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SMEFT

Standard Model 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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SMEFT

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

[
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√
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− 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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SMEFT

Effective Field Theories

µ

νµ

W−

ν̄e

e− e−

ν̄e

νµ

µ−

E << MW

?

E << Λ

Fermi Theory

SMEFT

f1

f2

f1

f2f3 f3

f4 f4

Margherita Ghezzi The EFT approach to NP 21/12/2017 6 / 37



SMEFT

SMEFT 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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SMEFT

SMEFT
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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SMEFT

SMEFT - 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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2HDM EFT

Outline
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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
GA
µνG

Aµν − 1

4
W I
µνW

Iµν − 1

4
BµνB

µν

+ (Dµϕ1)† (Dµϕ1) + (Dµϕ2)† (Dµϕ2)

− V (ϕ1, ϕ2) + i
(
l̄D/ 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, m

2
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, m

2
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 =




λ1v2
1 + m2

12

v2

v1
v1v2 (λ3 + λ4 + λ5)−m2

12

v1v2 (λ3 + λ4 + λ5)−m2
12 λ2v2

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)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

µνB
µν

Q22
ϕX = (ϕ†2ϕ2 )XµνXµν Q22

ϕWB = (ϕ†2τ
Iϕ2 )W I

µνB
µν

Q11
ϕX̃

= (ϕ†1ϕ1 )X̃µνXµν Q11
ϕW̃B

= (ϕ†1τ
Iϕ1 )W̃ I

µνB
µν

Q22
ϕX̃

= (ϕ†2ϕ2 )X̃µνXµν Q22
ϕW̃B

= (ϕ†2τ
Iϕ2 )W̃ I

µνB
µν

X = GA, 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)(l̄pγµlr ) Q

(3)1
ϕl = (ϕ†1 i

↔
D I
µϕ1)(l̄pτ Iγµlr )

Q
(1)2
ϕl = (ϕ†2 i

↔
Dµϕ2)(l̄pγµlr ) Q

(3)2
ϕl = (ϕ†2 i

↔
D I
µϕ2)(l̄pτ 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 = (q̄pσµνTAdr )ϕ1 GA

µν Q1
dW = (q̄pσµνdr )τ Iϕ1 W I

µν Q1
dB = (q̄pσµνdr )ϕ 1Bµν

Q2
dG = (q̄pσµνTAdr )ϕ 2GA

µν Q2
dW = (q̄pσµνdr )τ Iϕ2 W I

µν Q2
dB = (q̄pσµνdr )ϕ 2Bµν

Q1
uG = (q̄pσµνTAur )ϕ̃ 1GA

µν Q1
uW = (q̄pσµνur )τ I ϕ̃1 W I

µν Q1
uB = (q̄pσµνur )ϕ̃ 1Bµν

Q2
uG = (q̄pσµνTAur )ϕ̃ 2GA

µν Q2
uW = (q̄pσµνur )τ I ϕ̃2 W I

µν Q2
uB = (q̄pσµνur )ϕ̃ 2Bµν

Q1
eW = (l̄pσµνer )τ Iϕ1W I

µν Q1
eB = (l̄pσµνer )ϕ1Bµν

Q2
eW = (l̄pσµνer )τ Iϕ2W I

µν Q2
eB = (l̄pσµνer )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 = (l̄perϕ1)(ϕ†1ϕ1) Q111

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

Q122
eϕ = (l̄perϕ1)(ϕ†2ϕ2) Q122

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

Q222
eϕ = (l̄perϕ2)(ϕ†2ϕ2) Q222

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

Q211
eϕ = (l̄perϕ2)(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

Margherita Ghezzi The EFT approach to NP 21/12/2017 21 / 37



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
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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
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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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Doubly Charged Scalar

Outline

1 Standard Model Effective Field Theory

2 2HDM Effective Field Theory

3 Doubly Charged Scalar
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Doubly Charged Scalar

The Doubly Charged SU(2)L-singlet Scalar

Motivation: good candidate for the generation of the neutrino masses

It couples only with R-handed charged leptons

LUV = LSM + (DµS
++)

†
(DµS++)

+
(
λab (`R)ca`Rb S

++ + h.c.
)

λab consist of 6 independent parameters and allow for LFV processes
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Doubly Charged Scalar

Low-energy effective Lagrangian and the matching

Feynman diagrams representing the UV-complete contributions that match to the dipole and
four-fermion operators.

10

Dipole

Qe� emr(l̄p�
µ⌫PLlr)Fµ⌫ + H.c.

Scalar/Tensorial Vectorial

QS (l̄pPLlr)(l̄sPLlt) + H.c. QV LL (l̄p�
µPLlr)(l̄s�µPLlt)

QV LR (l̄p�
µPLlr)(l̄s�µPRlt)

QV RR (l̄p�
µPRlr)(l̄s�µPRlt)

QSlq(1) (l̄pPLlr)(q̄sPLqt) + H.c. QV lqLL (l̄p�
µPLlr)(q̄s�µPLqt)

QSlq(2) (l̄pPLlr)(q̄sPRqt) + H.c. QV lqLR (l̄p�
µPLlr)(q̄s�µPRqt)

QTlq (l̄p�
µ⌫PLlr)(q̄s�µ⌫PLqt) + H.c. QV lqRL (l̄p�

µPRlr)(q̄s�µPLqt)

QV lqRR (l̄p�
µPRlr)(q̄s�µPRqt)

TABLE III: Dimension-six operators that allow for e↵ective leptonic transitions below the EW scale.

(a) (b)

(c) (d)

FIG. 8: Feynman diagrams representing the UV-complete contributions that match to the dipole and four-fermion operators.
Diagrams in Fig. 8b match into the diagram in Fig. 8a (dipole interaction) and the diagram in Fig. 8d matches into the diagram
in Fig. 8c (contact interaction).

the EW scale with the relevant Wilson coe�cients is found:

Cprst
V RR (mW ) = ��rt�

⇤
ps

2m2
�

, (A2)

Cpr
e� (mW ) =

1

24m2
�⇡

2

3X

w=1

(�rw�
⇤
pw). (A3)

Once the matching is performed, the evolution of the Wilson coe�cients at the lower energies of the physical
processes is mainly described by the leading order contribution of the two non-vanishing operators to the anomalous
dimensions of the whole set of operators. In the following, the convention

Ċ ⌘ (4⇡) µ
@

@µ
C (A4)

is adopted, where µ is the evolution scale, and Ql = �1 and Qq = 2/3,�1/3 are the charges associated to leptons,
u-type and d-type quarks, respectively. The coe�cient of the dipole operator runs according to @ADRIAN: PLEASE

Diagrams in Fig. (b) match into the diagram in Fig. (a) (dipole interaction)

Diagram in Fig. (d) matches into the diagram in Fig. (c) (contact interaction)

Crivellin, MG, Panizzi, Pruna, Signer, work in progress
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Doubly Charged Scalar

Low-energy effective Lagrangian and the matching

Dipole

Qeγ emr (l̄pσµνPLlr )Fµν + H.c.

Scalar/Tensorial Vectorial

QS (l̄pPLlr )(l̄sPLlt) + H.c. QVLL (l̄pγµPLlr )(l̄sγµPLlt)

QVLR (l̄pγµPLlr )(l̄sγµPR lt)

QVRR (l̄pγµPR lr )(l̄sγµPR lt)

QSlq(1) (l̄pPLlr )(q̄sPLqt) + H.c. QVlqLL (l̄pγµPLlr )(q̄sγµPLqt)

QSlq(2) (l̄pPLlr )(q̄sPRqt) + H.c. QVlqLR (l̄pγµPLlr )(q̄sγµPRqt)

QTlq (l̄pσµνPLlr )(q̄sσµνPLqt) + H.c. QVlqRL (l̄pγµPR lr )(q̄sγµPLqt)

QVlqRR (l̄pγµPR lr )(q̄sγµPRqt)

Dimension-six operators that allow for effective leptonic transitions below the EW scale

Margherita Ghezzi The EFT approach to NP 21/12/2017 31 / 37



Doubly Charged Scalar

Current low-energy experimental limits

Br
[
τ∓ → e∓e±e∓

]
≤ 1.4× 10−8

Br
[
τ∓ → µ∓µ±µ∓

]
≤ 1.2× 10−8

Br
[
τ∓ → e∓µ±µ∓

]
≤ 1.6× 10−8

Br
[
τ∓ → µ∓e±µ∓

]
≤ 9.8× 10−9

Br
[
τ∓ → µ∓e±e∓

]
≤ 1.1× 10−8

Br
[
τ∓ → e∓µ±e∓

]
≤ 8.4× 10−8

Br
[
µ∓ → e∓e±e∓

]
≤ 1.0× 10−12

Br [τ → eγ] ≤ 3.3× 10−8

Br [τ → µγ] ≤ 4.4× 10−8

Br [µ→ eγ] ≤ 4.2× 10−13

BR(l±p → l±r γ) ' αm5
p

(24π2)2m4
φΓp

∣∣∣∣∣
3∑

w=1

λpwλ
∗
rw

∣∣∣∣∣
2

BR(l±p → l±r l∓s l±t ) ' m5
p|λps |2|λrt |2

srt6(4π)3m4
φΓp
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Direct production
Current limits from LHC

1 Introduction

Events with two high-pT, isolated, prompt leptons with the same electric charge (same-sign leptons) are
produced very rarely in a proton-proton collision according to the predictions of the Standard Model
(SM), but they may occur with a higher rate in various beyond the Standard Model (BSM) theories. This
analysis aims to study BSM theories that contain a doubly-charged Higgs particle, and in the absence of
evidence for a signal, set limits through the observed invariant mass of same-sign leptons.

Doubly-charged Higgs bosons (DCH) can arise in a large variety of BSM theories, namely in left-right
symmetric models [1–4] (LRSM), Higgs triplet models [5–7], the little Higgs model [8], Type II seesaw
models [9–13], and the Zee-Babu neutrino mass model [14–16]. Theoretical studies indicate [17, 18]
that the doubly-charged Higgs is predominantly pair produced via the Drell-Yan process at the LHC. The
Feynman diagram of the pair production is shown in Figure 1.

Doubly-charged Higgs particles can couple to either left-handed or right-handed leptons. In LRSM the
two cases are distinguished and denoted H±±L and H±±R . The cross-section for H±±L H⌥⌥L production is
larger than that for H±±R H⌥⌥R , because of di↵erent couplings to the Z boson [19]. Along with the leptonic
decay, the doubly-charged Higgs particle can decay into a pair of W bosons as well. The branching ratio
for the doubly-charged Higgs particle to decay into a pair of W bosons compared to the branching ratio to
a pair of leptons depends on the vacuum expectation value (v�) of the Higgs triplet [9, 12]. For low values
of v� it decays almost exclusively to leptons and for high values of v� mostly to a pair of W bosons. This
analysis studies the case where the H±± particle decays only into electrons.

The ATLAS collaboration has already published similar results and the most stringent constraints origin-
ate from Ref. [20], where the lower mass limit of H±±R (H±±L ) was observed to be 370 GeV (550 GeV) at a
confidence level (C.L.) of 95% and with the assumption that Br(H±± ! e±e±) = 100%. Similar searches
were also performed by the CMS collaboration [21].

q

q

�/Z

H++

H��

`+

`+

`�

`�

Figure 1: Feynman diagram of the pair production pp ! H±±H⌥⌥ process. The analysis studies only the electron
channel, where at least one of the lepton pairs are electrons.

2

Direct searches at LHC (7 TeV
and 13 Tev)

Signature: same-sign lepton
pairs

Current limits from ATLAS:

mφ > 700 GeV (R-handed)
mφ > 800 GeV (L-handed)
assuming Br(H±± → l±l±) = 100%

Current limits from CMS:

mφ > 800 GeV
assuming
Br(H±± → e±e±) = 100%

CERN-EP-2017-198

CMS-PAS-HIG-16-036

Margherita Ghezzi The EFT approach to NP 21/12/2017 33 / 37



Doubly Charged Scalar

Perspective of searches at future colliders

Crivellin, MG, Panizzi, Pruna, Signer, work in progress
(Preliminary plots)
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Muon pair production with R-polarized beams
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Electron pair production with R-polarized beams
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Limits from low energy and future colliders

Crivellin, MG, Panizzi, Pruna, Signer, work in progress
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Direct production
Single production at ILC
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Summary and Outllook - Doubly Charged Scalar

Summary

The DCS is a minimal extension of the SM that accounts for the neutrino mass
generation and allows LFV processes.

Preliminary studies show that low energy physics and future e+e− colliders provide
complementary bounds.

Due to the production of the DCS in the t-channel, future e+e− colliders can be
sensitive to mass scales of several TeV.

Outlook

This presentation is just a preliminary study:

Perform a complete collider analysis of direct DCS production at future colliders.

Study the possibility to improve current bounds at LHC.

Study the interplay between low- and high-energy limits.

. . .
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