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Introduction

Introduction

After the discovery of the Higgs boson, we are looking for New Physics signals

It is reasonable to think that NP is related to the EW symmetry breaking

Compatibility of data with the SM

Particle mass (GeV)
0.1 1 10 100

1/
2

/2
v)

V
 o

r 
(g

fλ

-410

-310

-210

-110

1
WZ

t

b
τ

µ
) fitε  (M, 

68% CL

95% CL

68% CL

95% CL

SM Higgs

68% CL

95% CL

SM Higgs

CMS

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb Scaling coupling ∝ mass follows
naturally if the new boson is part of
the sector that breaks the EW
symmetry

λψ ∝
mψ

v

λ2
V ≡

gVVh

2v
∝ m2

V

v2

Margherita Ghezzi SMEFT and 2HDM-EFT 12/05/2017 3 / 42



Introduction

Introduction

Compatibility of data with the SM
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Theory prediction

We look for small deviations from the SM: precision physics era
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Introduction

Introduction

The focus now is on a region of the parameter space around the SM point.

Following a bottom-up approach, our ignorance of the EWSB sector can be
parametrized in terms of an effective Lagrangian.

The Effective Field Theory approach is possible if there is a gap between mH

and the New Physics scale.

The couplings of the operators are free parameters.

The fields correspond to the particles of the SM.

In case new (not-so-heavy) particles are discovered they can be included in
the Lagrangian

Example: add a second light Higgs doublet −→ 2HDM-EFT
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Higgs Effective Lagrangian

Higgs Effective Field Theory

In searches for new physics we can distinguish among:

Direct searches

Searches for new resonances.

Top-down approach: BSM models (model-dependent)

Unknowns: model parameters.

Bottom-up approach: EFT (”model-independent”)

Unknowns: Wilson coefficients

Assumptions:

The dynamical degrees of freedom at the EW scale are those of the SM

New Physics appears at some high scale Λ >> v (decoupling)

Absence of mixing of new heavy scalars with the SM Higgs doublet

SU(2)L × U(1)Y is linearly realized at high energies
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Higgs Effective Lagrangian

Effective Field Theories

Local operators parametrize the effects of the exchange of new heavy particles:

g

g

Mi Yi i

h

Figure 1: Higgs coupling to gluons induced by a loop of massive fermions.

The fermion contribution to the Higgs production cross-section from gluon fusion is given

by [25]

σSM
gg→H =

α2
sm

2
H

576π

∣∣∣∣∣
∑

i

Yii

Mi
A1/2(τi)

∣∣∣∣∣

2

δ(ŝ − m2
H), (3.2)

where

τi ≡ m2
h/4M2

i ,

A1/2(τ) =
3

2
[τ + (τ − 1)f(τ)]τ−2, (3.3)

f(τ) =





[arcsin
√
τ ]2, (τ ≤ 1),

−1
4

[
ln
(

1+
√

1−τ−1

1−
√

1−τ−1

)
− iπ

]2
, (τ > 1).

In the limit of very massive fermions, we have A1/2(τ → 0) → 1, so the contribution of the

new heavy fermion fields to the Hgg coupling will obey

δgHgg ∝
∑

Mi>mH

Yii

Mi

, (3.4)

where the sum is performed only over states that are more massive than the Higgs. We can

rewrite this sum as

∑

i

Yii

Mi

−
∑

Mi<mH

Yii

Mi

= tr(Y M−1) −
∑

Mi<mH

Yii

Mi

=
∂ log(det M)

∂v
−

∑

Mi<mH

Yii

Mi
. (3.5)

Using the expression in the second line proves to be very efficient for calculating this coupling,

as one avoids having to explicitly compute the mass eigenstates.

7

−→ G a
µνG

aµνH†H

Integrate out the heavy fields and obtain the effective operator.

SM example: the limit of infinite top mass

∆Lggh =
g 2

S

48π2
G a
µνG

aµν h

v

The coefficient is determined by matching the full theory with the effective theory.
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Higgs Effective Lagrangian

Effective Field Theories

µ
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Higgs Effective Lagrangian

Higgs Effective Lagrangian
Higgs doublet - EW symmetry is linearly realized

LHEFT = LSM +
∑
n>4

∑
i

ci

Λn−4
OD=n

i

LHEFT = LSM +
1

Λ
LD=5 +

1

Λ2
LD=6 +

1

Λ3
LD=7 +

1

Λ4
LD=8 + . . .

LD=5 and LD=7: lepton number violating

LD=8 and higher: parametrically subleading

LD=6: leading effect �� ��LHEFT = LSM + 1
Λ2LD=6

C. N. Leung, S. T. Love and S. Rao, Z. Phys. C 31 (1986) 433
Buchmüller and Wyler, NPB 268 (1986) 621

Grzadkowski, Iskrzynski, Misiak and Rosiek, JHEP 1010 (2010) 085
Contino, MG, Grojean, Mühlleitner and Spira, JHEP 1307 (2013) 035
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Higgs Effective Lagrangian

Effective Lagrangian for a Higgs doublet
GIMR/Warsaw basis

X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν W Kµ
ρ QϕD

(
ϕ†Dµϕ

)$ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν W Kµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσ
µνer)τ

IϕW I
µν Q

(1)
ϕl (ϕ†i

↔
Dµ ϕ)(l̄pγ

µlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσ
µνer)ϕBµν Q

(3)
ϕl (ϕ†i

↔
D I

µ ϕ)(l̄pτ
Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσ
µνT Aur)ϕ̃GA

µν Qϕe (ϕ†i
↔
Dµ ϕ)(ēpγ

µer)

QϕW̃ ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσ
µνur)τ

I ϕ̃W I
µν Q

(1)
ϕq (ϕ†i

↔
Dµ ϕ)(q̄pγ

µqr)

QϕB ϕ†ϕBµνB
µν QuB (q̄pσ

µνur)ϕ̃ Bµν Q
(3)
ϕq (ϕ†i

↔
D I

µ ϕ)(q̄pτ
Iγµqr)

QϕB̃ ϕ†ϕ B̃µνB
µν QdG (q̄pσ

µνT Adr)ϕGA
µν Qϕu (ϕ†i

↔
Dµ ϕ)(ūpγ

µur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσ
µνdr)τ

IϕW I
µν Qϕd (ϕ†i

↔
Dµ ϕ)(d̄pγ

µdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσ
µνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγ

µdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators
This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis
of independent operators Q

(5)
n and Q

(6)
n . Their independence means that no linear combination

of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.
Imposing the SM gauge symmetry constraints on Q

(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

T Clnr ≡ (ϕ̃†lp)
T C(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q

(1)
lq → Q

(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the
2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.

3

15 bosonic operators

19 single-fermionic-current
operators

(L̄L)(L̄L) (R̄R)(R̄R) (L̄L)(R̄R)

Qll (l̄pγµlr)(l̄sγ
µlt) Qee (ēpγµer)(ēsγ

µet) Qle (l̄pγµlr)(ēsγ
µet)

Q
(1)
qq (q̄pγµqr)(q̄sγ

µqt) Quu (ūpγµur)(ūsγ
µut) Qlu (l̄pγµlr)(ūsγ

µut)

Q
(3)
qq (q̄pγµτ

Iqr)(q̄sγ
µτ Iqt) Qdd (d̄pγµdr)(d̄sγ

µdt) Qld (l̄pγµlr)(d̄sγ
µdt)

Q
(1)
lq (l̄pγµlr)(q̄sγ

µqt) Qeu (ēpγµer)(ūsγ
µut) Qqe (q̄pγµqr)(ēsγ

µet)

Q
(3)
lq (l̄pγµτ

I lr)(q̄sγ
µτ Iqt) Qed (ēpγµer)(d̄sγ

µdt) Q
(1)
qu (q̄pγµqr)(ūsγ

µut)

Q
(1)
ud (ūpγµur)(d̄sγ

µdt) Q
(8)
qu (q̄pγµT

Aqr)(ūsγ
µT Aut)

Q
(8)
ud (ūpγµT

Aur)(d̄sγ
µT Adt) Q

(1)
qd (q̄pγµqr)(d̄sγ

µdt)

Q
(8)
qd (q̄pγµT

Aqr)(d̄sγ
µT Adt)

(L̄R)(R̄L) and (L̄R)(L̄R) B-violating

Qledq (l̄jper)(d̄sq
j
t ) Qduq εαβγεjk

[
(dαp )T Cuβr

] [
(qγj

s )T Clkt
]

Q
(1)
quqd (q̄j

pur)εjk(q̄
k
s dt) Qqqu εαβγεjk

[
(qαj

p )T Cqβk
r

] [
(uγs )

T Cet

]

Q
(8)
quqd (q̄j

pT
Aur)εjk(q̄

k
s T Adt) Q

(1)
qqq εαβγεjkεmn

[
(qαj

p )T Cqβk
r

] [
(qγm

s )T Clnt
]

Q
(1)
lequ (l̄jper)εjk(q̄

k
sut) Q

(3)
qqq εαβγ(τ Iε)jk(τ

Iε)mn

[
(qαj

p )T Cqβk
r

] [
(qγm

s )T Clnt
]

Q
(3)
lequ (l̄jpσµνer)εjk(q̄

k
sσ

µνut) Qduu εαβγ
[
(dαp )T Cuβr

] [
(uγs )

T Cet

]

Table 3: Four-fermion operators.

isospin and colour indices in the upper part of Tab. 3. In the lower-left block of that table,
colour indices are still contracted within the brackets, while the isospin ones are made explicit.
Colour indices are displayed only for operators that violate the baryon number B (lower-right
block of Tab. 3). All the other operators in Tabs. 2 and 3 conserve both B and L.

The bosonic operators (classes X3, X2ϕ2, ϕ6 and ϕ4D2) are all Hermitian. Those containing
X̃µν are CP-odd, while the remaining ones are CP-even. For the operators containing fermions,
Hermitian conjugation is equivalent to transposition of generation indices in each of the fermionic
currents in classes (L̄L)(L̄L), (R̄R)(R̄R), (L̄L)(R̄R), and ψ2ϕ2D2 (except for Qϕud). For the
remaining operators with fermions, Hermitian conjugates are not listed explicitly.

If CP is defined in the weak eigenstate basis then Q −
(+)

Q† are CP-odd (-even) for all the
fermionic operators. It follows that CP-violation by any of those operators requires a non-
vanishing imaginary part of the corresponding Wilson coefficient. However, one should remem-
ber that such a CP is not equivalent to the usual (“experimental”) one defined in the mass
eigenstate basis, just because the two bases are related by a complex unitary transformation.

Counting the entries in Tabs. 2 and 3, we find 15 bosonic operators, 19 single-fermionic-
current ones, and 25 B-conserving four-fermion ones. In total, there are 15+19+25=59 inde-
pendent dimension-six operators, so long as B-conservation is imposed.

4

25 four-fermion operators
(assuming barionic number
conservation)

15+19+25=59 independent operators (for 1 fermion generation)

Grzadkowski, Iskrzynski, Misiak, Rosiek, JHEP 1010 (2010) 085
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Higgs Effective Lagrangian

From 1 to 3 fermion generations

Add flavour indices to all operators

From 59 to 2499 operators!

Assume some flavour structure to avoid severe constraints from FCNC

Class Nop CP -even CP -odd
ng 1 3 ng 1 3

1 4 2 2 2 2 2 2

2 1 1 1 1 0 0 0

3 2 2 2 2 0 0 0

4 8 4 4 4 4 4 4

5 3 3n2
g 3 27 3n2

g 3 27

6 8 8n2
g 8 72 8n2

g 8 72

7 8 1
2
ng(9ng + 7) 8 51 1

2
ng(9ng − 7) 1 30

8 : (LL)(LL) 5 1
4
n2

g(7n2
g + 13) 5 171 7

4
n2

g(ng − 1)(ng + 1) 0 126

8 : (RR)(RR) 7 1
8
ng(21n3

g + 2n2
g + 31ng + 2) 7 255 1

8
ng(21ng + 2)(ng − 1)(ng + 1) 0 195

8 : (LL)(RR) 8 4n2
g(n2

g + 1) 8 360 4n2
g(ng − 1)(ng + 1) 0 288

8 : (LR)(RL) 1 n4
g 1 81 n4

g 1 81

8 : (LR)(LR) 4 4n4
g 4 324 4n4

g 4 324

8 : All 25 1
8
ng(107n3

g + 2n2
g + 89ng + 2) 25 1191 1

8
ng(107n3

g + 2n2
g − 67ng − 2) 5 1014

Total 59 1
8
(107n4

g + 2n3
g + 213n2

g + 30ng + 72) 53 1350 1
8
(107n4

g + 2n3
g + 57n2

g − 30ng + 48) 23 1149

Table 2. Number of CP -even and CP -odd coefficients in L(6) for ng flavors. The total number of
coefficients is (107n4

g + 2n3
g + 135n2

g + 60)/4, which is 76 for ng = 1 and 2499 for ng = 3.

H6 H4D2 yψ2H3 ψ2H2D ψ4 g2X2H2 gyψ2XH g3X3

Class 2 3 5 7 8 4 6 1

NDA Weight 2 1 1 1 1 0 0 −1

H6 λ, y2, g2 λ2, λg2, g4 λy2, y4 λy2, λg2,///y4 0 λg4, g6 0 ////λg6

H4D2 0 λ, y2, g2 ///y2 y2, g2 0 ///g4 /////y2g2 ///g6

yψ2H3 0 λ, y2, g2 λ, y2, g2 λ, y2, g2 λ, y2 g4 ////g2λ, g4, g2y2 ///g6

ψ2H2D 0 g2, y2 ///y2 g2,//λ, y2 g2, y2 ///g4 /////g2y2 ///g6

ψ4 0 0 0 g2, y2 g2, y2 0 g2y2 ///g6

g2X2H2 0 /1 0 /1 0 λ, y2, g2 y2 g4

gyψ2XH 0 0 /1 /1 1 g2 g2, y2 g4

g3X3 0 0 0 0 0 /1 0 g2

Table 3. Form of the one-loop anomalous dimension matrix γ̂ij for dimension-six operators Q̂i

rescaled according to naive dimensional analysis. The operators are ordered by NDA weight, rather
than by operator class. The possible entries allowed by the one-loop Feynman graphs are shown. The
cross-hatched entries vanish.

– 50 –

1 = F 3 2 = H6 3 = H4D2 4 = F 2H2 5 = φ
2H3 6 = ψ

2FH 7 = ψ
2H2D

Alonso, Jenkins, Manohar and Trott, JHEP 1404 (2014) 159
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NLO SMEFT

NLO EFT

µ

νµ

W−

ν̄e

e−
E << MW

Fermi Theory

e−

ν̄e

νµ

µ−

e−

ν̄e

νµ

µ−
NLO:
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NLO SMEFT

NLO Higgs EFT
One-loop calculations in linear Higgs EFT

Complete anomalous dimension matrix:

(Warsaw basis)

Grojean, Jenkins, Manohar, Trott 2013

Jenkins, Manohar, Trott 2013 & 2014

Alonso, Jenkins, Manohar, Trott 2014

(SILH basis)

Elias-Miró, Espinosa, Masso and Pomarol 2013

Elias-Miró, Grojean, Gupta, Marzocca 2014

Some Higgs decays, finite renormalization:

MG, Gomez-Ambrosio, Passarino and Uccirati 2015 (h→ γγ,Zγ,WW ,ZZ)

Hartmann,Trott 2015 (h→ γγ in detail)

. . .
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NLO SMEFT

NLO Higgs EFT

Conventions
Warsaw basis

Each term of the d = 6 Lagrangian is of the form:

ci

M2
W

g6 gni Oi g6 ≡
1√

2GF Λ2
' 0.0606

(
TeV

Λ

)2

Insertion of 1-loop corrections in the EFT

Processes starting at tree-level in the SM e.g. h→W +W−:

h
W+

W−

h
W+

W−

h
W+

W−

h
W+

W−

Processes starting at 1-loop in the SM e.g. h→ γγ:

h

γ

γ

h

γ

γ

h

γ

γ

W

MG, Gomez-Ambrosio, Passarino and Uccirati, JHEP 1507 (2015) 175
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NLO SMEFT

NLO Higgs EFT
Preliminary steps

Vanishing of the linear H-term

In the SM there is a contribution to the linear H-term from the Higgs potential:

V (φ) = µ2φ†φ− λ

2

(
φ†φ

)2
φ =

1√
2

(
−i
√

2G +

h + v + iG 0

)

Its cancellation implies:

µ2 = −λv2 + βh (βh = 0 at tree level)

In the dim-6 SMEFT also the operator Oφ =
(
φ†φ

)3
contributes.

Hence, the cancellation implies:

µ2 = −λv2 + 3M2
W g6aφ + βh

MG, Gomez-Ambrosio, Passarino and Uccirati, JHEP 1507 (2015) 175
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NLO SMEFT

NLO Higgs EFT
Preliminary steps

Redefinition of fields and parameters

All the operators with at least 2 powers of φ contribute to the quadratic terms.

All the fields and parameters must be redefined.

Example: Oφ� = ∂µ(φ†φ)∂µ(φ†φ)

cφ�

v2
Oφ� = cφ�∂µh∂µh + . . .

∆Lh =
1

2
(1 + 2cφ�)∂µh∂µh + . . . ⇒ h̄ = (1 + 2cφ�)

1
2 h

Redefinition of the gauge parameters

Lgf = −C+ C− −
1

2
C2
Z −

1

2
C2
A

C± = −ξW ∂µ W±µ + ξ± M φ
± CZ = −ξZ ∂µ Zµ + ξ0

M

cθ
φ

0 CA = ξA ∂µ Aµ

Redefinition of the ξi parameters normalized to 1: ξi = 1 + g6∆Rξi

MG, Gomez-Ambrosio, Passarino and Uccirati, JHEP 1507 (2015) 175
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NLO SMEFT

NLO Higgs EFT
Renormalization

Counterterms for fields and parameters

Define UV-divergent counterterms for the fields:

F =

(
1 +

1

2

g2

16π2
dZF ∆UV

)
Fren

and for the parameters:

P =

(
1 +

1

2

g2

16π2
dZP ∆UV

)
Pren

∆UV =
2

ε
− γE − lnπ − ln

µ2
R

µ2
dZi = dZ

(4)
i + g6dZ

(6)
i

Calculate the self-energies and determine the counterterms

Σii =
g2

16π2

(
Σ

(4)
ii + g6Σ

(6)
ii

)
Σ

(n)
ii = Σ

(n)
ii ;UV ∆UV (M2

W ) + Σ
(n)
ii ;fin

Require that the HH, ZZ , γγ, γZ , WW , ff self-energies are UV-finite.

MG, Gomez-Ambrosio, Passarino and Uccirati, JHEP 1507 (2015) 175
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NLO SMEFT

NLO Higgs EFT
Running of the Wilson coefficients

Construct the 3-point (and higher) functions:

they are O(4)-finite

remove the O(6) UV divergencies by mixing the Wilson coefficients

Running and mixing of Wilson coefficients

c̄i (µ) =

(
δij + γ

(0)
ij

g2
SM

16π2
log
( µ

M

))
c̄j (M)

Compared to the SM, additional logarithmic divergences are present;

these divergences are absorbed by the running of the coefficients of the local operators;

the matrix γ
(0)
ij mixes the coefficients;

the only one-loop diagrams which generate logarithmic divergences are the ones
containing one insertion of effective vertices;

A selection of the operators a priori is not possible.
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NLO SMEFT

NLO Higgs EFT
Finite renormalization

On-shell finite renormalization

After removal of the UV poles we have replaced Mbare → Mren.

Now we establish the connection to the on-shell masses:

M2
ren = M2

OS

[
1 +

g 2
ren

16π2

(
dZ(4)

M + g6dZ(6)
M

)]
etc.

GF and α renormalization schemes

Choose input observables:

{GF ,MZ ,MW }
{α ,GF ,MZ}
· · ·

and write the corresponding equations that connect renormalized parameters to
experimental measurements.

MG, Gomez-Ambrosio, Passarino and Uccirati, JHEP 1507 (2015) 175
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NLO SMEFT

NLO Higgs EFT
Finite renormalization

Example: {GF ,MZ ,MW } scheme

Establish a connection between gren and GF

th.
1

τµ
=

m5
µ

192π3

g 4

32M4
W

(1 + δµ)

exp.
1

τµ
=

m5
µ

192π3
G 2

F

GF√
2

=
g 2

8M2
W

[
1 +

g 2

16π2

(
δG +

ΣWW (0)

M2
W

)]

g 2
ren = 4

√
2GFM

2
W ;ren

[
1− GFM

2
W ;ren

2
√

2π2

(
δG +

ΣWW ;fin(0)

M2
W

)]

MG, Gomez-Ambrosio, Passarino and Uccirati, JHEP 1507 (2015) 175
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NLO SMEFT

Example: Higgs decay to a photon pair
h→ γγ

AµνHγγ = THγγTµν M2
H Tµν = pµ2 pν1 − p1 · p2δ

µν

THγγ = κHγγ
W T W

Hγγ + κHγγ
t T t

Hγγ + κHγγ
b T b

Hγγ + T NF
Hγγ

The SM contribution

κHγγ
W = κHγγ

t = κHγγ
b = 1

T x
Hγγ =

ig3s2
W

8π2

M2
x

MW
T x

Hγγ C x
0 ≡ C0(−M2

H , 0, 0; MX ,Mx ,Mx )

T W
Hγγ = −6− 6(M2

H − 2M2
W )C W

0

T t
Hγγ =

16

3
+

8

3
(M2

H − 4M2
t )C t

0 T b
Hγγ =

4

9
+

2

9
(M2

H − 4M2
b )C b

0

MG, Gomez-Ambrosio, Passarino and Uccirati, JHEP 1507 (2015) 175
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NLO SMEFT

Example: Higgs decay to a photon pair
h→ γγ

AµνHγγ = THγγTµν M2
H Tµν = pµ2 pν1 − p1 · p2δ

µν

THγγ = κHγγ
W T W

Hγγ + κHγγ
t T t

Hγγ + κHγγ
b T b

Hγγ + T NF
Hγγ

The factorizable d = 6 contributions: κHγγ
x = 1 + g6∆κHγγ

x (x = W , t, b)

∆κHγγ
W = 2aφ� −

1

2s2
W

aφD + (6− s2
W )aAA + c2

W aZZ + (2 + s2
W )

cW

sW
aAZ

∆κt Hγγ = (6 + s2
W )aAA − c2

W aZZ + (2− s2
W )

cW

sW
aAZ +

3

16

M2
H

sW M2
W

atWB + atφ

∆κHγγ
b = (6− s2

W )aAA − c2
W aZZ + (2− s2

W )
cW

sW
aAZ −

3

8

M2
H

sW M2
W

abWB − abφ

MG, Gomez-Ambrosio, Passarino and Uccirati, JHEP 1507 (2015) 175
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NLO SMEFT

Example: Higgs decay to a photon pair
h→ γγ

AµνHγγ = THγγTµν M2
H Tµν = pµ2 pν1 − p1 · p2δ

µν

THγγ = κHγγ
W T W

Hγγ + κHγγ
t T t

Hγγ + κHγγ
b T b

Hγγ + T NF
Hγγ

The non-factorizable d = 6 contributions:

T NF
Hγγ = igg6

M2
H

MW

aAA + 1
g3g6

16π2

[
aAAT AA

Hγγ (µ) + aZZT ZZ
Hγγ (µ) + aAZT AZ

Hγγ (µ) + atWBT tWB
Hγγ (µ) + abWBT bWB

Hγγ (µ)
]

T AA
Hγγ (µ) = −

x2
H

32

[
8(1− 3s2

W )s2
W + (3− 4s2

W c2
W )x2

H

]
ln
µ2

M2
H

+ . . .

T ZZ
Hγγ =

s2
W c2

W x2
H

8
(6− x2

H ) ln
µ2

M2
H

+ . . .

T AZ
Hγγ = −

sW cW x2
H

16

[
2(1− 6s2

W )− (1− 2s2
W )x2

H

]
ln
µ2

M2
H

+ . . .

xH =
MH
MW

MG, Gomez-Ambrosio, Passarino and Uccirati, JHEP 1507 (2015) 175
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NLO SMEFT

Summary and Outlook - SMEFT

Summary

We have shown the effective Lagrangian for a Higgs doublet. In the spirit of a
bottom-up approach, it is an essential framework to perform searches for new
physics in a model-independent way.

In view of a precision Higgs physics phase, NLO calculations are in need. The
whole anomalous dimension matrix is now known and some Higgs processes have
been calculated.

Outlook

A lot still to be done:

The other Higgs decay and production channels

S ,T ,U parameters

Implement Ld=6 in automatic tools for NLO calculations

Fit experimental data!
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2HDM EFT

Outline

1 Introduction

2 Higgs Effective Lagrangian

3 NLO SM Higgs EFT

4 2HDM Effective Field Theory
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2HDM EFT

The EFT of the 2HDM

Suppose that a new particle is discovered around the EW scale.
We still do not know the UV complete theory, and we would like to extend the EFT
approach to include the new field.

Is it a viable option? 2 possibilities:

there is a gap between the new d.o.f. and the other NP resonances −→ YES

the new d.o.f. is heavy and we suppose that it is at the same scale of the rest of
the NP particles −→ NO

In the following:

We suppose the existence of a second Higgs doublet, not so far from the EW
scale, and of a gap w.r.t. the other NP resonances;

we parametrize our ignorance of the UV-complete theory building an EFT with the
dynamical degrees of freedom of the 2HDM.
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2HDM EFT

The Two Higgs Doublet Model

2HDM MSSM

Same scalar sector:

φ±

h, H
A

2 Higgs doublets

(charged)
(CP-even)

(CP-odd)

Motivations:

MSSM

Axion models

Models explaining
baryon asymmetry

Vector boson and fermion
content of the 2HDM:
the same as the SM.
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2HDM EFT

The Two Higgs Doublet Model

L(4)
2HDM = −1

4
G A
µνG Aµν − 1

4
W I
µνW Iµν − 1

4
BµνBµν

+ (Dµϕ1)† (Dµϕ1) + (Dµϕ2)† (Dµϕ2)

− V (ϕ1, ϕ2) + i
(̄
lD/ l + q̄D/ q + ūD/ u + d̄D/ d

)
+ LY ,

V (ϕ1, ϕ2) = m2
11 ϕ
†
1ϕ1 + m2

22 ϕ
†
2ϕ2 −m2

12

(
ϕ†1ϕ2 + ϕ†2ϕ1

)
+
λ1

2

(
ϕ†1ϕ1

)2
+
λ2

2

(
ϕ†2ϕ2

)2

+λ3 ϕ
†
1ϕ1 ϕ

†
2ϕ2 + λ4 ϕ

†
1ϕ2 ϕ

†
2ϕ1 +

λ5

2

[(
ϕ†1ϕ2

)2
+
(
ϕ†2ϕ1

)2
]

+ λ6

(
ϕ†1ϕ1

)(
ϕ†1ϕ2

)
+ λ7

(
ϕ†2ϕ2

)(
ϕ†1ϕ2

)

m2
11, m2

22, λ1,2,3,4 real

m2
12, λ5,6,7 complex
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2HDM EFT

The Two Higgs Doublet Model

FCNC can be avoided imposing an appropriate Z2 symmetry:

Z2 : φ1 → −φ1 or φ2 → −φ2

We keep the m12-term, that softly breaks the symmetry.

V (ϕ1, ϕ2) = m2
11 ϕ
†
1ϕ1 + m2

22 ϕ
†
2ϕ2 −m2

12

(
ϕ†1ϕ2 + ϕ†2ϕ1

)
+
λ1

2

(
ϕ†1ϕ1

)2
+
λ2

2

(
ϕ†2ϕ2

)2

+λ3 ϕ
†
1ϕ1 ϕ

†
2ϕ2 + λ4 ϕ

†
1ϕ2 ϕ

†
2ϕ1 +

λ5

2

[(
ϕ†1ϕ2

)2
+
(
ϕ†2ϕ1

)2
]

+ λ6

(
ϕ†1ϕ1

)(
ϕ†1ϕ2

)
+ λ7

(
ϕ†2ϕ2

)(
ϕ†1ϕ2

)

m2
11, m2

22, λ1,2,3,4 real

m2
12, λ5,6,7 complex
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2HDM EFT

Rotation to the physical basis (2HDM)

Lagrangian for the mass terms of the CP-odd (ηa), CP-even (ρa) and charged (φ+
a ) Higgses:

L
(4)
MH

=
1

2

(
η1

η2

)T

m2
η

(
η1

η2

)
+

(
φ−1
φ−2

)T

m2
φ±

(
φ+

1
φ+

2

)
+

1

2

(
ρ1

ρ2

)T

m2
ρ

(
ρ1

ρ2

)

with

m2
η =

(
v1v2λ5 −m2

12

)


− v2

v1
1

1 − v1

v2




m2
ρ =




λ1 v2
1 + m2

12

v2

v1
v1v2 (λ3 + λ4 + λ5)−m2

12

v1v2 (λ3 + λ4 + λ5)−m2
12 λ2 v2

2 + m2
12

v1

v2




m2
φ± =

[ v1v2

2
(λ4 + λ5)−m2

12

]


− v2

v1
1

1 − v1

v2



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2HDM EFT

Rotation to the physical basis (2HDM)

Lagrangian for the mass terms of the CP-odd (ηa), CP-even (ρa) and charged (φ+
a ) Higgses:

L
(4)
MH

=
1

2

(
η1

η2

)T

m2
η

(
η1

η2

)
+

(
φ−1
φ−2

)T

m2
φ±

(
φ+

1
φ+

2

)
+

1

2

(
ρ1

ρ2

)T

m2
ρ

(
ρ1

ρ2

)

Rotation to the physical basis:

eigenvalues physical states Goldstone bosons rotation angle

m2
φ± 0; m2

± H± (charged) G± β ≡ arctan v2
v1

m2
η 0; m2

A A (CP-odd) G0 β ≡ arctan v2
v1

m2
ρ m2

h; m2
H h, H (CP-even) − α
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2HDM EFT

2HDM-EFT

Assumptions for the effective theory of the 2HDM:

L2HDM = L(4)
2HDM +

1

Λ

∑
k

C
(5)
k Q

(5)
k +

1

Λ2

∑
k

C
(6)
k Q

(6)
k +O

(
1

Λ3

)

Its gauge group contains the SM gauge group SU(3)C × SU(2)L × U(1)Y as a
subgroup.

It contains two Higgs doublets as dynamical degrees of freedom, either as
fundamental or composite fields.

At low energies it reproduces the 2HDM, barring the existence of weakly coupled
light particles, like axions or sterile neutrinos.

Dim-5 the generalization of the Weinberg operator:

Q11
νν = (ϕ̃†1 lp)TC(ϕ̃†1 lr ) , Q22

νν = (ϕ̃†2 lp)TC(ϕ̃†2 lr )

Crivellin, MG, Procura, JHEP 1609 (2016) 160
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2HDM EFT

2HDM-EFT operators

ϕ6

Q111
ϕ = (ϕ†1ϕ1)3

Q112
ϕ = (ϕ†1ϕ1)2(ϕ†2ϕ2)

Q122
ϕ = (ϕ†1ϕ1)(ϕ†2ϕ2)2

Q222
ϕ = (ϕ†2ϕ2)3

Q
(1221)1
ϕ = (ϕ†1ϕ2)(ϕ†2ϕ1)(ϕ†1ϕ1)

Q
(1221)2
ϕ = (ϕ†1ϕ2)(ϕ†2ϕ1)(ϕ†2ϕ2)

Q
(1212)1
ϕ = (ϕ†1ϕ2)2(ϕ†1ϕ1) + h.c.

Q
(1212)2
ϕ = (ϕ†1ϕ2)2(ϕ†2ϕ2) + h.c.

Higgs doublets only

They modify the Higgs
potential

Crivellin, MG, Procura, JHEP 1609 (2016) 160
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2HDM EFT

2HDM-EFT operators

ϕ4D2

� ϕD

Q
1(1)

�
= (ϕ

†
1ϕ1)�(ϕ

†
1ϕ1) Q

(1)11(1)
ϕD

=
[(

Dµϕ1

)†ϕ1

] [
ϕ
†
1 (Dµϕ1)

]
Q

(1)21(2)
ϕD

=
[(

Dµϕ1

)†ϕ2

] [
ϕ
†
1 (Dµϕ2)

]
+ h.c.

Q
2(2)

�
= (ϕ

†
2ϕ2)�(ϕ

†
2ϕ2) Q

(2)22(2)
ϕD

=
[(

Dµϕ2

)†ϕ2

] [
ϕ
†
2 (Dµϕ2)

]
Q

(1)12(2)
ϕD

=
[(

Dµϕ1

)†ϕ1

] [
ϕ
†
2 (Dµϕ2)

]
+ h.c.

Q
1(2)

�
= (ϕ

†
1ϕ1)�(ϕ

†
2ϕ2) Q

(1)22(1)
ϕD

=
[(

Dµϕ1

)†ϕ2

] [
ϕ
†
2 (Dµϕ1)

]
Q

12(12)
ϕD

=
[
ϕ1
†ϕ2

] [(
Dµϕ1

)† (Dµϕ2)
]

+ h.c.

Q
2(1)

�
= (ϕ

†
2ϕ2)�(ϕ

†
1ϕ1) Q

(2)11(2)
ϕD

=
[(

Dµϕ2

)†ϕ1

] [
ϕ
†
1 (Dµϕ2)

]
Q

12(21)
ϕD

=
[
ϕ1
†ϕ2

] [(
Dµϕ2

)† (Dµϕ1)
]

+ h.c.

Four Higgs doublets and two derivatives

They modify the kinetic terms of the Higgs fields, the Higgs-gauge boson
interactions and the W and Z masses

Crivellin, MG, Procura, JHEP 1609 (2016) 160
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2HDM EFT

2HDM-EFT operators

ϕ2X 2

GG ,WW ,BB WB

Q11
ϕX = (ϕ†1ϕ1 )XµνXµν Q11

ϕWB = (ϕ†1τ
Iϕ1 )W I

µνBµν

Q22
ϕX = (ϕ†2ϕ2 )XµνXµν Q22

ϕWB = (ϕ†2τ
Iϕ2 )W I

µνBµν

Q11
ϕX̃

= (ϕ†1ϕ1 )X̃µνXµν Q11
ϕW̃ B

= (ϕ†1τ
Iϕ1 )W̃ I

µνBµν

Q22
ϕX̃

= (ϕ†2ϕ2 )X̃µνXµν Q22
ϕW̃ B

= (ϕ†2τ
Iϕ2 )W̃ I

µνBµν

X = G A, W I or B

Operators with two Higgs doublets and two field strength tensors

They modify the Higgs-gauge boson interactions

Crivellin, MG, Procura, JHEP 1609 (2016) 160
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2HDM EFT

2HDM-EFT operators

Ψ2ϕ2D

(1) (3)

Q1
ϕud = i(ϕ̃†1 i

↔
Dµϕ1)(ūpγµdr )

Q2
ϕud = i(ϕ̃†2 i

↔
Dµϕ2)(ūpγµdr )

Q
(1)1
ϕl = (ϕ†1 i

↔
Dµϕ1)(̄lpγµlr ) Q

(3)1
ϕl = (ϕ†1 i

↔
D I
µϕ1)(̄lpτ Iγµlr )

Q
(1)2
ϕl = (ϕ†2 i

↔
Dµϕ2)(̄lpγµlr ) Q

(3)2
ϕl = (ϕ†2 i

↔
D I
µϕ2)(̄lpτ Iγµlr )

Q1
ϕe = (ϕ†1 i

↔
Dµϕ1)(ēpγµer )

Q2
ϕe = (ϕ†2 i

↔
Dµϕ2)(ēpγµer )

Q
(1)1
ϕq = (ϕ†1 i

↔
Dµϕ1)(q̄pγµqr ) Q

(3)1
ϕq = (ϕ†1 i

↔
D I
µϕ1)(q̄pτ Iγµqr )

Q
(1)2
ϕq = (ϕ†2 i

↔
Dµϕ2)(q̄pγµqr ) Q

(3)2
ϕq = (ϕ†2 i

↔
D I
µϕ2)(q̄pτ Iγµqr )

Q1
ϕu = (ϕ†1 i

↔
Dµϕ1)(ūpγµur )

Q2
ϕu = (ϕ†2 i

↔
Dµϕ2)(ūpγµur )

Q1
ϕd = (ϕ†1 i

↔
Dµϕ1)(d̄pγµdr )

Q2
ϕd = (ϕ†2 i

↔
Dµϕ2)(d̄pγµdr )

Operators
containing two
fermions, two
Higgs doublets
and a covariant
derivative

They contribute
to the fermion-Z
and fermion-W
couplings after
EWSB

Crivellin, MG, Procura,

JHEP 1609 (2016) 160
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2HDM EFT

2HDM-EFT operators

Ψ2ϕX

G W B

Q1
dG = (q̄pσµνT Adr )ϕ1 G A

µν Q1
dW = (q̄pσµνdr )τ Iϕ1 W I

µν Q1
dB = (q̄pσµνdr )ϕ 1Bµν

Q2
dG = (q̄pσµνT Adr )ϕ 2G A

µν Q2
dW = (q̄pσµνdr )τ Iϕ2 W I

µν Q2
dB = (q̄pσµνdr )ϕ 2Bµν

Q1
uG = (q̄pσµνT Aur )ϕ̃ 1G A

µν Q1
uW = (q̄pσµνur )τ I ϕ̃1 W I

µν Q1
uB = (q̄pσµνur )ϕ̃ 1Bµν

Q2
uG = (q̄pσµνT Aur )ϕ̃ 2G A

µν Q2
uW = (q̄pσµνur )τ I ϕ̃2 W I

µν Q2
uB = (q̄pσµνur )ϕ̃ 2Bµν

Q1
eW = (̄lpσµνer )τ Iϕ1W I

µν Q1
eB = (̄lpσµνer )ϕ1Bµν

Q2
eW = (̄lpσµνer )τ Iϕ2W I

µν Q2
eB = (̄lpσµνer )ϕ2Bµν

σµν = i [γµ, γν ]/2

Operators containing two fermion fields, one Higgs doublet and a field strength tensor

They give rise to dipole interactions after EWSB

Crivellin, MG, Procura, JHEP 1609 (2016) 160
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2HDM EFT

2HDM-EFT operators

Ψ2ϕ3

e d u

Q111
eϕ = (̄lperϕ1)(ϕ†1ϕ1) Q111

dϕ = (q̄pdrϕ1)(ϕ†1ϕ1) Q111
uϕ = (q̄pur ϕ̃1)(ϕ†1ϕ1)

Q122
eϕ = (̄lperϕ1)(ϕ†2ϕ2) Q122

dϕ = (q̄pdrϕ1)(ϕ†2ϕ2) Q122
uϕ = (q̄pur ϕ̃1)(ϕ†2ϕ2)

Q222
eϕ = (̄lperϕ2)(ϕ†2ϕ2) Q222

dϕ = (q̄pdrϕ2)(ϕ†2ϕ2) Q222
uϕ = (q̄pur ϕ̃2)(ϕ†2ϕ2)

Q211
eϕ = (̄lperϕ2)(ϕ†1ϕ1) Q211

dϕ = (q̄pdrϕ2)(ϕ†1ϕ1) Q211
uϕ = (q̄pur ϕ̃2)(ϕ†1ϕ1)

Operators with two fermion fields and three Higgs doublets

They modify the relation between fermion masses and Higgs-fermion couplings

Crivellin, MG, Procura, JHEP 1609 (2016) 160
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2HDM EFT

2HDM-EFT: kinetic terms

L
(4)+(6)
Hkin

=
1

2

 ∂µρ1

∂µρ2


T
 1 +

2∆11
�

Λ2
+

∆11
ϕD

2Λ2

∆12
�

Λ2
+

∆12
ϕD

2Λ2

∆12
�

Λ2
+

∆12
ϕD

2Λ2
1 +

2∆22
�

Λ2
+

∆22
ϕD

2Λ2


 ∂µρ1

∂µρ2



+
1

2

 ∂µη1

∂µη2


T
 1 +

∆11
ϕD

2Λ2

∆12
ϕD

2Λ2

∆12
ϕD

2Λ2
1 +

∆22
ϕD

2Λ2


 ∂µη1

∂µη2



+

 ∂µφ+
1

∂µφ
+
2


†
 1

∆+
ϕD

2Λ2

∆+
ϕD

2Λ2
1


 ∂µφ+

1

∂µφ
+
2



Example: Oφ� = ∂µ(φ†φ)∂µ(φ†φ)

cφ�

v2
Oφ� = cφ�∂µh∂µh + . . .

∆Lh =
1

2
(1 + 2cφ�)∂µh∂µh + . . . ⇒ h̄ = (1 + 2cφ�)

1
2 h

Crivellin, MG, Procura, JHEP 1609 (2016) 160
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2HDM EFT

2HDM-EFT: kinetic terms

L
(4)+(6)
Hkin

=
1

2

 ∂µρ1

∂µρ2


T
 1 +

2∆11
�

Λ2
+

∆11
ϕD

2Λ2

∆12
�

Λ2
+

∆12
ϕD

2Λ2

∆12
�

Λ2
+

∆12
ϕD

2Λ2
1 +

2∆22
�

Λ2
+

∆22
ϕD

2Λ2


 ∂µρ1

∂µρ2



+
1

2

 ∂µη1

∂µη2


T
 1 +

∆11
ϕD

2Λ2

∆12
ϕD

2Λ2

∆12
ϕD

2Λ2
1 +

∆22
ϕD

2Λ2


 ∂µη1

∂µη2



+

 ∂µφ+
1

∂µφ
+
2


†
 1

∆+
ϕD

2Λ2

∆+
ϕD

2Λ2
1


 ∂µφ+

1

∂µφ
+
2



ρ1 → ρ1

(
1−

∆11
ϕD + 4∆11

�

4Λ2

)
−
(

∆12
ϕD + 4∆12

�

4Λ2

)
ρ2

ρ2 → ρ2

(
1−

∆22
ϕD + 4∆22

�

4Λ2

)
−

∆12
ϕD + 4∆12

�

4Λ2
ρ1

η1 → η1

(
1−

∆11
ϕD

4Λ2

)
−

∆12
ϕD

4Λ2
η2

φ+
1 → φ+

1 −
∆+
ϕD

4Λ2
φ+

2

φ+
2 → φ+

2 −
∆+
ϕD

4Λ2
φ+

1

η2 → η2

(
1−

∆22
ϕD

4Λ2

)
−

∆12
ϕD

4Λ2
η1

Crivellin, MG, Procura, JHEP 1609 (2016) 160
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2HDM EFT

2HDM-EFT: mass terms

L
(4)+(6)
MH

=
1

2

(
η1

η2

)T (
m2
η + ∆m2

η

)( η1

η2

)

+

(
φ−1
φ−2

)T (
m2
φ±

+ ∆m2
φ±

)( φ+
1
φ+

2

)

+
1

2

(
ρ1

ρ2

)T (
m2
ρ + ∆m2

ρ

)( ρ1

ρ2

)

∆m2
η = ∆mϕDη

2 + ∆m2
ϕ6η

∆m2
ρ = ∆mϕDρ

2 + ∆m2
ϕ6ρ

∆m2
φ±

= ∆mϕDφ±
2 + ∆m2

ϕ6φ±

2HDM:

m2
φ± and m2

η

↓
β ≡ arctan v2

v1

m2
ρ

↓
α

2HDM-EFT:

m2
φ± + ∆mφ± and

m2
ρ + ∆m2

ρ

↓
β±φ , βη 6= β

m2
ρ + ∆m2

ρ

↓
α′ 6= α

Crivellin, MG, Procura, JHEP 1609 (2016) 160

Margherita Ghezzi SMEFT and 2HDM-EFT 12/05/2017 38 / 42



2HDM EFT

Yukawa sector
The couplings of the Higgs doublets with fermions in the 2HDM

LY = −Y e
1 l̄ϕ1e − Y e

2 l̄ϕ2e − Y d
1 q̄ϕ1d − Y d

2 q̄ϕ2d − Y u
1 q̄ϕ̃1u − Y u

2 q̄ϕ̃2u + h.c.

(Require Y f
1 = 0 or Y f

2 = 0 to avoid FCNC)

Paschos-Glashow-Weinberg theorem:

If all right-handed fermions with the
same quantum numbers couple to the
same Higgs multiplet, then FCNC are
absent.

model uR dR eR

Type I ϕ2 ϕ2 ϕ2

Type II ϕ2 ϕ1 ϕ1

Lepton− specific ϕ2 ϕ2 ϕ1

Flipped ϕ2 ϕ1 ϕ2
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2HDM EFT

Yukawa sector
The couplings of the Higgs doublets with fermions in the 2HDM-EFT

LY +
∑

i

ci

Λ2
Oi Oijk ∼

(
f̄LfRφi

) (
φ†j φk

)
i , j , k = 1, 2

After the EW symmetry breaking:

new contributions to the fermion masses

mf =
v1Y

f
1√

2
+

v2Y
f

2√
2

+
1

2
√

2 Λ2

(
v 3

1 C 111
fϕ + v1v

2
2 C 122

fϕ + v 3
2 C 222

fϕ + v 2
1 v2 C

211
fϕ

)
Modifications to the Higgs-fermion-fermion and Higgs-Higgs-fermion-fermion
couplings

Crivellin, MG, Procura, JHEP 1609 (2016) 160
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2HDM EFT

Application: Higgs pair production

h

h

g

g

t

h

h

h

g

g

t

h

h

g

g

t

SMEFT

O ∼
(
f̄LfRφ

) (
φ†φ

)

The same operator controls f f̄ h
and f f̄ hh couplings;

it contributes also to the f f̄ Z
vertex

hence, it is strongly constrained
by the EWPT at LEP

2HDM-EFT

Oijk ∼
(
f̄LfRφi

) (
φ†j φk

)
i , j , k = 1, 2

Many operators, that enter in
different combinations in the f f̄ h
and f f̄ hh vertices;

the f f̄ hh vertex is not
constrained by EWPT;

enhancements of the gghh cross
section are possible.

Crivellin, MG, Procura, JHEP 1609 (2016) 160
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2HDM EFT

Summary and Outlook - 2HDM-EFT

Summary

We have discussed in which cases the EFT approach can be extended to include
new degrees of freedom.

We have built the effective Lagrangian for the dynamical degrees of freedom of the
2HDM.

We have shown that the rotations to the physical basis are affected by the dim-6
operators and tanβ gets modifications.

Outlook

This is just the beginning:

Calculate contributions from the effective operators to the observables.

Set new bounds on the 2HDM and on (linear combination of) Wilson coefficients.

Study the impact of the Z2 symmetry and of FCNC in the effective sector.

...
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