µWH 0.89 +0.40
�0.38 1.25 +0.56

�0.52 0.46 +0.57
�0.53

⇣

+0.41
�0.39

⌘ ⇣

+0.56
�0.53

⌘ ⇣

+0.60
�0.57

⌘

µZH 0.79 +0.38
�0.36 0.30 +0.51

�0.45 1.35 +0.58
�0.54

⇣

+0.39
�0.36

⌘ ⇣

+0.55
�0.51

⌘ ⇣

+0.55
�0.51

⌘

µttH 2.3 +0.7
�0.6 1.9 +0.8

�0.7 2.9 +1.0
�0.9

⇣

+0.5
�0.5

⌘ ⇣

+0.7
�0.7

⌘ ⇣

+0.9
�0.8

⌘

5.2. Signal strengths of individual production processes and decay channels

The global signal strength is the most precisely measured Higgs boson coupling-related observable, but
this simple parameterisation is very model dependent, since all Higgs boson production and decay meas-
urements are combined assuming that all their ratios are the same as in the SM. The compatibility of the
measurements with the SM can be tested in a less model-dependent way by relaxing these assumptions
separately for the production cross sections and the decay branching fractions.

Assuming the SM values for the Higgs boson branching fractions, namely µ f = 1 in Eq. (7), the five main
Higgs boson production processes are explored with independent signal strengths: µggF, µVBF, µWH , µZH ,
and µttH . A combined analysis of the ATLAS and CMS data is performed with these five signal strengths
as parameters of interest. The results are shown in Table 12 for the combined

p
s = 7 and 8 TeV data

sets. The signal strengths at the two energies are assumed to be the same for each production process.
Figure 12 illustrates these results with their total uncertainties. The p-value of the compatibility between
the data and the SM predictions is 24%.
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Effective Field Theory 
approach to Higgs data
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Effective Theory Approach to BSM

New physics scale Λ separated from EW scale v, Λ >> v 

Linearly realized SU(3)xSU(2)xU(1) local symmetry spontaneously broken by VEV 
of Higgs doublet field

Basic assumptions

EFT Lagrangian beyond the SM  expanded in operator dimension D 

Appear when starting from BSM theory,
and integrating out heavy particles with m≈Λ Cutoff scale of EFT
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Effective Theory Approach to BSM

New physics scale Λ separated from EW scale v, Λ >> v 

Linearly realized SU(3)xSU(2)xU(1) local symmetry spontaneously broken by VEV 
of Higgs doublet field

Basic assumptions

EFT Lagrangian beyond the SM  expanded in operator dimension D 

X X X
Lepton number or B-L violating, 

hence too small to probed at LHC

By assumption, 
subleading

to D=6

Generated by integrating out 
heavy particle with mass scale Λ
In large class of BSM models, 

describe leading effects of new physics
on weak scale observables
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To understand all possible leading order deformations of Higgs 
couplings, we just need to know all possible D=6 operators

First attempts to classify dimension-6 operators back in 1986

First complete and  non-redundant set of operators explicitly 
written down only in 2010

Operators can be traded for other operators using integration 
by parts, field redefinition, equations of motion, Fierz 
transformation, etc

Because of that, one can choose many different bases == non-
redundant sets of operators 

EFT approach to BSM

Grządkowski et al.
 1008.4884

see e.g. 
Grządkowski et al. 1008.4884
Giudice et al  hep-ph/0703164

Contino et al 1303.3876 

Buchmuller,Wyler
pre-arxiv (1986)
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Example of a basis: Warsaw Basis

Assuming baryon and lepton 
number conservation, 

59 different
 kinds of operators,

of which 17 are complex  

Grządkowski et al.
 1008.4884

2499 distinct operators, 
including flavor structure

 and CP conjugates
Alonso et al 1312.2014

be more easily linked to collider observables such as (di↵erential) cross sections and

decay widths.

Deriving collider predictions in an EFT with higher-dimensional operators involves

several subtleties that need to be taken into account.

• In the SM, the electroweak parameters gL, gY , v are customarily determined

from input observables: the electromagnetic coupling constant ↵, the Z boson

mass mZ , and the muon lifetime ⌧µ. In the presence of D=6 operators the

SM relations between the input observables and the Lagrangian parameters

can be distorted. For example, the bosonic operator OHD contributes to the

Z boson mass, while the 4-fermion operator [O``]1221 contributes to the muon

decay width. The corresponding Wilson coe�cients thus enter by the back door

into all theory predictions that involve the electroweak parameters.

• In the SM, with the mass eigenstates defined as in Section 2.1, all kinetic terms

of the mass eigenstates are diagonal and canonically normalized. D=6 operators

may disrupt this arrangement. For example, OHD and OH⇤ contribute to the

kinetic term of the Higgs boson, whileOHG, OHW , andOHB to those of the gauge

Bosonic CP-even

OH (H†H)3

OH⇤ (H†H)⇤(H†H)

OHD

��H†DµH
��2

OHG H†H Ga
µ⌫G

a
µ⌫

OHW H†HW i
µ⌫W

i
µ⌫

OHB H†H Bµ⌫Bµ⌫

OHWB H†�iHW i
µ⌫Bµ⌫

OW ✏ijkW i
µ⌫W

j
⌫⇢W k

⇢µ

OG fabcGa
µ⌫G

b
⌫⇢G

c
⇢µ

Bosonic CP-odd

O
H eG H†H eGa

µ⌫G
a
µ⌫

O
HfW H†H fW i

µ⌫W
i
µ⌫

O
H eB H†H eBµ⌫Bµ⌫

O
HfWB

H†�iH fW i
µ⌫Bµ⌫

OfW ✏ijkfW i
µ⌫W

j
⌫⇢W k

⇢µ

O eG fabc eGa
µ⌫G

b
⌫⇢G

c
⇢µ

Table 2.2: Bosonic d = 6 operators in the Warsaw basis.

14

bosons. Finally, OHWB leads to kinetic mixing between the hypercharge and

SU(2) gauge bosons. The corresponding Wilson coe�cients enter the theory

predictions through modification of the propagators of the SM particles.

There is no obstacle to consistently take into account the e↵ects of D=6 operators

on the propagators and input observables. However, I find it more convenient to

use a formalism where all such e↵ects are rotated away, and the e↵ects of higher-

dimensional operators reside (almost) exclusively in the interaction terms of the SM

mass eigenstates. This can be achieved by using the freedom to redefine the fields

Yukawa

[O†
eH ]IJ H†HecIH

†`J

[O†
uH ]IJ H†HucI

eH†qJ

[O†
dH ]IJ H†HdcIH

†qJ

Vertex

[O(1)
H`]IJ i¯̀I �̄µ`JH† !DµH

[O(3)
H`]IJ i¯̀I�i�̄µ`JH†�i !DµH

[OHe]IJ iecI�µē
c
JH

† !DµH

[O(1)
Hq]IJ iq̄I �̄µqJH† !DµH

[O(3)
Hq]IJ iq̄I�i�̄µqJH†�i !DµH

[OHu]IJ iucI�µū
c
JH

† !DµH

[OHd]IJ idcI�µd̄
c
JH

† !DµH

[OHud]IJ iucI�µd̄
c
JH̃

†DµH

Dipole

[O†
eW ]IJ ecI�µ⌫H

†�i`JW i
µ⌫

[O†
eB]IJ ecI�µ⌫H

†`JBµ⌫

[O†
uG]IJ ucI�µ⌫T

a eH†qJ Ga
µ⌫

[O†
uW ]IJ ucI�µ⌫

eH†�iqJ W i
µ⌫

[O†
uB]IJ ucI�µ⌫

eH†qJ Bµ⌫

[O†
dG]IJ dcI�µ⌫T

aH†qJ Ga
µ⌫

[O†
dW ]IJ dcI�µ⌫H̄

†�iqJ W i
µ⌫

[O†
dB]IJ dcI�µ⌫H

†qJ Bµ⌫

Table 2.3: Two-fermion D=6 operators in the Warsaw basis. The flavor indices are
denoted by I, J . For complex operators (OHud and all Yukawa and dipole operators)
the corresponding complex conjugate operator is implicitly included.
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Bosonic CP-even

OH
1

2v2

⇥
@µ(H†H)

⇤2

OT
1

2v2

⇣
H† !DµH

⌘2

O6 � �
v2 (H†H)3

Og
g2
s

m2
W
H†H Ga

µ⌫G
a
µ⌫

O�
g02

m2
W
H†H Bµ⌫Bµ⌫

OW
ig

2m2
W

⇣
H†�i !DµH

⌘
D⌫W i

µ⌫

OB
ig0

2m2
W

⇣
H† !DµH

⌘
@⌫Bµ⌫

OHW
ig

2m2
W

�
DµH†�iD⌫H

�
W i

µ⌫

OHB
ig0

2m2
W

�
DµH†D⌫H

�
Bµ⌫

O2W
1

m2
W
DµW i

µ⌫D⇢W i
⇢⌫

O2B
1

m2
W
@µBµ⌫@⇢B⇢⌫

O2G
1

m2
W
DµGa

µ⌫D⇢Ga
⇢⌫

O3W
g3

m2
W
✏ijkW i

µ⌫W
j
⌫⇢W

k
⇢µ

O3G
g3
s

m2
W
fabcGa

µ⌫G
b
⌫⇢G

c
⇢µ

Bosonic CP-odd

eOGG
g2
s

m2
W
H†H eGa

µ⌫G
a
µ⌫

eOBB
g02

m2
W
H†H eBµ⌫Bµ⌫

eOHW
ig

2m2
W

�
DµH†�iD⌫H

�fW i
µ⌫

eOHB
ig

2m2
W

�
DµH†D⌫H

� eBµ⌫

eO3W
g3

m2
W
✏ijkfW i

µ⌫W
j
⌫⇢W

k
⇢µ

eO3G
g3
s

m2
W
fabc eGa

µ⌫G
b
⌫⇢G

c
⇢µ

Table 1: Bosonic D=6 operators in the SILH basis.

Yukawa and Vertex

[Oe]ij

p
2meimej

v H†H ¯̀
iHej

[Ou]ij

p
2muimuj

v H†Hq̄i eHuj

[Od]ij

p
2mdi

mdj

v H†Hq̄iHdj

[OH`]ij i¯̀i�µ`jH† !DµH

[O0
H`]ij

i
v2

¯̀
i�k�µ`jH†�k !DµH

[OHe]ij
i
v2 ēi�µējH† !DµH

[OHq]ij
i
v2 q̄i�µqjH† !DµH

[O0
Hq]ij

i
v2 q̄i�k�µqjH†�k !DµH

[OHu]ij
i
v2 ūi�µujH† !DµH

[OHd]ij
i
v2 d̄i�µdjH† !DµH

[OHud]ij
i
v2 ūi�µdjH̃†DµH

Dipole

[OeW ]ij
g

m2
W

p
2meimej

v
¯̀
i�kH�µ⌫ejW k

µ⌫

[OeB ]ij
g0

m2
W

p
2meimej

v
¯̀
iH�µ⌫ejBµ⌫

[OuG]ij
gs

m2
W

p
2muimuj

v q̄iH̃�µ⌫T aujGa
µ⌫

[OuW ]ij
g

m2
W

p
2muimuj

v q̄i�kH̃�µ⌫ujW k
µ⌫

[OuB ]ij
g0

m2
W

p
2muimuj

v q̄iH̃�µ⌫ujBµ⌫

[OdG]ij
gs

m2
W

p
2mdi

mdj

v q̄iH�µ⌫T adjGa
µ⌫

[OdW ]ij
g

m2
W

p
2mdi

mdj

v q̄i�kH�µ⌫djW k
µ⌫

[OdB ]ij
g0

m2
W

p
2mdi

mdj

v q̄iH�µ⌫djBµ⌫

Table 2: Two-fermion dimension-6 operators in the SILH basis. They are the same as in the
Warsaw basis, except that the operators [OH`]11, [O0

H`]11 are absent by definition. We define
�µ⌫ = i[�µ, �⌫ ]/2. In this table, e, u, d are always right-handed fermions, while ` and q are
left-handed. For complex operators the complex conjugate operator is implicit.
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Giudice et al  hep-ph/0703164
Contino et al 1303.3876 

More bosonic operators, 
at the expense of some 2-fermion 

and 4-fermion operators
Total still adds up to 2499 

Bosonic CP-even

OH
1

2v2

⇥
@µ(H†H)

⇤2

OT
1

2v2

⇣
H† !DµH

⌘2

O6 � �
v2 (H†H)3

Og
g2
s

m2
W
H†H Ga

µ⌫G
a
µ⌫

O�
g02

m2
W
H†H Bµ⌫Bµ⌫

OW
ig

2m2
W

⇣
H†�i !DµH

⌘
D⌫W i

µ⌫

OB
ig0

2m2
W

⇣
H† !DµH

⌘
@⌫Bµ⌫

OHW
ig

2m2
W

�
DµH†�iD⌫H

�
W i

µ⌫

OHB
ig0

2m2
W

�
DµH†D⌫H

�
Bµ⌫

O2W
1

m2
W
DµW i

µ⌫D⇢W i
⇢⌫

O2B
1

m2
W
@µBµ⌫@⇢B⇢⌫

O2G
1

m2
W
DµGa

µ⌫D⇢Ga
⇢⌫

O3W
g3

m2
W
✏ijkW i

µ⌫W
j
⌫⇢W

k
⇢µ

O3G
g3
s

m2
W
fabcGa

µ⌫G
b
⌫⇢G

c
⇢µ

Bosonic CP-odd

eOGG
g2
s

m2
W
H†H eGa

µ⌫G
a
µ⌫

eOBB
g02

m2
W
H†H eBµ⌫Bµ⌫

eOHW
ig

2m2
W

�
DµH†�iD⌫H

�fW i
µ⌫

eOHB
ig

2m2
W

�
DµH†D⌫H

� eBµ⌫

eO3W
g3

m2
W
✏ijkfW i

µ⌫W
j
⌫⇢W

k
⇢µ

eO3G
g3
s

m2
W
fabc eGa

µ⌫G
b
⌫⇢G

c
⇢µ

Table 1: Bosonic D=6 operators in the SILH basis.

Yukawa and Vertex

[Oe]ij

p
2meimej

v H†H ¯̀
iHej

[Ou]ij

p
2muimuj

v H†Hq̄i eHuj

[Od]ij

p
2mdi

mdj

v H†Hq̄iHdj

[OH`]ij i¯̀i�µ`jH† !DµH

[O0
H`]ij

i
v2

¯̀
i�k�µ`jH†�k !DµH

[OHe]ij
i
v2 ēi�µējH† !DµH

[OHq]ij
i
v2 q̄i�µqjH† !DµH

[O0
Hq]ij

i
v2 q̄i�k�µqjH†�k !DµH

[OHu]ij
i
v2 ūi�µujH† !DµH

[OHd]ij
i
v2 d̄i�µdjH† !DµH

[OHud]ij
i
v2 ūi�µdjH̃†DµH

Dipole

[OeW ]ij
g

m2
W

p
2meimej

v
¯̀
i�kH�µ⌫ejW k

µ⌫

[OeB ]ij
g0

m2
W

p
2meimej

v
¯̀
iH�µ⌫ejBµ⌫

[OuG]ij
gs

m2
W

p
2muimuj

v q̄iH̃�µ⌫T aujGa
µ⌫

[OuW ]ij
g

m2
W

p
2muimuj

v q̄i�kH̃�µ⌫ujW k
µ⌫

[OuB ]ij
g0

m2
W

p
2muimuj

v q̄iH̃�µ⌫ujBµ⌫

[OdG]ij
gs

m2
W

p
2mdi

mdj

v q̄iH�µ⌫T adjGa
µ⌫

[OdW ]ij
g

m2
W

p
2mdi

mdj

v q̄i�kH�µ⌫djW k
µ⌫

[OdB ]ij
g0

m2
W

p
2mdi

mdj

v q̄iH�µ⌫djBµ⌫

Table 2: Two-fermion dimension-6 operators in the SILH basis. They are the same as in the
Warsaw basis, except that the operators [OH`]11, [O0

H`]11 are absent by definition. We define
�µ⌫ = i[�µ, �⌫ ]/2. In this table, e, u, d are always right-handed fermions, while ` and q are
left-handed. For complex operators the complex conjugate operator is implicit.
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Higgs couplings to matter in D=6 EFT

LHCHXSWG-INT-2015-001 

Higgs couplings to 2 gauge bosons:

Higgs couplings to 2 fermions:

Lagrangian also contains Higgs couplings to:
- 2 fermions and 1 or more gauge bosons
- 3 or 4 gauge bosons 
- itself (quartic and higher)
 

The dipole-type contact interactions of the Higgs boson are parametrized as:

Ldipole = � h

4v2

2

4gs
X

f2u,d

pmfimfj

v
f̄L,i�µ⌫T

a[dhGf ]ijfR,jG
a
µ⌫ + e

X

f2u,d,e

pmfimfj

v
f̄L,i�µ⌫ [dhAf ]ijfR,jAµ⌫

+
p
g2 + g02

X

f2u,d,e

pmfimfj

v
f̄L,i�µ⌫ [dhZf ]ijfR,jZµ⌫

+
p
2g

p
muimuj

v
d̄L,i�µ⌫ [dhWu]ijuR,jW

�
µ⌫ +

p
2g

pmdimdj

v
ūL,i�µ⌫ [dhWd]ijdR,jW

+
µ⌫

+
p
2g

p
meimej

v
⌫̄L,i�µ⌫ [dhWe]ijeR,jW

+
µ⌫

�
+ h.c.,

(3.22)

where dhAf , , dhZf , and dhWf are general complex 3 ⇥ 3 matrices. The coe�cients are simply
related to the corresponding dipole interactions in Eq. (3.10):

dhV f = dV f . (3.23)

Dimension-6 operators can also induce single Higgs couplings to more than 2 gauge bosons,
but we do not display them here.

Higgs boson self-couplings and double Higgs couplings

The cubic Higgs boson self-coupling and couplings of two Higgs boson fields to matter play a role
in the EFT description of double Higgs production [31, 32]. The cubic Higgs boson self-coupling
is parametrized as

Lh,self = �(�+ ��3)vh
3. (3.24)

The relation between the cubic Higgs coupling correction and the Wilson coe�cients in the SILH
basis is given by

��3 = �

✓
c̄6 � 3

2
c̄H � 1

2
[c̄0H`]22

◆
. (3.25)

In accordance with the condition #4, the 2-derivative Higgs boson self-couplings have been traded
for other equivalent interactions and do not occur in the mass eigenstate Lagrangian. Self-
interactions terms with 4, 5, and 6 Higgs boson fields may also arise from dimension-6 operators,
but we do not display them here.

The interactions between two Higgs bosons and two other SM fields are parametrized as
follows:

Lhh = h2
⇣
1 + 2�c(2)z

⌘ g2 + g02

4
ZµZµ + h2

⇣
1 + 2�c(2)w

⌘ g2

2
W+

µ W�
µ � h2

2v2

X

f ;ij

p
mfimfj

h
f̄i,R[y

(2)
f ]ijfj,L + h.c.

i
.

+
h2

8v2

⇣
c(2)gg g

2
sG

a
µ⌫G

a
µ⌫ + 2c(2)wwg

2W+
µ⌫W

�
µ⌫ + c(2)zz (g

2 + g02)Zµ⌫Zµ⌫ + 2c(2)z� gg
0Zµ⌫Aµ⌫ + c(2)�� e

2Aµ⌫Aµ⌫

⌘

+
h2

8v2

⇣
c̃(2)gg g

2
sG

a
µ⌫G̃

a
µ⌫ + 2c̃(2)wwg

2W+
µ⌫W̃

�
µ⌫ + c̃(2)zz (g

2 + g02)Zµ⌫Z̃µ⌫ + 2c̃(2)z� gg
0Zµ⌫Ãµ⌫ + c̃(2)�� e

2Aµ⌫Ãµ⌫

⌘

� h2

2v2

⇣
g2c(2)w2(W

+
µ @⌫W

�
⌫µ +W�

µ @⌫W
+
⌫µ) + g2c(2)z2Zµ@⌫Z⌫µ + gg0c(2)�2Zµ@⌫A⌫µ

⌘
. (3.26)
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BSM corrections to Higgs couplings in BSMC Lagrangian can be related by linear 
transformation to Wilson coefficients of any basis of D=6 operators

Unexpected dependence of fermionic operators due to rescaling of SM couplings

Corrections to Higgs and other SM couplings are O(1/Λ^2) in  EFT expansion.

Higgs couplings to matter

Example:
Higgs couplings 
expressed by 

SILH Wilson coefficients 

See 
LHCHXSWG-INT-2015-001

for full dictionary and other bases 

SILH basis by

cgg =
16

g2
c̄g,

c�� =
16

g2
c̄� ,

czz = � 4

g2 + g02


c̄HW +

g02

g2
c̄HB � 4

g02

g2
s2✓ c̄�

�
,

cz2 =
2

g2


c̄W + c̄HW + c̄2W +

g02

g2
(c̄B + c̄HB + c̄2B)� 1

2
c̄T +

1

2
[c̄0H`]22

�
,

cz� =
2

g2
�
c̄HB � c̄HW � 8s2✓ c̄�

�
,

c�2 =
2

g2
(c̄HW � c̄HB) +

4

g2 � g02


c̄W + c̄2W +

g02

g2
(c̄B + c̄2B)� 1

2
c̄T +

1

2
[c̄0H`]22

�
,

cww = � 4

g2
c̄HW ,

cw2 =
2c̄HW

g2
+

2

g2 � g02


c̄W + c̄2W +

g02

g2
(c̄B + c̄2B)� 1

2
c̄T +

1

2
[c̄0H`]22

�
, (3.18)

c̃gg =
16

g2
c̃g,

c̃�� =
16

g2
c̃� ,

c̃zz = � 4

g2 + g02


c̃HW +

g02

g2
c̃HB � 4

g02

g2
s2✓ c̃�

�
,

c̃z� =
2

g2
�
c̃HB � c̃HW � 8s2✓ c̃�

�
,

c̃ww = � 4

g2
c̃HW . (3.19)

Next, couplings of the Higgs boson to a gauge field and two fermions (which are not present
in the SM Lagrangian) can be generated by dimension-6 operators. The vertex-like contact
interactions between the Higgs, electroweak gauge bosons, and fermions are parametrized as:

Lhvff =
p
2g

h

v
W+

µ

⇣
ūL�µ�g

hWq
L dL + ūR�µ�g

hWq
R dR + ⌫̄L�µ�g

hW `
L eL

⌘
+ h.c.

+ 2
h

v

p
g2 + g02Zµ

2

4
X

f=u,d,e,⌫

f̄L�µ�g
hZf
L fL +

X

f=u,d,e

f̄R�µ�g
hZf
R fR

3

5 , (3.20)

By construction (condition #6), the coe�cients of these interaction are equal to the corresponding
vertex correction in Eq. (3.7):

�ghzf = �gZf , �ghWf = �gWf . (3.21)
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We first define the Higgs boson couplings to a pair of fermions:

Lh↵ = �h

v

X

f2u,d,e

X

ij

p
mfimfj

⇣
�ij + [�yf ]ije

i[�f ]ij
⌘
f̄R,ifL,j + h.c., (3.14)

where [�yf ]ij and �ij are general 3 ⇥ 3 matrices with real element. The corrections to the SM
Yukawa interactions are related to the Wilson coe�cients in the SILH basis by

[�yf ]ije
i[�f ]ij = �[c̄f ]ij � �ij

1

2

⇥
c̄H + [c̄0H`]22

⇤
. (3.15)

Next, we define the following single Higgs boson couplings to a pair of the SM gauge fields:

Lhvv =
h

v


(1 + �cw)

g2v2

2
W+

µ W�
µ + (1 + �cz)

(g2 + g02)v2

4
ZµZµ

+cww
g2

2
W+

µ⌫W
�
µ⌫ + c̃ww

g2

2
W+

µ⌫W̃
�
µ⌫ + cw2g

2
�
W�

µ @⌫W
+
µ⌫ + h.c.

�

+cgg
g2s
4
Ga

µ⌫G
a
µ⌫ + c��

e2

4
Aµ⌫Aµ⌫ + cz�

e
p
g2 + g02

2
Zµ⌫Aµ⌫ + czz

g2 + g02

4
Zµ⌫Zµ⌫

+cz2g
2Zµ@⌫Zµ⌫ + c�2gg

0Zµ@⌫Aµ⌫

+c̃gg
g2s
4
Ga

µ⌫G̃
a
µ⌫ + c̃��

e2

4
Aµ⌫Ãµ⌫ + c̃z�

e
p
g2 + g02

2
Zµ⌫Ãµ⌫ + c̃zz

g2 + g02

4
Zµ⌫Z̃µ⌫

#
,

(3.16)

where all the couplings above are real. The terms in the first two lines describe corrections to the
SM Higgs couplings to W and Z, while the remaining terms introduce Higgs couplings to gauge
bosons with a tensor structure that is absent in the SM Lagrangian. Note that, using equations of
motion, we could get rid of certain 2-derivative interactions between the Higgs and gauge bosons:
hZµ@⌫Z⌫µ, hZµ@⌫A⌫µ, and hW±

µ @⌫W⌥
⌫µ. These interactions would then be traded for contact

interactions of the Higgs, gauge bosons and fermions in Eq. (3.7). However, one of the defining
features of our e↵ective Lagrangian is that the coe�cients of the latter couplings are equal to
the corresponding vertex correction in Eq. (3.7). This form can be always obtained, without any
loss of generality, starting from an arbitrary dimension-6 Lagrangian provided the 2-derivative
hVµ@⌫V⌫µ are kept in the Lagrangian. Note that we work in the limit where the neutrinos are
massless and the Higgs boson does not couple to the neutrinos. In the EFT context, the couplings
to neutrinos induced by dimension-5 operators are proportional to neutrino masses, therefore they
are far too small to have any relevance for LHC phenomenology.

The shifts of the Higgs couplings to W and Z bosons are related to the Wilson coe�cients in
the SILH basis by

�cw = �1

2
c̄H � 1

g2 � g02


4g02(c̄W + c̄B + c̄2B + c2W )� 2g2c̄T +

3g2 + g02

2
[c̄0H`]22

�
,

�cz = �1

2
c̄H � 3

2
[c̄0H`]22, (3.17)

The two-derivative Higgs couplings to gauge bosons are related to the Wilson coe�cients in the

11

The dipole-type contact interactions of the Higgs boson are parametrized as:

Ldipole = � h

4v2

2

4gs
X

f2u,d

pmfimfj

v
f̄L,i�µ⌫T

a[dhGf ]ijfR,jG
a
µ⌫ + e

X

f2u,d,e

pmfimfj

v
f̄L,i�µ⌫ [dhAf ]ijfR,jAµ⌫

+
p
g2 + g02

X

f2u,d,e

pmfimfj

v
f̄L,i�µ⌫ [dhZf ]ijfR,jZµ⌫

+
p
2g

p
muimuj

v
d̄L,i�µ⌫ [dhWu]ijuR,jW

�
µ⌫ +

p
2g

pmdimdj

v
ūL,i�µ⌫ [dhWd]ijdR,jW

+
µ⌫

+
p
2g

p
meimej

v
⌫̄L,i�µ⌫ [dhWe]ijeR,jW

+
µ⌫

�
+ h.c.,

(3.22)

where dhAf , , dhZf , and dhWf are general complex 3 ⇥ 3 matrices. The coe�cients are simply
related to the corresponding dipole interactions in Eq. (3.10):

dhV f = dV f . (3.23)

Dimension-6 operators can also induce single Higgs couplings to more than 2 gauge bosons,
but we do not display them here.

Higgs boson self-couplings and double Higgs couplings

The cubic Higgs boson self-coupling and couplings of two Higgs boson fields to matter play a role
in the EFT description of double Higgs production [31, 32]. The cubic Higgs boson self-coupling
is parametrized as

Lh,self = �(�+ ��3)vh
3. (3.24)

The relation between the cubic Higgs coupling correction and the Wilson coe�cients in the SILH
basis is given by

��3 = �

✓
c̄6 � 3

2
c̄H � 1

2
[c̄0H`]22

◆
. (3.25)

In accordance with the condition #4, the 2-derivative Higgs boson self-couplings have been traded
for other equivalent interactions and do not occur in the mass eigenstate Lagrangian. Self-
interactions terms with 4, 5, and 6 Higgs boson fields may also arise from dimension-6 operators,
but we do not display them here.

The interactions between two Higgs bosons and two other SM fields are parametrized as
follows:

Lhh = h2
⇣
1 + 2�c(2)z

⌘ g2 + g02

4
ZµZµ + h2

⇣
1 + 2�c(2)w

⌘ g2

2
W+

µ W�
µ � h2

2v2

X

f ;ij

p
mfimfj

h
f̄i,R[y

(2)
f ]ijfj,L + h.c.

i
.

+
h2

8v2

⇣
c(2)gg g

2
sG

a
µ⌫G

a
µ⌫ + 2c(2)wwg

2W+
µ⌫W

�
µ⌫ + c(2)zz (g

2 + g02)Zµ⌫Zµ⌫ + 2c(2)z� gg
0Zµ⌫Aµ⌫ + c(2)�� e

2Aµ⌫Aµ⌫

⌘

+
h2

8v2

⇣
c̃(2)gg g

2
sG

a
µ⌫G̃

a
µ⌫ + 2c̃(2)wwg

2W+
µ⌫W̃

�
µ⌫ + c̃(2)zz (g

2 + g02)Zµ⌫Z̃µ⌫ + 2c̃(2)z� gg
0Zµ⌫Ãµ⌫ + c̃(2)�� e

2Aµ⌫Ãµ⌫

⌘

� h2

2v2

⇣
g2c(2)w2(W

+
µ @⌫W

�
⌫µ +W�

µ @⌫W
+
⌫µ) + g2c(2)z2Zµ@⌫Z⌫µ + gg0c(2)�2Zµ@⌫A⌫µ

⌘
. (3.26)
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Corrections to Higgs couplings in phenomenological effective Lagrangian can be 
related by linear transformation to Wilson coefficients of any basis of D=6 
operators

Unexpected dependence of fermionic operators due to rescaling of SM couplings

Corrections to Higgs and other SM couplings are O(1/Λ^2) in  EFT expansion.

Higgs couplings to matter

Grządkowski et al.
 1008.4884

See 
LHCHXSWG-INT-2015-001

for full dictionary and other bases 

where again all the couplings are real. Finally, to define a complete basis of D=6

operators in the next section I will need the dipole type couplings:

Ldipole = �1 + h/v

4v

"
gs

X

f2u,d

p
mfImfJ

v
f c
I�µ⌫T

a[dGf ]IJe
i↵Gf

IJ fJG
a
µ⌫

+e
X

f2u,d,e

p
mfImfJ

v
f c
i �µ⌫ [dAf ]IJe

i↵Af
IJ fJAµ⌫

+
q

g2L + g2Y
X

f2u,d,e

p
mfImfJ

v
f c
I�µ⌫ [dZf ]IJe

i↵Zf
IJ fJZµ⌫

+
p
2gL

p
muImuJ

v
uc
I�µ⌫ [dWu]IJdJW

+
µ⌫ +

p
2gL

p
mdImdJ

v
dcI�µ⌫ [dWd]IJuJW

�
µ⌫

+
p
2gL

p
meImeJ

v
ecI�µ⌫ [dWe]IJe

i↵We
IJ ⌫JW

�
µ⌫ + h.c.

�
,

(2.34)

where �µ⌫ = i
2 (�µ�̄⌫ � �⌫ �̄µ), and dAf , ↵Af , dZf , ↵Zf are Hermitian 3 ⇥ 3 matrices,

while dWf are general complex 3⇥ 3 matrices.

The BSM parameters in Eq. (2.32) and Eq. (2.33) are related to the Wilson

coe�cients in the Warsaw basis by:

�cw = cH⇤ � 5g2L � g2Y
4(g2L � g2Y )

cHD � 4gLgY
g2L � g2Y

cHWB +
3g2L + g2Y
4(g2L � g2Y )

⇣
[c``]1221 � 2[c(3)H`]11 � 2[c(3)H`]22

⌘
,

�cz = cH⇤ � 1

4
cHD +

3

4

⇣
[c``]1221 � 2[c(3)H`]11 � 2[c(3)H`]22

⌘
(2.35)

[�yf ]IJe
i�f

IJ = � vp
2mfImfJ

[c†fH ]IJ+�IJ

✓
cH⇤ � 1

4
cHD +

1

4
[c``]1221 � 1

2
[c(3)H`]11 �

1

2
[c(3)H`]22

◆
,

(2.36)

22

cgg =
4

g2s
cHG,

cww =
4

g2L
cHW ,

c�� = 4

✓
1

g2L
cHW +

1

g2Y
cHB � 1

gLgY
cHWB

◆
,

czz = 4
g2LcHW + g2Y cHB + gLgY cHWB

(g2L + g2Y )
2

,

cz� =
4cHW � 4cHB � 2

g2L�g2Y
gLgY

cHWB

g2L + g2Y
, (2.37)

c̃gg =
4

g2s
cHG̃,

c̃�� = 4

✓
1

g2L
cHW̃ +

1

g2Y
cHB̃ � 1

gLgY
cHW̃B

◆
,

c̃zz = 4
g2LcHW̃ + g2Y cHB̃ + gLgY cHW̃B

(g2L + g2Y )
2

,

c̃z� =
4cHW̃ � 4cHB̃ � 2

g2L�g2Y
gLgY

cHW̃B

g2L + g2Y
, (2.38)

cz⇤ =
1

2g2L

⇣
cHD � [c``]1221 + 2[c(3)H`]11 + 2[c(3)H`]22

⌘
,

c�⇤ =
1

g2L � g2Y

✓
2
g2L + g2Y
gLgY

cHWB + cHD � [c``]1221 + 2[c(3)H`]11 + 2[c(3)H`]22

◆
,

cw⇤ =
1

2(g2L � g2Y )

✓
4
gY
gL

cHWB + cHD � [c``]1221 + 2[c(3)H`]11 + 2[c(3)H`]22

◆
, (2.39)
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Example:
Higgs couplings 
expressed by 

Warsaw Wilson coefficients 
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D=6 EFT with linearly realized 
SU(3)xSU(2)xU(1) enforces 
relations between Higgs 
couplings to gauge bosons 
(otherwise, more parameters) 

These relations are independent 
in which basis of D=6 operators 
the Higgs couplings are 
calculated 

Effective Lagrangian: Higgs couplings to matter

relative correction to W mass

LHCHXSWG-INT-2015-001 
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Bird’s eye view of EFT space 

EWPT

Flavo
r

Higgs

Warsaw or SILH 
Basis

x

y

z

x’

y’

e.g. 

contributes both 
to Higgs couplings and 
to W/Z mass difference 
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Higgs Basis - parameters
EFT parameters along EWPT unconstrained directions  

affecting LHC Higgs observables at leading order

Higgs couplings to 
gauge bosons

Higgs couplings to
fermions

Higgs couplings to
itself

Assuming Minimal Flavor Violation, and that parameters 
strongly constrained at LO by EWPT can be ignored, 
we have 10 CP-even and 6 CP-odd parameters to be 

constrained by LHC Higgs analyses
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Constraints on EFT parameters 
from LHC Higgs data 
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• Vector boson associated production (Vh), qq̄ → V h, where V = W,Z,

σWh

σSM
Wh

" 1 + 2δcw +




6.39
6.51
6.96



 cw! +




1.49
1.49
1.50



 cww

→ 1 + 2δcz +




9.26
9.43
10.08



 cz! +




4.35
4.41
4.63



 czz −




0.81
0.84
0.93



 czγ −




0.43
0.44
0.48



 cγγ

σZh

σSM
Zh

" 1 + 2δcz +




5.30
5.40
5.72



 cz! +




1.79
1.80
1.82



 czz +




0.80
0.82
0.87



 cγ! +




0.22
0.22
0.22



 czγ,

→ 1 + 2δcz +




7.61
7.77
8.24



 cz! +




3.31
3.35
3.47



 czz −




0.58
0.60
0.65



 czγ +




0.27
0.28
0.30



 cγγ.

(4.7)

The numbers in the columns refer to the LHC collision energy of
√
s =7, 8, and 13 TeV.

• Top pair associated production, gg → htt̄:

σtth

σSM
tth

" 1 + 2δyu. (4.8)

Decay

• h → f f̄ . Higgs boson decays into 2 fermions occur at the tree level in the SM via the
Yukawa couplings in Eq. (2.17). In the presence of D = 6 operators they are affected via the
corrections to the Yukawa couplings in Eq. (3.5):

Γcc

ΓSM
cc

" 1 + 2δyu,
Γbb

ΓSM
bb

" 1 + 2δyd,
Γττ

ΓSM
ττ

" 1 + 2δye, (4.9)

where I abbreviate Γ(h → Y ) ≡ ΓY .

• h → VV. In the SM, Higgs decays into on-shell gauge bosons: gluon pairs gg, photon pairs
γγ, and Zγ occur only at the one-loop level. In the presence of D = 6 operators these decays
are corrected already at the tree level by the 2-derivative contact interactions of the Higgs
boson with two vector bosons in Eq. (3.3). The relative decay widths are given by

ΓV V

ΓSM
V V

"
∣∣∣∣1 +

ĉvv
cSMvv

∣∣∣∣
2

, vv ∈ {gg, γγ, zγ}, (4.10)

where

ĉγγ = cγγ , cSMγγ " −8.3× 10−2,

ĉzγ = czγ, cSMzγ " −5.9× 10−2, (4.11)
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Production

For the relevant partonic processes of Higgs production at the LHC, the cross section relative
to the SM one depends on the effective theory parameters as follows:

• Gluon fusion (ggh), gg → h:
σggh

σSM
ggh

"
∣∣∣∣1 +

ĉgg
cSMgg

∣∣∣∣
2

, (4.2)

where

ĉgg " cgg +
1

12π2

[
δyuAf

(
m2

h

4m2
t

)
+ δydAf

(
m2

h

4m2
b

)]
,

cSMgg "
1

12π2

[
Af

(
m2

h

4m2
t

)
+ Af

(
m2

h

4m2
b

)]
,

Af(τ) ≡
3

2τ 2
[(τ − 1)f(τ) + τ ] ,

f(τ) ≡

{
arcsin2√τ τ ≤ 1

−1
4

[
log 1+

√
1−τ−1

1−
√
1−τ−1

− iπ
]2

τ > 1
. (4.3)

As discussed in Ref. [88], in this case it is appropriate to calculate cSMgg at the leading order
in QCD because then the large k-factors, approximately common for cgg and δyu, cancel in
the ratio.7 Numerically,

ĉgg " cgg + (8.7δyu − (0.3− 0.3i)δyd)× 10−3, cSMgg " (8.4 + 0.3i)× 10−3, (4.4)

σggh

σSM
ggh

" 1 + 237cgg + 2.06δyu − 0.06δyd. (4.5)

• Vector boson fusion (VBF), qq → hqq:

σV BF

σSM
V BF

" 1 + 1.49δcw + 0.51δcz −




1.08
1.11
1.23



 cw! − 0.10cww −




0.35
0.35
0.40



 cz!

−0.04czz − 0.10cγ! − 0.02czγ
→ 1 + 2δcz − 2.25cz! − 0.83czz + 0.30czγ + 0.12cγγ. (4.6)

The numbers in the columns multiplying cw! and cz! refer to the LHC collision energy of√
s =7, 8, and 13 TeV; for other parameters the dependence is weaker. The expression

after the arrow arises due to replacing the dependent couplings by the independent ones in
Eq. (3.2). Each LHC Higgs analysis uses somewhat different cuts to isolate the VBF signal,
and the relative cross section slightly depends on these cuts. The result in Eq. (4) has been
computed numerically by simulating the parton-level process in MadGraph5 [90] at the tree
level with the cuts pT,q > 20 GeV, |ηq| < 5 and mqq > 250 GeV. Replacing the last cut by
mqq > 500 GeV affects the numbers at the level of 5%.

7Accidentally, with the SM parameters used in this review, the dependence on δyd is also captured with a decent
accuracy by this procedure. One can compare Eq. (4.5) to NLO QCD results in Ref. [89], where the coefficient in
front of δyd is found to be −0.06 for

√
s = 8 TeV, and −0.05 for

√
s = 14 TeV.

11

Dependence of Higgs production on EFT parameters

Production

For the relevant partonic processes of Higgs production at the LHC, the cross section relative
to the SM one depends on the effective theory parameters as follows:

• Gluon fusion (ggh), gg → h:
σggh

σSM
ggh

"
∣∣∣∣1 +

ĉgg
cSMgg

∣∣∣∣
2

, (4.2)

where

ĉgg " cgg +
1

12π2

[
δyuAf

(
m2

h

4m2
t

)
+ δydAf

(
m2

h

4m2
b

)]
,

cSMgg "
1

12π2

[
Af

(
m2

h

4m2
t

)
+ Af

(
m2

h

4m2
b

)]
,

Af(τ) ≡
3

2τ 2
[(τ − 1)f(τ) + τ ] ,

f(τ) ≡

{
arcsin2√τ τ ≤ 1

−1
4

[
log 1+

√
1−τ−1

1−
√
1−τ−1

− iπ
]2

τ > 1
. (4.3)

As discussed in Ref. [88], in this case it is appropriate to calculate cSMgg at the leading order
in QCD because then the large k-factors, approximately common for cgg and δyu, cancel in
the ratio.7 Numerically,

ĉgg " cgg + (8.7δyu − (0.3− 0.3i)δyd)× 10−3, cSMgg " (8.4 + 0.3i)× 10−3, (4.4)

σggh

σSM
ggh

" 1 + 237cgg + 2.06δyu − 0.06δyd. (4.5)

• Vector boson fusion (VBF), qq → hqq:

σV BF

σSM
V BF

" 1 + 1.49δcw + 0.51δcz −




1.08
1.11
1.23



 cw! − 0.10cww −




0.35
0.35
0.40



 cz!

−0.04czz − 0.10cγ! − 0.02czγ
→ 1 + 2δcz − 2.25cz! − 0.83czz + 0.30czγ + 0.12cγγ. (4.6)

The numbers in the columns multiplying cw! and cz! refer to the LHC collision energy of√
s =7, 8, and 13 TeV; for other parameters the dependence is weaker. The expression

after the arrow arises due to replacing the dependent couplings by the independent ones in
Eq. (3.2). Each LHC Higgs analysis uses somewhat different cuts to isolate the VBF signal,
and the relative cross section slightly depends on these cuts. The result in Eq. (4) has been
computed numerically by simulating the parton-level process in MadGraph5 [90] at the tree
level with the cuts pT,q > 20 GeV, |ηq| < 5 and mqq > 250 GeV. Replacing the last cut by
mqq > 500 GeV affects the numbers at the level of 5%.

7Accidentally, with the SM parameters used in this review, the dependence on δyd is also captured with a decent
accuracy by this procedure. One can compare Eq. (4.5) to NLO QCD results in Ref. [89], where the coefficient in
front of δyd is found to be −0.06 for

√
s = 8 TeV, and −0.05 for

√
s = 14 TeV.
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• Vector boson associated production (Vh), qq̄ → V h, where V = W,Z,

σWh

σSM
Wh

" 1 + 2δcw +




6.39
6.51
6.96



 cw! +




1.49
1.49
1.50



 cww

→ 1 + 2δcz +




9.26
9.43
10.08



 cz! +




4.35
4.41
4.63



 czz −




0.81
0.84
0.93



 czγ −




0.43
0.44
0.48



 cγγ

σZh

σSM
Zh

" 1 + 2δcz +




5.30
5.40
5.72



 cz! +




1.79
1.80
1.82



 czz +




0.80
0.82
0.87



 cγ! +




0.22
0.22
0.22



 czγ,

→ 1 + 2δcz +




7.61
7.77
8.24



 cz! +




3.31
3.35
3.47



 czz −




0.58
0.60
0.65



 czγ +




0.27
0.28
0.30



 cγγ.

(4.7)

The numbers in the columns refer to the LHC collision energy of
√
s =7, 8, and 13 TeV.

• Top pair associated production, gg → htt̄:

σtth

σSM
tth

" 1 + 2δyu. (4.8)

Decay

• h → f f̄ . Higgs boson decays into 2 fermions occur at the tree level in the SM via the
Yukawa couplings in Eq. (2.17). In the presence of D = 6 operators they are affected via the
corrections to the Yukawa couplings in Eq. (3.5):

Γcc

ΓSM
cc

" 1 + 2δyu,
Γbb

ΓSM
bb

" 1 + 2δyd,
Γττ

ΓSM
ττ

" 1 + 2δye, (4.9)

where I abbreviate Γ(h → Y ) ≡ ΓY .

• h → VV. In the SM, Higgs decays into on-shell gauge bosons: gluon pairs gg, photon pairs
γγ, and Zγ occur only at the one-loop level. In the presence of D = 6 operators these decays
are corrected already at the tree level by the 2-derivative contact interactions of the Higgs
boson with two vector bosons in Eq. (3.3). The relative decay widths are given by

ΓV V

ΓSM
V V

"
∣∣∣∣1 +

ĉvv
cSMvv

∣∣∣∣
2

, vv ∈ {gg, γγ, zγ}, (4.10)

where

ĉγγ = cγγ , cSMγγ " −8.3× 10−2,

ĉzγ = czγ, cSMzγ " −5.9× 10−2, (4.11)
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• Vector boson associated production (Vh), qq̄ → V h, where V = W,Z,

σWh

σSM
Wh

" 1 + 2δcw +




6.39
6.51
6.96



 cw! +




1.49
1.49
1.50



 cww

→ 1 + 2δcz +




9.26
9.43
10.08



 cz! +




4.35
4.41
4.63



 czz −




0.81
0.84
0.93



 czγ −




0.43
0.44
0.48



 cγγ

σZh

σSM
Zh

" 1 + 2δcz +




5.30
5.40
5.72



 cz! +




1.79
1.80
1.82



 czz +




0.80
0.82
0.87



 cγ! +




0.22
0.22
0.22



 czγ,

→ 1 + 2δcz +




7.61
7.77
8.24



 cz! +




3.31
3.35
3.47



 czz −




0.58
0.60
0.65



 czγ +




0.27
0.28
0.30



 cγγ.

(4.7)

The numbers in the columns refer to the LHC collision energy of
√
s =7, 8, and 13 TeV.

• Top pair associated production, gg → htt̄:

σtth

σSM
tth

" 1 + 2δyu. (4.8)

Decay

• h → f f̄ . Higgs boson decays into 2 fermions occur at the tree level in the SM via the
Yukawa couplings in Eq. (2.17). In the presence of D = 6 operators they are affected via the
corrections to the Yukawa couplings in Eq. (3.5):

Γcc

ΓSM
cc

" 1 + 2δyu,
Γbb

ΓSM
bb

" 1 + 2δyd,
Γττ

ΓSM
ττ

" 1 + 2δye, (4.9)

where I abbreviate Γ(h → Y ) ≡ ΓY .

• h → VV. In the SM, Higgs decays into on-shell gauge bosons: gluon pairs gg, photon pairs
γγ, and Zγ occur only at the one-loop level. In the presence of D = 6 operators these decays
are corrected already at the tree level by the 2-derivative contact interactions of the Higgs
boson with two vector bosons in Eq. (3.3). The relative decay widths are given by

ΓV V

ΓSM
V V

"
∣∣∣∣1 +

ĉvv
cSMvv

∣∣∣∣
2

, vv ∈ {gg, γγ, zγ}, (4.10)

where

ĉγγ = cγγ , cSMγγ " −8.3× 10−2,

ĉzγ = czγ, cSMzγ " −5.9× 10−2, (4.11)
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while ĉgg and cSMgg are defined in Eq. (4.3). Note that contributions to Γγγ and Γzγ arising
due to corrections to the SM Higgs couplings to the W bosons and fermions are not included
in Eq. (4.11), unlike in Eq. (4.3). The reason is that, for these processes, corrections from
D = 6 operators are included at the tree level only. If these particular one-loop corrections
were included, one should also consistently include all one-loop corrections to this process
arising at the D = 6 level, some of which are divergent and require renormalization. The net
result would be to redefine ĉγγ = cren.γγ − 0.11δcw + 0.02δyu + . . . , and ĉzγ = cren.zγ − 0.06δcw +
0.003δyt + . . . . Here ”ren.” stands for “renormalized” and the dots stand for a dependence
on other Lagrangian parameters (cww, cw!, and corrections to triple gauge couplings). A
full next-to-leading order computation of these processes have not been yet attempted in the
literature.

• h → 4f . The decay process h → 2"2ν (where " here stands for charged leptons) proceeds via
intermediate W bosons. The relative width is given by

Γ2"2ν

ΓSM
2"2ν

# 1 + 2δcw + 0.46cw! − 0.15cww

→ 1 + 2δcz + 0.67cz! + 0.05czz − 0.17czγ − 0.05cγγ. (4.12)

In the SM, the decay process h → 4" proceeds at the tree-level via intermediate Z bosons. In
the presence D = 6 operators, intermediate photon contributions may also arise at the tree
level. If that is the case, the decay width diverges due to the photon pole. Below I quote
the relative width Γ̄(h → 4") regulated by imposing the cut m"" > 12 GeV on the invariant
mass of same-flavor lepton pairs:

Γ̄4"

Γ̄SM
4"

# 1 + 2δcz +

(
0.41
0.39

)
cz! −

(
0.15
0.14

)
czz +

(
0.07
0.05

)
czγ −

(
0.02
0.02

)
cγ! +

(
< 0.01
0.03

)
cγγ

→ 1 + 2δcz +

(
0.35
0.32

)
cz! −

(
0.19
0.19

)
czz +

(
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0.08

)
czγ +

(
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0.02

)
cγγ . (4.13)

The numbers in the columns correspond to the 2e2µ and 4e/µ final states, respectively.
The difference between these two is numerically irrelevant in the total width, but may be
important for differential distributions, especially regarding the cγγ dependence [91]. The
dependence on the m"" cut is weak; very similar numbers are obtained if m"" > 4 GeV is
imposed instead.

Given the partial widths, the branching fractions can be computed as BrY = ΓY /Γ(h → all),
where the total decay width is given by

Γ(h → all)

Γ(h → all)
#

Γbb

ΓSM
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BrSMbb +
Γcc

ΓSM
cc

BrSMcc +
Γττ

ΓSM
ττ

BrSMττ +
ΓWW ∗

ΓSM
WW ∗

BrSMWW ∗ +
ΓZZ∗

ΓSM
ZZ∗

BrSMZZ∗ +
Γgg

ΓSM
gg

BrSMgg . (4.14)

Note that, in line with the basic assumption of no new light particles, there is no additional
contributions to the Higgs width other than from the SM decay channels. In particular, the
invisible Higgs width is absent in this EFT framework (except for the small SM contribution
arising via h → ZZ∗ → 4ν).
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important for differential distributions, especially regarding the cγγ dependence [91]. The
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contributions to the Higgs width other than from the SM decay channels. In particular, the
invisible Higgs width is absent in this EFT framework (except for the small SM contribution
arising via h → ZZ∗ → 4ν).
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h h

• Vector boson associated production (Vh), qq̄ → V h, where V = W,Z,

σWh

σSM
Wh

" 1 + 2δcw +




6.39
6.51
6.96



 cw! +




1.49
1.49
1.50



 cww

→ 1 + 2δcz +




9.26
9.43
10.08



 cz! +




4.35
4.41
4.63



 czz −




0.81
0.84
0.93



 czγ −




0.43
0.44
0.48



 cγγ

σZh

σSM
Zh

" 1 + 2δcz +




5.30
5.40
5.72



 cz! +




1.79
1.80
1.82



 czz +




0.80
0.82
0.87



 cγ! +




0.22
0.22
0.22



 czγ,

→ 1 + 2δcz +




7.61
7.77
8.24



 cz! +




3.31
3.35
3.47



 czz −




0.58
0.60
0.65



 czγ +




0.27
0.28
0.30



 cγγ.

(4.7)

The numbers in the columns refer to the LHC collision energy of
√
s =7, 8, and 13 TeV.

• Top pair associated production, gg → htt̄:

σtth

σSM
tth

" 1 + 2δyu. (4.8)

Decay

• h → f f̄ . Higgs boson decays into 2 fermions occur at the tree level in the SM via the
Yukawa couplings in Eq. (2.17). In the presence of D = 6 operators they are affected via the
corrections to the Yukawa couplings in Eq. (3.5):

Γcc

ΓSM
cc

" 1 + 2δyu,
Γbb

ΓSM
bb

" 1 + 2δyd,
Γττ

ΓSM
ττ

" 1 + 2δye, (4.9)

where I abbreviate Γ(h → Y ) ≡ ΓY .

• h → VV. In the SM, Higgs decays into on-shell gauge bosons: gluon pairs gg, photon pairs
γγ, and Zγ occur only at the one-loop level. In the presence of D = 6 operators these decays
are corrected already at the tree level by the 2-derivative contact interactions of the Higgs
boson with two vector bosons in Eq. (3.3). The relative decay widths are given by

ΓV V

ΓSM
V V

"
∣∣∣∣1 +

ĉvv
cSMvv

∣∣∣∣
2

, vv ∈ {gg, γγ, zγ}, (4.10)

where

ĉγγ = cγγ , cSMγγ " −8.3× 10−2,

ĉzγ = czγ, cSMzγ " −5.9× 10−2, (4.11)

12

Decays to 2 fermions

Decays to 4 fermions

Decays to 2 gauge bosons

 2e2μ
4e(  ) 

Dependence of Higgs widths on EFT parameters

22Wednesday, September 7, 16



independent couplings in Eq. (3.2) arise from D = 6 operators, they are formally of order v2/Λ2.
The rule of thumb is that the EFT approach to Higgs physics is valid if Λ ! v, which translates
to |ci| " 1 and δyf " v/mf for the independent couplings. However, a detailed analysis of this
issue is much more tricky and depends on the kinematic region probed by a given observable.
For example, for observables probing the high

√
s or high pT tail of differential distributions the

validity range will be different than for inclusive observables. See Ref. [42] for a more in-depth
discussion of these issues. In this review I restrict to the Higgs signal strength observables in
various production modes, which are typically dominated by

√
s ∼ mh. Moreover, I am dodging

the question of the validity range because it is assumed from the onset that higher-dimensional
operators provide small corrections on top of SM contributions. Consequently, I will only take
into account corrections to the observables that are linear in the parameters in Eq. (3.2), which
corresponds to retaining only O(Λ−2) effects in the EFT expansion.5 Incidentally, the LHC so far
confirms that the SM is a decent first approximation of the Higgs sector, and deviations due to
new physics are small.

4 Observables

Consider the Higgs boson produced at the LHC via the process X , and subsequently decaying
to the final state Y . It is possible, to an extent, to isolate experimentally different Higgs boson
production modes and decays channels. The LHC collaborations typically quote the Higgs signal
strength relative to the SM one in a given channel, here denoted as µX;Y . Thanks to the narrow
width of the Higgs boson, the production and decay can be separated:6

µX;Y =
σ(pp → X)

σ(pp → X)SM

Γ(h → Y )

Γ(h → Y )SM

Γ(h → all)SM
Γ(h → all)

. (4.1)

Below I summarize how the Higgs production and decays depend on the parameters in the
effective Lagrangian. These formulas allow one to derive experimental constraints on the EFT pa-
rameters. This kind of approach to LHC Higgs data was pioneered in Refs. [48, 49] and perfected
in Refs. [50–87]. As discussed at the end of Section 3, only linear corrections in the independent
couplings are kept, while quadratic corrections are ignored. For this reason only CP-even cou-
plings appear in these formulas (the CP-odd ones enter inclusive observables only at the quadratic
level). Moreover, I only include D = 6 corrections at the tree level and I ignore new physics effects
suppressed by a loop factor. The exception is the gluon fusion production process which is com-
puted at the next-to-leading order in the D = 6 parameters. Unless noted otherwise, I give the
inclusive production and decay rates. Note that the signal strength quoted by experiments may
depend on analysis-specific cuts, which may slightly change the dependence on the effective theory
parameters.

5Typically, O(Λ−4) effects should be neglected in the context of D = 6 effective Lagrangian, as they may receive
contributions from D = 8 operators. The exception is the observables where the SM contribution is suppressed or
vanishes, in which case D = 6 operators contribute at O(Λ−4), while contributions of higher-order operators are
suppressed by more powers of Λ. One example is the lepton-flavor violating Higgs decays into 2 fermions where the
SM contribution is exactly zero. In this review I focus on the observables where the SM contribution is dominant.

6Except in off-shell Higgs processes [43]. However, given the current precision, these processes do not impose
any meaningful constraints within the EFT framework [44–47].

10

Higgs observables in the Higgs basis

Signal  strength

In EFT, assuming no other degrees of freedom,
 so total width is just sum of partial width into SM particle

no invisible width in this analysis

One can express all measured signal strength in terms of the 9 EFT parameters 
 (no meaningful constraints on Higgs self-coupling yet) 

Using available LHC signal strength data one can obtain simultaneous constraints on 
most of these parameters 

23Wednesday, September 7, 16



 Not all parameters yet constrained enough that EFT approach is robustly valid 
- one flat direction among higher derivative Higgs couplings to WW and ZZ

Results sensitive to including corrections to Higgs observables quadratic in EFT 
parameters which are formally O(1/Λ^4). Thus, in general, results may be 
sensitive to including dimension-8 operators  

Higgs constraints on EFT

Flat direction

Needs more data, 
e.g.  differential 

distributions
in h->4f decays, or VBF/VH 
signal strength at different 

energy

*

Run-1 fit

Ellipses DC tth DC tth+Vh

�cz 0.01± 0.31 �0.12± 0.25 �0.13± 0.18

czz 0.21± 0.50 0.14± 0.76 0.76± 0.69

cz2 �0.21± 0.31 �0.22± 0.31 �0.38± 0.44

c�� 0.006± 0.015 �0.008± 0.014 �0.0040± 0.0089

cz� �0.002± 0.073 �0.0025± 0.0625 �0.001± 0.054

cgg �0.0001± 0.0047 �0.0055± 0.0028 �0.0060± 0.0029

�yu 0.03± 0.51 0.58± 0.35 0.62± 0.45

�yd �0.13± 0.53 �0.43± 0.32 �0.55± 0.27

�ye �0.14± 0.36 �0.28± 0.21 �0.32± 0.28

Table 3: Fit to Run-1 data for di↵erent experimental data choices in the �� and WW ⇤

channels. “Ellipses” uses only the 2D likelihood in the µggh+tth-µVBF+Vh plane. “DC
tth” includes in addition the tth measurements; this is a bit of double counting because
tth is already included in µggh+tth, but there it is very subleading compared to ggh so
the error made should not be important. “DC tth+Vh” includes in addition the V h
measurements; the similar comment about double counting V h in µVBF+Vh applies.

Ellipses DC tth DC tth+Vh

�cz �0.02± 0.13 �0.01± 0.12 �0.08± 0.12

czz �0.29± 0.38 �0.29± 0.38 �0.50± 0.33

cz2 0.07± 0.17 0.06± 0.16 0.18± 0.12

c�� 0.0007± 0.0089 0.0006± 0.0085 �0.0024± 0.0078

cz� �0.011± 0.076 �0.011± 0.074 �0.010± 0.077

cgg �0.0037± 0.0010 �0.0041± 0.0010 �0.0040± 0.0009

�yu 0.22± 0.16 0.26± 0.15 0.22± 0.15

�yd �0.38± 0.21 �0.39± 0.21 �0.47± 0.20

�ye �0.11± 0.13 �0.12± 0.13 �0.11± 0.13

Table 4: Fit to Run-1+2 data for di↵erent Run-1 data choices.
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Run-1 fit

Ellipses DC tth DC tth+Vh
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czz 0.21± 0.50 0.14± 0.76 0.76± 0.69

cz2 �0.21± 0.31 �0.22± 0.31 �0.38± 0.44

c�� 0.006± 0.015 �0.008± 0.014 �0.0040± 0.0089

cz� �0.002± 0.073 �0.0025± 0.0625 �0.001± 0.054

cgg �0.0001± 0.0047 �0.0055± 0.0028 �0.0060± 0.0029

�yu 0.03± 0.51 0.58± 0.35 0.62± 0.45

�yd �0.13± 0.53 �0.43± 0.32 �0.55± 0.27

�ye �0.14± 0.36 �0.28± 0.21 �0.32± 0.28

Table 3: Fit to Run-1 data for di↵erent experimental data choices in the �� and WW ⇤

channels. “Ellipses” uses only the 2D likelihood in the µggh+tth-µVBF+Vh plane. “DC
tth” includes in addition the tth measurements; this is a bit of double counting because
tth is already included in µggh+tth, but there it is very subleading compared to ggh so
the error made should not be important. “DC tth+Vh” includes in addition the V h
measurements; the similar comment about double counting V h in µVBF+Vh applies.

Ellipses DC tth DC tth+Vh

�cz �0.02± 0.13 �0.01± 0.12 �0.08± 0.12

czz �0.29± 0.38 �0.29± 0.38 �0.50± 0.33

cz2 0.07± 0.17 0.06± 0.16 0.18± 0.12

c�� 0.0007± 0.0089 0.0006± 0.0085 �0.0024± 0.0078

cz� �0.011± 0.076 �0.011± 0.074 �0.010± 0.077

cgg �0.0037± 0.0010 �0.0041± 0.0010 �0.0040± 0.0009

�yu 0.22± 0.16 0.26± 0.15 0.22± 0.15

�yd �0.38± 0.21 �0.39± 0.21 �0.47± 0.20

�ye �0.11± 0.13 �0.12± 0.13 �0.11± 0.13

Table 4: Fit to Run-1+2 data for di↵erent Run-1 data choices.

3

Higgs constraints on EFT

 Some tension in the fit because of excess in tth production and deficit in bb 
decays. 

Effective gluon coupling tries to compensate to recover SM-like Higgs 
production in gluon fusion.  

Run-1 fit
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�yd �0.13± 0.53 �0.43± 0.32 �0.55± 0.27

�ye �0.14± 0.36 �0.28± 0.21 �0.32± 0.28

Table 3: Fit to Run-1 data for di↵erent experimental data choices in the �� and WW ⇤

channels. “Ellipses” uses only the 2D likelihood in the µggh+tth-µVBF+Vh plane. “DC
tth” includes in addition the tth measurements; this is a bit of double counting because
tth is already included in µggh+tth, but there it is very subleading compared to ggh so
the error made should not be important. “DC tth+Vh” includes in addition the V h
measurements; the similar comment about double counting V h in µVBF+Vh applies.

Ellipses DC tth DC tth+Vh

�cz �0.02± 0.13 �0.01± 0.12 �0.08± 0.12

czz �0.29± 0.38 �0.29± 0.38 �0.50± 0.33
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�ye �0.11± 0.13 �0.12± 0.13 �0.11± 0.13

Table 4: Fit to Run-1+2 data for di↵erent Run-1 data choices.

3

Higgs constraints on EFT

 Excess in tth production and deficit in bb decays only got stronger... 

SM disfavored at 99.4% confidence level (2.8 sigma)

Run-1+2 fit Run-1 fit
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channels. “Ellipses” uses only the 2D likelihood in the µggh+tth-µVBF+Vh plane. “DC
tth” includes in addition the tth measurements; this is a bit of double counting because
tth is already included in µggh+tth, but there it is very subleading compared to ggh so
the error made should not be important. “DC tth+Vh” includes in addition the V h
measurements; the similar comment about double counting V h in µVBF+Vh applies.
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�yd �0.38± 0.21 �0.39± 0.21 �0.47± 0.20

�ye �0.11± 0.13 �0.12± 0.13 �0.11± 0.13

Table 4: Fit to Run-1+2 data for di↵erent Run-1 data choices.

3

26Wednesday, September 7, 16



Ellipses DC tth DC tth+Vh

�cz 0.01± 0.31 �0.12± 0.25 �0.13± 0.18

czz 0.21± 0.50 0.14± 0.76 0.76± 0.69

cz2 �0.21± 0.31 �0.22± 0.31 �0.38± 0.44

c�� 0.006± 0.015 �0.008± 0.014 �0.0040± 0.0089

cz� �0.002± 0.073 �0.0025± 0.0625 �0.001± 0.054

cgg �0.0001± 0.0047 �0.0055± 0.0028 �0.0060± 0.0029

�yu 0.03± 0.51 0.58± 0.35 0.62± 0.45

�yd �0.13± 0.53 �0.43± 0.32 �0.55± 0.27

�ye �0.14± 0.36 �0.28± 0.21 �0.32± 0.28
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channels. “Ellipses” uses only the 2D likelihood in the µggh+tth-µVBF+Vh plane. “DC
tth” includes in addition the tth measurements; this is a bit of double counting because
tth is already included in µggh+tth, but there it is very subleading compared to ggh so
the error made should not be important. “DC tth+Vh” includes in addition the V h
measurements; the similar comment about double counting V h in µVBF+Vh applies.
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cgg �0.0037± 0.0010 �0.0041± 0.0010 �0.0040± 0.0009

�yu 0.22± 0.16 0.26± 0.15 0.22± 0.15

�yd �0.38± 0.21 �0.39± 0.21 �0.47± 0.20

�ye �0.11± 0.13 �0.12± 0.13 �0.11± 0.13

Table 4: Fit to Run-1+2 data for di↵erent Run-1 data choices.

3

Higgs constraints on EFT

In simultaneous 9-parameter fit errors much smaller than in Run-1 alone, because of 
lifted degeneracies

Flat direction of Run-1 largely lifted, because of different dependence of VBF cross 
section on different 2-derivative Higgs couplings 

Run-1+2 fit Run-1 fit
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czz 0.21± 0.50 0.14± 0.76 0.76± 0.69

cz2 �0.21± 0.31 �0.22± 0.31 �0.38± 0.44

c�� 0.006± 0.015 �0.008± 0.014 �0.0040± 0.0089

cz� �0.002± 0.073 �0.0025± 0.0625 �0.001± 0.054

cgg �0.0001± 0.0047 �0.0055± 0.0028 �0.0060± 0.0029

�yu 0.03± 0.51 0.58± 0.35 0.62± 0.45

�yd �0.13± 0.53 �0.43± 0.32 �0.55± 0.27

�ye �0.14± 0.36 �0.28± 0.21 �0.32± 0.28

Table 3: Fit to Run-1 data for di↵erent experimental data choices in the �� and WW ⇤

channels. “Ellipses” uses only the 2D likelihood in the µggh+tth-µVBF+Vh plane. “DC
tth” includes in addition the tth measurements; this is a bit of double counting because
tth is already included in µggh+tth, but there it is very subleading compared to ggh so
the error made should not be important. “DC tth+Vh” includes in addition the V h
measurements; the similar comment about double counting V h in µVBF+Vh applies.

Ellipses DC tth DC tth+Vh

�cz �0.02± 0.13 �0.01± 0.12 �0.08± 0.12

czz �0.29± 0.38 �0.29± 0.38 �0.50± 0.33

cz2 0.07± 0.17 0.06± 0.16 0.18± 0.12

c�� 0.0007± 0.0089 0.0006± 0.0085 �0.0024± 0.0078

cz� �0.011± 0.076 �0.011± 0.074 �0.010± 0.077

cgg �0.0037± 0.0010 �0.0041± 0.0010 �0.0040± 0.0009

�yu 0.22± 0.16 0.26± 0.15 0.22± 0.15

�yd �0.38± 0.21 �0.39± 0.21 �0.47± 0.20

�ye �0.11± 0.13 �0.12± 0.13 �0.11± 0.13

Table 4: Fit to Run-1+2 data for di↵erent Run-1 data choices.
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Take away

Assuming MFV, and taking into account precision constraints on D=6 operators, allows 
one to describe LO EFT deformations of single Higgs signal strength LHC 
observables by just 9 parameters 

There are non-trivial constraints on all of these 9 parameters  from run-1 Higgs 
data, though validity of EFT approach not robust yet in some corners of allowed 
parameter space

Including Run-2 data has an important impact on Higgs EFT fit, because of lifted 
degeneracies in the parameter space 

Synergy of TGC and Higgs coupling measurements provides another handle to 
improve the fit 
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Effective Lagrangian: Triple Gauge Couplings
SM predicts TGCs in terms of gauge couplings 

as consequence of SM gauge symmetry and renormalizability:

In EFT with D=6 operators, new “anomalous”contributions to TGCs arise

These depend on previously introduced parameters 
describing Higgs couplings to electroweak gauge 

bosons, and on 2 new parameters 
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