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SM has been shamelessly successful in describing all collider and low-
energy experiments. Discovery of 125 GeV Higgs boson is the last piece of 
puzzle that falls into place. There is no more free unknown parameters in 
the SM

We know physics beyond SM exists (neutrino masses, dark matter, inflation, 
baryon asymmetry).  There are also some theoretical hints for new physics 
(strong CP problem, flavor hierarchies, gauge coupling unifications). 
Unfortunately, none of these issues points unambiguously to a concrete mass 
scale where new physics addressing the above mentioned problems should 
become manifest... 

In the past, the concept of naturalness was used as a guiding principle. 
Models addressing naturalness problem (supersymmetry, composite Higgs, ...) 
make very definite predictions about new particles and interactions that 
should become visible below 1 TeV energy scale. But all realistic models 
addressing naturalness have certain tensions and involve baroque theoretical 
constructions, which casts serious doubts on whether they are relevant in 
our reality  

Status report
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It is likely that for some time (maybe a few decades, maybe longer) we 
won’t be able to directly produce on-shell particles from beyond the SM

However, quantum mechanics comes to a rescue as all existing particle are 
continuously produced and annihilated off-shell,  and this way they may the 
affect the properties and interactions of the known SM particles

Therefore, in the near future of particle physics should be focused on 
precision measurements  

For this we need a versatile and general formalism, which can accommodate 
many different ways new physics may show up
 in experiment and indicate promising research directions

Lord Kelvin’s nightmare
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Assume that the SM degrees of freedom is all there is at the weak scale. But we 
treat the SM as an effective theory, and call it the SM EFT

In the SM EFT, the SM Lagrangian is treated as the lowest order approximation of 
the dynamics. Effects of heavy particles are encoded in new contact interactions of 
the SM fields in the Lagrangian

The SM EFT Lagrangian can be defined as an expansion in the inverse mass scale of 
heavy particles, which coincides with the expansion in operator dimensions  

Under certain (mild) assumptions, the SM EFT framework  allows one to describe 
effects of new physics beyond the SM in a model independent way

SM EFT
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SM EFT Approach to BSM

Much as in SM, relativistic QFT with linearly 
realized SU(3)xSU(2)xU(1) local symmetry 
spontaneously broken by VEV of Higgs doublet field

SM EFT Lagrangian  expanded in inverse powers of 
Λ, equivalently in operator dimension D 

Basic assumptions

Lepton number or B-L violating, 
hence too small to probed at present  

and near-future colliders

By assumption, 
subleading

to D=6

Generated by integrating out 
heavy particles with mass scale Λ

In large class of BSM models that conserve B-L, 
D=6 operators capture leading effects of new physics

on collider observables at E << Λ

Buchmuller,Wyler
 (1986)
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The fields Gz and G± do not correspond to new physical degrees of freedom (they

kinetically mix with the massive gauge bosons and can be gauged away). From now

on until Chapter 5 I will work in the unitary gauge and set G± = 0 = Gz. The

scalar field h corresponds to a scalar particle called the Higgs boson. Its mass can be

expressed by the parameters of the Higgs potential as

m2
h = 2µ2

H = 2�v2. (2.19)

2.2 Dimension-6 operators

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.

We turn to discussing operators with canonical dimensions D=6 in Eq. (2.1).

Their importance for characterizing low-energy e↵ects of heavy particles has been

recognized long ago, see e.g. [21, 35]. More recently, advantages of using a complete

and non-redundant set of operators have been emphasized. The point is that seem-

ingly di↵erent higher-dimensional operators can have the same e↵ect on on-shell am-

plitudes of the SM particles. This is the case if the operators can be related by using

equations of motion, integration by parts, field redefinitions, or Fierz transformations.
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Warsaw basis for B-conserving D=6 operators

Grządkowski et al.
 1008.4884

This leads to non-trivial and often counter-intuitive relations between operators. For

example, by using equations of motion one can establish equivalence between purely

bosonic operators, and a linear combination of 2- and 4-fermionic operators! Thus,

starting from the set of all distinct D=6 operators that can be constructed from the

SM fields, a number of these operators will be redundant as they are equivalent to

linear combinations of other operators. The redundant operators can be removed to

simplify the EFT description, and to establish an unambiguous map from observables

to the EFT Wilson coe�cients. A minimal, non-redundant set of operators is called

a basis.

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.

Because of a humungous number of D=6 operators, and because establishing

equivalence between operators may be time consuming, identifying a basis is not a
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(R̄R)(R̄R)

Oee ⌘(ec�µēc)(ec�µēc)

Ouu ⌘(uc�µūc)(uc�µūc)

Odd ⌘(dc�µd̄c)(dc�µd̄c)

Oeu (ec�µēc)(uc�µūc)

Oed (ec�µēc)(dc�µd̄c)

Oud (uc�µūc)(dc�µd̄c)

O0
ud (uc�µT aūc)(dc�µT ad̄c)

(L̄L)(R̄R)

O`e (¯̀̄�µ`)(ec�µēc)

O`u (¯̀̄�µ`)(uc�µūc)

O`d (¯̀̄�µ`)(dc�µd̄c)

Oeq (ec�µēc)(q̄�̄µq)

Oqu (q̄�̄µq)(uc�µūc)

O0
qu (q̄�̄µT aq)(uc�µT aūc)

Oqd (q̄�̄µq)(dc�µd̄c)

O0
qd (q̄�̄µT aq)(dc�µT ad̄c)

(L̄L)(L̄L)

O`` ⌘(¯̀̄�µ`)(¯̀̄�µ`)

Oqq ⌘(q̄�̄µq)(q̄�̄µq)

O0
qq ⌘(q̄�̄µ�iq)(q̄�̄µ�iq)

O`q (¯̀̄�µ`)(q̄�̄µq)

O0
`q (¯̀̄�µ�i`)(q̄�̄µ�iq)

(L̄R)(L̄R)

Oquqd (ucqj)✏jk(dcqk)

O0
quqd (ucT aqj)✏jk(dcT aqk)

O`equ (ec`j)✏jk(ucqk)

O0
`equ (ec�̄µ⌫`j)✏jk(uc�̄µ⌫qk)

O`edq (¯̀̄ec)(dcq)

Table 2.4: Four-fermion D=6 operators in the Warsaw basis. Flavor indices are
suppressed here to reduce the clutter. The factor ⌘ is equal to 1/2 when all flavor
indices are equal (e.g. in [Oee]1111), and ⌘ = 1 otherwise. For each complex operator
the complex conjugate should be included.

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

16
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SM EFT with dimension-6 operators
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O0
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O0
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O0
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O0
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Table 2.4: Four-fermion D=6 operators in the Warsaw basis. Flavor indices are
suppressed here to reduce the clutter. The factor ⌘ is equal to 1/2 when all flavor
indices are equal (e.g. in [Oee]1111), and ⌘ = 1 otherwise. For each complex operator
the complex conjugate should be included.

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

16

X X

This leads to non-trivial and often counter-intuitive relations between operators. For

example, by using equations of motion one can establish equivalence between purely

bosonic operators, and a linear combination of 2- and 4-fermionic operators! Thus,

starting from the set of all distinct D=6 operators that can be constructed from the

SM fields, a number of these operators will be redundant as they are equivalent to

linear combinations of other operators. The redundant operators can be removed to

simplify the EFT description, and to establish an unambiguous map from observables

to the EFT Wilson coe�cients. A minimal, non-redundant set of operators is called

a basis.

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.

Because of a humungous number of D=6 operators, and because establishing

equivalence between operators may be time consuming, identifying a basis is not a
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Leading corrections
to SM for E<<Λ

Pole observables
constrain vertex 

and oblique 
corrections

Off-pole scattering probes
4-fermion operators

Anomalous dipole moments 
constrain dipole operators

WW/WZ
production
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Accuracy of LHC Higgs measurements is inferior, compared e.g. to 
that of LEP-1 Z-pole observables, so for generic new physics 
scenarios they will not provide the strongest constraints 

However, the value of Higgs observables is that they give access to 
some completely unexplored directions in the parameter space of 
SM EFT

One can concisely characterize these unconstrained directions that 
should be explored at the LHC

There do exist (not fine-tuned) new physics scenarios where only 
the operators along these particular directions are generated with 
sizable coefficients  in the low-energy effective theory  

Scope of LHC Higgs searches
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c
JH

† !DµH

[O(1)
Hq]IJ iq̄I �̄µqJH† !DµH

[O(3)
Hq]IJ iq̄I�i�̄µqJH†�i !DµH

[OHu]IJ iucI�µū
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the corresponding complex conjugate operator is implicitly included.

Because of a humungous number of D=6 operators, and because establishing

equivalence between operators may be time consuming, identifying a basis is not a

14

Leading corrections
to SM for E<<Λ

Certain dimension-6 
operators 

can be probed 
exclusively 

by Higgs processes 

Only certain linear combinations 
of operators are probed by pole 
observables, and Higgs data are 
need to resolve degeneracies
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Corrections to Higgs self-
couplings 

Corrections to SM Higgs 
couplings to 2 SM fields and 
new tensor structures of 
these interactions

Higgs couplings to 3 or more 
SM particles affecting multi-
body Higgs decays 

Effects of SM EFT D=6 operators on Higgs couplings
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LHC Higgs signal strength so far
Not using any input 
from differential 
distributions here

Run-1 results
from ATLAS+CMS

1606.02266
Run-2 results

scavenged from
various conf-notes

Channel Production Run-1 ATLAS Run-2 CMS Run-2

�� ggh 1.10+0.23
�0.22 0.62+0.30

�0.29 [106] 0.77+0.25
�0.23 [107]

VBF 1.3+0.5
�0.5 2.25+0.75

�0.75 [106] 1.61+0.90
�0.80 [107]

Wh 0.5+1.3
�1.2 - -

Zh 0.5+3.0
�2.5 - -

V h - 0.30+1.21
�1.12 [106] -

tt̄h 2.2+1.6
�1.3 �0.22+1.26

�0.99 [106] 1.9+1.5
�1.2 [107]

Z� incl. 1.4+3.3
�3.2 - -

ZZ⇤ ggh 1.13+0.34
�0.31 1.34+0.39

�0.33 [106] 0.96+0.40
�0.33 [108]

VBF 0.1+1.1
�0.6 3.8+2.8

�2.2 [106] 0.67+1.61
�0.67 [108]

cats. - - 1.05+0.19
�0.17 [?]

WW ⇤ ggh 0.84+0.17
�0.17 - -

VBF 1.2+0.4
�0.4 1.7+1.1

�0.9 [109] -
Wh 1.6+1.2

�1.0 3.2+4.4
�4.2 [109] -

Zh 5.9+2.6
�2.2 - -

tt̄h 5.0+1.8
�1.7 - -

incl. - - 0.3± 0.5 [110]

⌧+⌧� ggh 1.0+0.6
�0.6 - -

VBF 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 - 0.72+0.62

�0.53 [?]

bb̄ VBF - �3.9+2.8
�2.9 [111] �3.7+2.4

�2.5 [112]
Wh 1.0+0.5

�0.5 - -
Zh 0.4+0.4

�0.4 - -
V h - 0.21+0.51

�0.50 [113] -
tt̄h 1.15+0.99

�0.94 2.1+1.0
�0.9 [114] �0.19+0.80

�0.81 [115]

µ+µ� incl. 0.1+2.5
�2.5 �0.1+1.5

�1.5 [?] -

multi-` cats. - 2.5+1.3
�1.1 [117] 1.5+0.5

�0.5 [?]

Table 4.1: The Higgs signal strength in various channels measured at the LHC.

the h ! �� decay process where a part of the one-loop EFT corrections is included.

Unless noted otherwise, the expressions refer to the inclusive production and decay

rates.

Consider the Higgs boson produced at the LHC via the process X, and subse-

quently decaying to the final state Y . The LHC collaborations typically quote the
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Combinations of EFT parameters constrained by precision tests much better 
than at O(10%) are not relevant at the LHC, given current precision

Assuming MFV, one can identify 16 combinations of EFT parameters that are 
weakly or not at all constrained by precision tests, and which affect LHC 
Higgs observables at leading order. These correspond to 16 Higgs basis 
parameters in previous slide. 

Higgs signal strength observables at  O(1/Λ^2) are only sensitive to CP-even 
parameters (CP-odd ones enter only quadratically and are ignored - one 
needs to study differential distributions to access those at O(1/Λ^2) ). 

Currently not much experimental sensitivity to modifications of Higgs cubic 
self-interactions, thus parameter δλ3  cannot be reasonably constrained

Thus, assuming MFV couplings to fermions, only 9 EFT parameters affect 
Higgs signal strength measured at LHC

D=6 EFT parameters probed by LHC Higgs searches

Di Vita et al
1704.01953
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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.
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the ratio.7 Numerically,
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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%.
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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)

12

7 
8
13( ) TeV

Corrections to Higgs production from dimension-6 operators

Wednesday, June 14, 17



Corrections to Higgs decays from dimension-6 operators

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

σWh

σSM
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" 1 + 2δcw +




6.39
6.51
6.96



 cw! +




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1.50


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10.08
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
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
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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


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


7.61
7.77
8.24



 cz! +


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3.31
3.35
3.47


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


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0.60
0.65



 czγ +




0.27
0.28
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

 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 +

(
0.09
0.08

)
czγ +

(
0.01
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
bb

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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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 +

(
0.09
0.08

)
czγ +

(
0.01
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
bb

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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h h

Decays to 2 fermions

Decays to 4 fermions

Decays to 2 gauge bosons

 2e2μ
4e(  ) 

via the corrections to the Yukawa couplings in Eq. (2.35) :

�cc

�SM
cc

' 1 + 2�yu,
�bb

�SM
bb

' 1 + 2�yd,
�⌧⌧

�SM
⌧⌧

' 1 + 2�ye, (4.14)

where I abbreviate �(h ! Y ) ⌘ �Y .

• h ! VV. In the SM, the Higgs boson decays into on-shell gauge bosons: gluon

pairs gg, photon pairs ��, and Z� 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. (2.35). The relative decay widths are given by

�V V

�SM
V V

'
����1 +

ĉvv
cSMvv

����
2

, vv 2 {gg, ��, z�}, (4.15)

where

ĉ�� ⇡ c�� � 0.11�cz + 0.02�yu, cSM�� ' �8.3⇥ 10�2,

ĉz� ⇡ cz� � 0.06�cz + 0.003�yu, cSMz� ' �5.9⇥ 10�2, (4.16)

while ĉgg and cSMgg are defined in Eq. (4.8). Note that the expressions for the

decay widths include both tree-level D=6 contributions proportional to cvv, as

well as one-loop D=6 contributions proportional to �cv and �yf . The latter are

finite, as they amount to a simple rescaling of the SM W boson and fermion

couplings to the Higgs. At the same order in the EFT expansion, there exist

other contributions proportional to cvv and cv⇤, which are infinite [127,128] and

require renormalization.6 An EFT fit to Higgs observables consistently includ-

6 It would be formally more consistent to omit the 1-loop suppressed D=6 contributions to ĉ��
proportional to �cz and �yf , given that other contributions at the same order are not taken into
account. However, in the current form it is much easier to connect my results to the (wide) class of
BSM models where �cz and �yf are generated in the e↵ective theory at the tree level, while cvv and
cv⇤ are not.
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ĉvv
cSMvv

����
2

, vv 2 {gg, ��, z�}, (4.15)

where
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Global constraints on Higgs coupling in SM EFT
Combined constraints from LHC Higgs and electroweak precision constraints

Overall SM is  very good (too good?) fit, no evidence or even hint of D=6 operators

Some tension in global fit due to deficit in the bb decay, but mostly gone after Moriond

Decrease in bb needs to be compensated by negative contributions to Higgs-gluon 
couplings, to avoid overshooting γγ, WW, and ZZ channels

Correlation 
matrix

available

parameters beyond those in Eq. (4.4). Generically, their contribution should be

suppressed by another factor of v2/⇤2 compared to the D=6 ones, and therefore

they should be subleading if ⇤ � v. However, since the experimental precision

of the LHC Higgs measurements is currently moderate, O(10%) at best, they

only probe D = 6 operators with ⇤ . few hundred GeV. For such a low ⇤

it is not a priori obvious that the D=8 operators are subleading. One way to

estimate their e↵ect is to include in the analysis corrections to Higgs and WW

observables that are quadratic in the Wilson coe�cients of D=6 operators, as

they are also of O(⇤�4). If the constraints are severely a↵ected by including

the quadratic contributions, that would signal a potential sensitivity to D=8

operators 8. In fact, the TGC constraints from LEP-2 or the Higgs constraints

from the LHC Run1 alone are completely changed after including the quadratic

terms [31, 33]. However, I find that the combined data are only moderately

sensitive. If all O(⇤�4) and higher-order e↵ects of D=6 operators are kept in

the EFT expressions for Higgs and TGC observables, then I get the following

constraints: 0

BBBBBBBBBBBBBBBBBBBBBBBBBBB@

�cz

czz

cz⇤

c��

cz�

cgg

�yu

�yd

�ye

�z

1

CCCCCCCCCCCCCCCCCCCCCCCCCCCA

=

0

BBBBBBBBBBBBBBBBBBBBBBBBBBB@

�0.07± 0.09

0.11± 0.29

�0.06± 0.13

0.0024± 0.0071

�0.019± 0.060

�0.0017± 0.0009

�0.02± 0.13

�0.40± 0.19

�0.18± 0.14

�0.058± 0.043

1

CCCCCCCCCCCCCCCCCCCCCCCCCCCA

, (4.22)

8Keeping the quadratic terms while neglecting D=8 operators can be justified for certain classes
of UV completions of the EFT [72,88].
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More Higgs signal strength results coming. Especially WW and bb 
measurements should have important impact on the fits  

ATLAS + CMS combination with correlations 

Additional constraints from Higgs differential distributions that should help 
disentangle different tensor structures of Higgs coupling to VV and access CP 
violating operators 

Constraints from high-energy tails of differential distributions where higher 
energy of the LHC trumps its inferior accuracy 

What’s in store

Wednesday, June 14, 17



Several theoretical frameworks to describe possible deformations of Higgs 
coupling from SM predictions, among which SM EFT is preferred by most 
theorists

Accuracy of LHC Higgs measurements is rather unimpressive as only 
dimension-6 operators suppressed by scales smaller than ∼1 TeV can be 
probed. Still, for strongly coupled UV completions this gives access to new 
physics at ∼10 TeV, beyond the direct reach of the LHC

The importance of Higgs observables is that they constraint certain linear 
combinations of dimension-6 operators that cannot be accessed by any other 
means 

One should stress the importance of global fits, where all (unconstrained) 
dimension-6 operators are assumed to be present, as only these lead to 
model-independent and convention-independent constraints that can be 
applied to a large class of BSM scenarios

Current theory-level analyses meaningfully probe 9 of these linear 
combinations. No serious hints for the presence of any of these operators 
exist in the latest data, with previous hints driven by tth and h->bb going 
away

Take Away
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