
55

CP-violation in SM
EFT
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1-loop m
atching result
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Phenom
enology



There are a few unanswered questions which hint towards presence of New Physics: 
Neutrino m

ass, dark m
atter, m

atter- antim
atter asym

m
etry...etc. 

Experim
ental D

ata : Linear electron positron collider (LEP I+II ) and Large H
adron C

ollider (LH
C

)
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T
heoretical ways   

✤
Adding new particle(s)  

•
W

ith the sam
e SM

  gauge sym
m

etry. 

•
Enlarge the SM

 gauge sym
m

etry.

Experim
ental ways 

✤
 D

etection of a new physics particle 

either directly or indirectly.

T
heory + Experim

ent

✤
Full theory to be known - to study different processes. 

✤
Energy scale of colliders should be suffi

cient to detect new particle .

Searching for New
 Physics
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Experim
ental ways 

✤
 D

etection of a new physics particle 

either directly or indirectly.

T
heory + Experim

ent

✤
No clue inform

ation about the full theory. 

✤
Energy scale in order to detect new particle is beyond the reach of 

ongoing colliders (LH
C

, etc.) .

Problem
s

Searching for New
 Physics

T
heoretical ways   

✤
Adding new particle(s)  

•
W

ith the sam
e SM

  gauge sym
m

etry. 

•
Enlarge the SM

 gauge sym
m

etry.
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EFT
 - D

escribe new physics in term
s of H

igher D
im

ensional O
perators (H

D
O

) each supplem
ented 

with W
ilson C

oeffi
cients.  

Scale

High scale theory

Describing high scale theory in term
s of low 

scale theory

ℒ
EFT =

ℒ
v +

1Λ ∑
i

C
( 5)
i

Q
( 5)
i

+
1Λ

2∑
i

C
( 6)
i

Q
( 6)
i

+
…

Low energy theory ℒ
v

Q
(n)=

effective operators
C

(n)=
W

ilson coeffi
cients

Λ

EW
 scale

Effective Field T
heory:  Solution to problem

s



Advantages of EFT
 

✤
There is no need to know

 full theory. 

✤
Explicit way of connecting with different m

ass scales. 

✤
NP inform

ation is encapsulated in H
D

O
 and their corresponding 

W
C

s (free param
eters). 

✤
Effective operators are invariant under the gauge sym

m
etry of low 

energy theory. 

✤
Effi

cient way to probe NP which is beyond the reach of current 

collider.
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ℒ
EFT =

ℒ
v +

1Λ ∑
i

C
( 5)
i

Q
( 5)
i

+
1Λ

2∑
i

C
( 6)
i

Q
( 6)
i

+
…

Q
(n)=

effective operators
C

(n)=
W

ilson coeffi
cients

EFT
 path to New

 Physics

Λ

Low energy theory  
(known)

H
igh energy theory (new physics)
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ℒ
EFT =

ℒ
v +

1Λ ∑
i

C
( 5)
i

Q
( 5)
i

+
1Λ

2∑
i

C
( 6)
i

Q
( 6)
i

+
…

Q
(n)=

effective operators
C

(n)=
W

ilson coeffi
cients

EFT
 path to New

 Physics

Λ

Low energy theory  
(known)

H
igh energy theory (new physics)

M
odification in the observables is w

ritten  in a 
m

odel independent m
anner are w

ritten as:

Δ
obs=

obs Exp−
obs theory=

1Λ
2∑

i
c ( 6)

i
𝒪 ( 6)i

+
…

T
hus can affect as an effi

cient way for data 
interpretation.



Standard M
odel Effective Field T

heory

‣
Using SM

 as low energy theory, the high energy theory is expressed in term
s of effective 

operators constructed with SM
 fields and sym

m
etry.

ℒ
SM

EFT =
ℒ

SM
+
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i

C
( 5)
i

Q
( 5)
i

+
1Λ

2∑
i

C
( 6)
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…

Λ
.

Q
(n)=

SM
EFT W

arsaw
 Basis operators

C
(n)=

W
ilson coeffi

cients

‣
SM

EFT describes any beyond SM
 physics lying at cut off 

‣
At dim

- 6, a total of 2499 independent and non-redundant operators are 
constructed with SM

 fields in a basis called W
arsaw Basis in the m

ost general 
case. 

‣
These can be reduced 

‣
 assum

ing different flavor sym
m

etries, C
P . 

‣
 for instance with single flavor  and baryon no. conservation there are 59 
operators. 

Grzadkowski et. al. JHEP 10(2010)085
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In order to account for deviations in experim
ental observations of the observables :

O
bservable

ℒ
SM

(2H
D

M
) +

1Λ ∑
i

C
( 5)
i

Q
( 5)
i

+
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( 6)
i

Q
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i

8 different classes of 
operators
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4D

2

ϕ
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X
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C
apturing New

 Physics effects in O
bservables



✤
  M

odifications induced to m
ass spectrum

 due to 
dim

-6 effective operators.
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Redefining K
inetic term

s 

SM
EFT



Using redefinitions and operators 

Redefinitions

ℳ
2H

=
2λv 2+

1Λ
2(

154
C

H v 4−
λC

H
D v 4+

4λC
H

□ v 4)
.

ℳ
2W

=
g

22 v 2

4
+

g
22 C

H
W v 4

2Λ
2

,
ϕ

4D
2

Q
H

=( H
†H) 3

ϕ
6

++

Q
H

□
=( H

†H) □
( H

†H)
Q

H
D

=( H
†D

μ H)
*( H

†D
μH)

71

M
odifications in m

ass spectrum
 

ℳ
2Z =

(g
21 +

g
22 )v 2

4
+

12Λ
2(

Δ
ZZ v 2(g

21 +
g

22 )+
C

H
D v 4(g

21 +
g

22 )
4

)
.



M
ass of charged ferm

ions

ℳ
ψ →

vY
ψ2

−
C

ψH v 3

2
2Λ

2 ,

ψ
=

{u,d,e}.

ϕ
3ψ

2+
h.c.

Q
eH

=
(H

†H
)(leH

)

Q
uH

=
(H

†H
)(quH̃

)

Q
dH

=
(H

†H
)(qdH

)

−(H
+jdY

d qj +
H̃

+juY
u qj +

H
+jeY

e lj +
h.c.)

+
C

onsidering single fam
ily of ferm

ions

72

→



Gauge 
Boson
M

ass
Ferm

ion
M

ass
Scalar  
M

ass

ϕ
4D

2
ϕ

2X
2

ψ
2ϕ

3
ϕ

6

A′
 

μ
ϕ′

 

V(ϕ′
 )

ℒ
Yψ (ϕ,ψ)

ℒ
kin
ϕ

(ϕ′
 ,A′

 
μ )

ϕ
4D

2

ϕ′
 ,A′

 are redefined scalar and gauge fields
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✤
  M

odifications in low
 energy observables due to dim

-6 
effective operators.



ψ
4

Effect on Ferm
i C

onstant

(G
F )SM =

g
22

4
2M

2W

=
12v 2 .

𝒢
F =

(G
F )SM [ 1+

1Λ
2 ( 2C

(3)
H

l v 2−
C

LL v 2)] .

g22
ϵ(eν)L =

g22 (
1+

C
(3)
H

l v 2

Λ
2)

.

M
odified vertex factor

ψ
2ϕ

2D

Four point interactions

Alonso, Jenkins, M
anohar & Trott (JHEP04(2014)159)

μ
−

→
e −+

ν̄e +
νμ

75

Q
[3]
H

l =
i(H

†D
Iμ H

)(l̄σ
Iγ μl)

Q
ll =

(l̄γ μl)(l̄γ μl)

SM
EFT



New
 Physics in W

eak m
ixing angle

  Low energy neutrino nucleon scatterings experim
ents define

̂R=
σ

νNC−
σ

ν̄NC

σ
νCC−

σ
ν̄CC

=
12

−
sin 2θw .

ℒ
CCνq

=
g

22
2M

2W
eL γ μνL( uL γ μdL)

+
h.c.,

ℒ
NCνq

=
g

22
cos 2θw M

2Z νL γ μνL( uL γ μuL +
uR γ μuR +

dL γ μdL +
dR γ μdR)

.

D
ue to inclusion of dim

- 6 operators, the couplings of gauge bosons to ferm
ions are 

redefined. 
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Buchm
uller &

 W
yler  Nucl.Phys.B 268 (1986) 621-653



ψ
2ϕ

2D
+

ℒ
kin
ψ

νL γ μeL (W
μ) +

→
g22 (

1+
C

(3)
H

l v 2

Λ
2)

,

νL γμ νL Z
μ→

g2
2cosθw

1+
cosθw
g2 Λ

2
−

g
21 C

(1)
H

l v 2

2
g 21 +

g 22

−
g

22 C
(1)
H

l v 2

2
g 21 +

g 22

+
g

21 C
(3)
H

l v 2

2
g 21 +

g 22

+
g

22 C
(3)
H

l v 2

2
g 21 +

g 22

.

ψγμ ψA
μ

Q
[1]
H

ψ =
i(H

†D
μ H

)(ψ̄γ μψ)
Q

[3]
H

ψ =
i(H

†D
Iμ H

)(ψ̄σ
Iγ μψ)

Exam
ple  in case of SM

EFT

uL γμ dL (W
μ) +

→
g22 (

1+
C

(3)
H

q v 2

Λ
2)

,
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ℒ
CCνq

=
g

22
2ℳ

2W
eL γ μνL( ϵν*(ud)L uL γ μdL +

(ϵν*(ud)R uR γ μdR)
+

h.c.,

ℒ
NCνq

=
g

22
cos 2θw ℳ

2Z νL γ μνL( ζν*uL uL γ μuL +
ζν*uR uR γ μuR +

ζν*dL dL γ μdL +
ζν*dR dR γ μdR) ,

(ψγμ ψA
μ )NP +

ψ
4

ϵν*(ud)L =
−(

1+
C

(3)
H

l v 2

Λ
2)(

1+
C

(3)
H

q v 2

Λ
2)

+
4ℳ

2W C
3LQ

g 22 Λ
2

.

̂R=
σ

νNC−
σ

ν̄NC

σ
νCC−

σ
ν̄CC

=
12

−
sin 2θ̄w .

Scattering m
atrix elem

ent gets redefined m
odified weak m

ixing angle can be calculated.

Q
(3)
LQ

=
(lγμ σ

Il)(qγ μσ
Iq)
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For SM
EFT



δG
F =

G
F

Λ
2 ( 2v 2C

3H
l −

v 2C
ll ) ,

δα
=

2α
g2 g1 v 2

(g 22 +
g 21 )

C
H

W
B

Λ
2

,

δm
2Z =

12
2

m
2Z

G
F

C
H

D

Λ
2

+
2 1/4

παm
Z

G
3/2
F

C
H

W
B

Λ
2

.

Using input param
eter schem

e 
, tree level contributions are calculated.

{α,G
F ,M

Z }

79

EW
PO

H
iggs signal strength

+
ϕ

2ψ
2D

Assum
ed flavor independence 

Tree level contributions to the decay width and production cross-sections from
  

M
urphy (Phys.Rev.D

 97 (2018)).  These results were given in SILH
 basis, using basis 

translation, these were converted to W
arsaw basis.

O
NP =

O
SM +∑

i

𝒜
i

Λ
2 C

i .

O
verview

 of the m
odifications



Relevant SM
EFT

 dim
ension-6 operators 

C
(1)
H

l
C

(3)
H

l

C
(1)
H

q
C

(3)
H

q

C
H

e
C

H
u

C
H

d

C
ll

C
H

W

C
H

C
H□

C
H

D

C
H

B

C
H

W
B

C
H

G

C
eH

C
dH

C
uH

H
iggs

EW
PO

Third generation 
couplings
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Bottom
-Up Approach

Λ

Low energy theory  
(known)

H
igh energy theory (NP unknown)

BSM
 (with heavy particles)

SM
EFT 

(subset of dim
-6 operators and their 

corresponding W
C

s in term
s of BSM

 
param

eters )

M
atching by 

integrating out 
heavy particle

SM
EFT 

(59 D
im

-6 O
perators)

M
odel D

ependent
M

odel 
Independent

Top-D
ow

n Approach



BSM
 theory  (U

V )

✤
C

onnecting Bottom
-up approach w

ith Top-dow
n approach

SM
EFT

M
atching

M
atching 

(C
oD

Ex)
M

atching
O

bservables 

M
atching

C
onstraints on 

BSM
 

param
eters  

M
atching

C
onstraints on 

BSM
 m

atched  
W

C
s  

M
atching

C
om

parison on 
constraints on 

the W
C

s  

M
odel dependent 
m

apped W
C

s 

82

M
odel 

independent



11 BSM
 scenarios

83
C

oD
Ex- Bakshi, Chakrabortty, Patra EPJC

 79 (2019) 1, 21



84

O
ut of 59 SM

EFT
 operators, 18 operators contribute to EW

PO
 &

 H
iggs signal strength.

O
perators 

generated upto 
one-loop in the 

eleven BSM
 

scenarios

O
perators 

constrained by 
the EW

PO
 and 

the H
iggs data

BSM
 

scenarios
QQ

H
B

Q
dH H

W
B

Q
eH

Q
uH

Q
H

Q
H

□

Q
H

W
Q

H
D

Q
H

G

Q
(1)
H

l
Q

(3)
H

l
Q

ll

Q
H

e
Q

H
u

Q
H

d

Q
(1)
H

q
Q

(3)
H

q

(3,2,1/6)
(3,2,7/6)

(3,3,-1/3)

(1,3,1)

(1,4,1/2)

(1,2,-1/2)

(1,1,0)

(1,1,2)

(3,1,-1/3)

(3,1,-4/3)



Uniform
 priors 
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M
odel dependent analysis - Real singlet scalar

ℒ
S ⊃

12
D

μ SD
μS−

12 m
2S S

2−
c

S,a |H
| 2S−

κ
S2

|H
| 2S

2−
μ

S

3! S
3−

λ
S

4! S
4.

C
oD

Ex Results

C
onstraints on the 

m
odel param

eters 
c

S ,a
{−1,1}

TeV
κ

S
{−4π,4π}

μ
S

λ
S

{−4π,4π}
Insensitive 
param

eters 

Bakshi, Chakrabortty, Patra 
EPJC

 79 (2019) 1, 21

{−1,1}
TeV

(G
eV)
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W
C

 space : SM
EFT

 vs BSM

Using the sam
ples of points generated for 

 and 
, the distributions for the 

 and 
 are 

obtained. These correspond to the bounds from
 the m

odel inform
ation.

c
S ,a

κS
C

H
C

H
□
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(3,2,1/6)

(3,2,7/6)

(3,3,-1/3)

}

5 operators
}

9 operators
(1,3,1)

(1,4,1/2)

(1,2,-1/2)

C
om

parison of the W
C

 space for two classes 

3 m
odel 

param
eters

1 m
odel 

param
eter

https://github.com
/effExTeam

/SM
EFT-EW

PO
-Higgs
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T
heoretical constraints

ℒ
Δ

1 ⊃
Tr[(D

μ Δ
1 ) †(D

μΔ
1 )]−

m
2Δ1 Tr[Δ

†1 Δ
1 ]−{

μ
Δ1 (H

Tiσ2 Δ
†1 H

)+
h.c.}

−
λ

Δ1 ,1 (H
†H

)Tr(Δ
†1 Δ

1 )−
λ

Δ1 ,2 [
Tr(Δ

†1 Δ
1 )] 2−

λ
Δ1 ,3 Tr[ (Δ

†1 Δ
1 ) 2] −

λ
Δ1 ,4 H

†Δ
1 Δ

†1 H
.

Vacuum
 stability bounds

Unitarity bounds

Arhrib et al PRD
 84 (2011) 095005

 (1,3,1)
Δ

1



Is D6 suffi
cient? 

W
hat are beyond D6? 

How to com
pute beyond D6?

A few
 queries:

D
ecoupling!  

EFT vs Full Theory! 
  

EFT Truncation!



Effect on O
blique param

eters

Param
eters representing oblique corrections to propagators of gauge bosons. 

V
i V

j =
{W

W
,ZZ,γγ,γZ}or{W

1 W
1 ,W

2 W
2 ,W

3 W
3 ,W

3 B,BB}.

S
=

−
4cosθw sinθw

α
Π′

 
3B (0),

T
=

1αm
2W ( Π

W
W (0)−

Π
33 (0)) ,

U
=

4sin 2θw
α

( Π′
 

W
W (0)−

Π′
 

33 (0))
.

Peskin &
 Takeuchi  (PhysRevLett.65.964)
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µ
ν

V
i

V
j

p

iΠ
μνV

i V
j (p

2)=
i(

g
μν−

p
μp

ν

p 2)
Π

V
i V

j (p
2)+(

i p
μp

ν

p 2
term) ,

Π
V

i V
j (p

2)=
[Π

0 +
Π

2 p
2+

Π
4 p

4+
O(p

6)]V
i V

j .



ℒ
kin
A( A′ μ)

+
ℒ

kin
ϕ( ϕ

′ ,A′ μ)
+

ϕ
4D

2+
ϕ

2X
2

iΠ
μνV

i V
j (p

2)=
i(

g
μν−

p
μp

ν

p 2)
Π

V
i V

j (p
2),

Π
V

i V
j (p

2)=
A

2 p
2+

A
0 .

Π
W

1 W
1 (p

2)=
p

2(
1+

2C
H

W v 2

Λ
2)

+
14 g

22 v 2+
g

22 C
H

W v 4

2Λ
2

.

S
=

4C
H

W
B v 2sinθw cosθw

αΛ
2

,

T
=

−
g2 v 2

8αΛ
2m

2W ( 2g1 C
H

W
B v 2+

g2 C
H

D v 2) ,
U

=
0.

expanding  in gauge fields

  oblique param
eters

H
enning et.al.  JH

EP 01  (2016)023

SM
EFT

ℒ
W

1 W
1 =

12 W
1μ ( −∂ 2g

μν+
∂

μ∂ ν) W
1ν(

1+
2v 2C

H
W

Λ
2)

+
( 12 W

1μ W
μ1 )[ 14 g

22 v 21 +
2v 41 C

H
W] .
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Im
pact of  D8 on observables 
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Take hom
e m

essages
❖

 
Effective Field Theory connects physics of different scales

It’s a very effective tool specially w
hen new

 physics is unknow
n

Top-D
ow

n and B
ottom

-U
p are tw

o com
plem

entary aspects of EFT

D
ifferent U

V theories can be brought into sam
e footing “SM

EFT” 
—

 platform
 for a com

parative analysis

EW
PO

 and H
iggs O

bservables play crucial role to estim
ate 

the room
 left for new

 physics

C
P Violation m

ay be the gam
e changer: Scalar vs Ferm

ion

Precision calculation: H
igher loops and R

G
s w

ill be in high dem
and


