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What if the new physics is heavy?
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Model independent searches for new physics

Resonances

Assumption : exchange of only
one particle

g g1
p2�m2

Example : Z boson

Effects : a peak in the invariant
mass distribution

Effective field theory

Assumption : New d.o.f are
heavy� Expansion in E2

�2 at low
energy

�g2

m2

Example : Fermi theory

Effects : m2/�2 normalisation
E2/�2 shape
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m2>>p2

Fermi theory : MW >> mb	
	 	 	 	 	   Easier full theory

Indirect detection of new d.o.f	
as new/modified interaction 
between SM fields

direct detection of new d.o.f	
as resonance, …

Use EFT without knowing the full theory 	
Low energy at the LHC : 𝚲2<<p2
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Effective Field Theory

• Assumption : Eexp <<Λ	

!

!

• Model independent (i.e. parametrize a large class of 
models) : any HEAVY NP
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A basis of dimension-eight operators for anomalous neutral

triple gauge boson interactions

Celine Degrande
Department of Physics, University of Illinois at Urbana-Champaign

1110 W. Green Street, Urbana, IL 61801, USA

Abstract

Four independent dimension-eight operators give rise to anomalous neutral triple
gauge boson interactions, one CP-even and three CP-odd. Only the CP-even operator
interferes with the Standard Model for the production of a pair of on-shell neutral
bosons. However, the effects are found to be tiny due mainly to the mismatch of the Z
boson polarization between the productions from the SM and the new operator.

1 Introduction

The recent discovery of the Higgs boson has increased the confidence in the validity of
the Standard Model (SM). On the other hand, the remaining issues of the SM like the
absence of a dark matter candidate claim for new physics. This dilemma can only be solved
experimentally by either directly searching for new particles or by looking for deviations
from the SM predictions. In this article, we use the well motivated effective field theory
(EFT) approach to pin down the expected first deviations from heavy new physics on the
neutral triple gauge couplings (nTGC).
Anomalous neutral gauge couplings have been actively searched for at LEP [1, 2, 3], at the
Tevatron [4, 5] and at the LHC [6, 7]. The constraints are given following the parametrization
of the anomalous vertices for the neutral gauge bosons [8, 9, 10, 11]

ieΓαβµ
ZZV (q1, q2, q3) =

−e(q23 −m2
V )

M2
Z

[
fV
4 (qα3 g

µβ + qβ3g
µα)− fV

5 ϵµαβρ(q1 − q2)ρ
]
, (1)

ieΓαβµ
ZγV (q1, q2, q3) =

−e(q23 −m2
V )

M2
Z

{

hV1 (q
µ
2g

αβ − qα2 g
µβ) +

hV2
M2

Z

qα3 [(q3q2)g
µβ − qµ2qβ3 ]

− hV3 ϵ
µαβρq2ρ −

hV4
M2

Z

qα3 ϵ
µβρσq3ρq2σ

}

(2)

where V is a photon or a Z boson and is off-shell while the two other bosons are on-shell.
The parametrization of those vertices has been extended for off-shell bosons in ref. [10]. So
far, the size of the fV

i and hVi coefficients is unknown. They have be computed or estimated
for some extensions of the SM [10, 12]. Alternatively, their size as well as their dependence
in a smaller number of parameters can be obtained for any heavy new physics model using
EFT [13]. As a matter of fact, any extension the SM can be parametrized at low energy by
the effective Lagrangian

L = LSM +
∑

d>4

∑

i

Ci

Λd−4
Od

i (3)

1

Parametrize any NP but an ∞ number of coefficients

L = LSM +
�

i

Ci

�2
O6

i

a finite number of 
coefficients =>Predictive!
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EFT : Example
|M(x)|2 = |MSM (x)|2 + 2< (MSM (x)M⇤

d6(x)) + |Md6(x)|2 + . . .

⇤0 ⇤�2 O �
⇤�4

�

Should not be included,	
be small	

Error estimate
• SM is           , NP is             : 	

• Precision Physics : small effects	

• Quantisation of NP constraints	

• Hadron vs lepton collider	

• Energy range (Assumption, sensitivity)	

• Precision (Th, Exp)

O �
⇤0

� O �
⇤�2

�
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Safety tool : Unitarity
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Unitarity/Perturbativity

Unitarity bound

SM 

NP only
SM+NP

Perturbativity
Unitarity

1/⇤2

+Form 
Factor

Precise : EFT	
Assump. OK 
(model ind.)

 SM±>100%	
Assume SM 
+dim6 only Unitarity	

allowed

We measure    , what is  ?
Ci

⇤2 ⇤

⇠ ⇤

> ⇤ E

Example
of UV

8
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EW operators (CP even)

Oh =
�
H†H

⇥3

O⇤h = �µ
�
H†H

⇥
�µ

�
H†H

⇥

OHB =
�
H†H

⇥
Bµ�Bµ�

OHW =
�
H†H

⇥
�Wµ�Wµ�⇥

OWWW = �Wµ�W�⇥W
⇥
µ ⇥

OW = (DµH)† Wµ�D�H

OB = (DµH)† Bµ�D�H

ODh =
�
H†DµH

⇥† �
H†DµH

⇥

OHBW =
�
H†Bµ�Wµ�H

⇥

* No fermions, no gluons
9

W. Buchmuller, D. Wyler 	
NPB268 (1986) 621-653	
B. Grzadkowski et al	
  JHEP1010(2010) 085
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Example : basis translation

= � (D�DµH)† Wµ�H � (DµH)† D�W
µ�H

D�Dµ � [D� , Dµ] = c1Wµ� + c2Bµ�

where d is the dimension of the operator Od
i and � is the new physics scale. The new

operators are built out of the SM fields and respect its symmetries. In the limit � ⇥ ⇤, this
Lagrangian tends to the SM one. At energies well below �, only the finite set of operators
with the lowest dimension are relevant. Therefore the Lagrangian (3) is predictive even if
the coe�cients Ci are kept as free parameters and can be used to search for heavy new
physics in a model independent way.
Since no dimension-six operator induces nTGC [14, 15], the e⇢ects of heavy new physics on
nTGC is expected to be rather small. Wether or not they can be observed or constrained
depends on the presence of dimension-eight operators with nTGC and the size of their
contributions. Two dimension-eight operators invariant under the SM gauge group have
been given in [16]. Those operators contain only the neutral gauge bosons and the Higgs
field but they can be transformed using the equation of motion to operators with no nTGC.
In the following, we allow the operators to contain also the charged gauge bosons since many
dimension-six and dimension-eight operators can change they interactions and may cancel
the e⇢ect of the operators with nTGC.
The list of independent operators is derived in section 2 while their e⇢ects on neutral diboson
production are discussed in section 3. Finally, a summary is given in the last section.

2 The operators

In this section, we go through all the possible dimension-eight operators invariant under the
SM gauge group with neutral triple gauge vertices to find a set of independent operators.
Namely, we are using

I. The Higgs field equation of motion

DµD
µH = µ2H � 2�

�
H†H

⇥
H + fermion densities; (4)

II. The W field equation of motion

DµW I
⇥µ = ig

�
H†⇤ID⇥H �D⇥H

†⇤IH
⇥
+ fermion currents (5)

and the B field equation of motion

DµB⇥µ = i
g�

2

�
H†D⇥H �D⇥H

†H
⇥
+ fermion currents; (6)

III. Bianchi identities

Dµ⌅W I
⇥µ = 0 and Dµ ⇤B⇥µ = 0; (7)

IV. Jacobi identity
DµF⇥⇤ +D⇥F⇤µ +D⇤Fµ⇥ = 0 (8)

where F⇥⇤ denotes either W⇥⇤ or B⇥⇤ here and in the remaining of this paper;

V. The commutator of two covariant derivatives is a linear combination of strength field
tensors;

VI. Integration by part.

2

Integration by part

= a1OHW + a2OHBW + a3ODH + a4O�H

OW = (DµH)† Wµ�D�H

More operators than measurable operators
Rosetta, A Falkowski et al EPJC75 (2015) no.12, 583

10
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Basis choice

ODh =
�
H†DµH

⇥† �
H†DµH

⇥

OHBW =
�
H†Bµ�Wµ�H

⇥

Oh =
�
H†H

⇥3

O⇤h = �µ
�
H†H

⇥
�µ

�
H†H

⇥

OHB =
�
H†H

⇥
Bµ�Bµ�

OHW =
�
H†H

⇥
�Wµ�Wµ�⇥

OWWW = �Wµ�W�⇥W
⇥
µ ⇥

OW = (DµH)† Wµ�D�H

OB = (DµH)† Bµ�D�H

�
H†H

⇥
⇥

⇤
H†H � v2

2

⌅
to avoid redefinition :

aHCaTGC

h ⇥ h
�
1� c�h

�2
v2
⇥

Redefinition of the A/Z, EW 
vector boson masses

!no redefinition of SM input!
11



C. Degrande

K. Hagiwara et al. PLB283 (1992) 353-359, PRD48 (1993) 2182-2203

Anomalous couplings

EM gauge invariance implies :

11(5+6) parameters

8

WWWW WWZZ ZZZZ WWAZ WWAA ZZZA ZZAA ZAAA AAAA
OS,0, OS,1 X X X

OM,0, OM,1,OM,6 ,OM,7 X X X X X X X
OM,2 ,OM,3, OM,4 ,OM,5 X X X X X X

OT,0 ,OT,1 ,OT,2 X X X X X X X X X
OT,5 ,OT,6 ,OT,7 X X X X X X X X

OT,8 ,OT,9 X X X X X

TABLE II: Quartic vertices modified by each dimension-8 operator are marked with X.

D. Comparison with the anomalous coupling approach and the LEP convention for aQGCs

The anomalous couplings approach is based on the Lagrangian [9]

L =igWWV

✓
gV1 (W+

µ⌫W
�µ �W+µW�

µ⌫)V
⌫ + V W

+
µ W�

⌫ V µ⌫ +
�V

M2
W

W ⌫+
µ W�⇢

⌫ V µ
⇢

+igV4 W+
µ W�

⌫ (@µV ⌫ + @⌫V µ)� igV5 ✏µ⌫⇢�(W+
µ @⇢W

�

⌫ � @⇢W
+
µ W�

⌫ )V�

+̃V W
+
µ W�

⌫ Ṽ µ⌫ +
�̃V

m2
W

W ⌫+
µ W�⇢

⌫ Ṽ µ
⇢

!
,

(32)

where V = �, Z; W±

µ⌫ = @µW±

⌫ � @⌫W±

µ , Vµ⌫ = @µV⌫ � @⌫Vµ, gWW� = �e and gWWZ = �e cot ✓W .
The first three terms of Eq. 32 are C and P invariant while the remaining four terms violate C and/or
P . Electromagnetic gauge invariance requires that g�1 = 1 and g�4 = g�5 = 0. Finally there are five in-
dependent C- and P -conserving parameters: gZ1 ,� ,Z ,�� ,�Z ; and six C and/or P violating parameters:
gZ4 , g

Z
5 , ̃� , ̃Z , �̃� , �̃Z . This Lagrangian is not the most generic one as extra derivatives can be added in all

the operators. Furthermore, there is no reason to remove those extra terms since they are not suppressed
by ⇤ but by MW .

The e↵ective field theory approach described in the previous section allows one to calculate those param-
eters in terms of the coe�cients of the five dimension-six operators relevant for TGCs, i.e. in terms of the
EFT coe�cients cWWW , cW , cB , cW̃WW and cW̃ . One finds for the anomalous TGC parameters[10, 11]:

gZ1 = 1 + cW
m2

Z

2⇤2
(33)

� = 1 + (cW + cB)
m2

W

2⇤2
(34)

Z = 1 + (cW � cB tan2 ✓W )
m2

W

2⇤2
(35)

�� = �Z = cWWW
3g2m2

W

2⇤2
(36)

gV4 = gV5 = 0 (37)

̃� = cW̃
m2

W

2⇤2
(38)

̃Z = �cW̃ tan2 ✓W
m2

W

2⇤2
(39)

�̃� = �̃Z = cW̃WW

3g2m2
W

2⇤2
(40)

Defining �gZ1 = gZ1 � 1, ��,Z = �,Z � 1, the relation [10]

�gZ1 = �Z + tan2 ✓W�� (41)

8

WWWW WWZZ ZZZZ WWAZ WWAA ZZZA ZZAA ZAAA AAAA
OS,0, OS,1 X X X

OM,0, OM,1,OM,6 ,OM,7 X X X X X X X
OM,2 ,OM,3, OM,4 ,OM,5 X X X X X X

OT,0 ,OT,1 ,OT,2 X X X X X X X X X
OT,5 ,OT,6 ,OT,7 X X X X X X X X

OT,8 ,OT,9 X X X X X

TABLE II: Quartic vertices modified by each dimension-8 operator are marked with X.

D. Comparison with the anomalous coupling approach and the LEP convention for aQGCs

The anomalous couplings approach is based on the Lagrangian [9]

L =igWWV

✓
gV1 (W+

µ⌫W
�µ �W+µW�

µ⌫)V
⌫ + V W

+
µ W�

⌫ V µ⌫ +
�V

M2
W

W ⌫+
µ W�⇢

⌫ V µ
⇢

+igV4 W+
µ W�

⌫ (@µV ⌫ + @⌫V µ)� igV5 ✏µ⌫⇢�(W+
µ @⇢W

�

⌫ � @⇢W
+
µ W�

⌫ )V�

+̃V W
+
µ W�
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⌫ (@µV ⌫ + @⌫V µ)� igV5 ✏µ⌫⇢�(W+
µ @⇢W

�

⌫ � @⇢W
+
µ W�

⌫ )V�

+̃V W
+
µ W�

⌫ Ṽ µ⌫ +
�̃V

m2
W

W ⌫+
µ W�⇢

⌫ Ṽ µ
⇢

!
,

(32)

where V = �, Z; W±

µ⌫ = @µW±

⌫ � @⌫W±

µ , Vµ⌫ = @µV⌫ � @⌫Vµ, gWW� = �e and gWWZ = �e cot ✓W .
The first three terms of Eq. 32 are C and P invariant while the remaining four terms violate C and/or
P . Electromagnetic gauge invariance requires that g�1 = 1 and g�4 = g�5 = 0. Finally there are five in-
dependent C- and P -conserving parameters: gZ1 ,� ,Z ,�� ,�Z ; and six C and/or P violating parameters:
gZ4 , g

Z
5 , ̃� , ̃Z , �̃� , �̃Z . This Lagrangian is not the most generic one as extra derivatives can be added in all

the operators. Furthermore, there is no reason to remove those extra terms since they are not suppressed
by ⇤ but by MW .

The e↵ective field theory approach described in the previous section allows one to calculate those param-
eters in terms of the coe�cients of the five dimension-six operators relevant for TGCs, i.e. in terms of the
EFT coe�cients cWWW , cW , cB , cW̃WW and cW̃ . One finds for the anomalous TGC parameters[10, 11]:

gZ1 = 1 + cW
m2

Z

2⇤2
(33)

� = 1 + (cW + cB)
m2

W

2⇤2
(34)

Z = 1 + (cW � cB tan2 ✓W )
m2

W

2⇤2
(35)

�� = �Z = cWWW
3g2m2

W

2⇤2
(36)

gV4 = gV5 = 0 (37)

̃� = cW̃
m2

W

2⇤2
(38)

̃Z = �cW̃ tan2 ✓W
m2

W

2⇤2
(39)

�̃� = �̃Z = cW̃WW

3g2m2
W

2⇤2
(40)

Defining �gZ1 = gZ1 � 1, ��,Z = �,Z � 1, the relation [10]

�gZ1 = �Z + tan2 ✓W�� (41)

Why not adding derivatives 

12
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Anomalous couplings

Dimension-six

Form factors are higher dimension operators with 
arbitrarily fixed coefficients

8

WWWW WWZZ ZZZZ WWAZ WWAA ZZZA ZZAA ZAAA AAAA
OS,0, OS,1 X X X

OM,0, OM,1,OM,6 ,OM,7 X X X X X X X
OM,2 ,OM,3, OM,4 ,OM,5 X X X X X X

OT,0 ,OT,1 ,OT,2 X X X X X X X X X
OT,5 ,OT,6 ,OT,7 X X X X X X X X

OT,8 ,OT,9 X X X X X

TABLE II: Quartic vertices modified by each dimension-8 operator are marked with X.

D. Comparison with the anomalous coupling approach and the LEP convention for aQGCs

The anomalous couplings approach is based on the Lagrangian [9]

L =igWWV

✓
gV1 (W+

µ⌫W
�µ �W+µW�

µ⌫)V
⌫ + V W

+
µ W�

⌫ V µ⌫ +
�V

M2
W

W ⌫+
µ W�⇢

⌫ V µ
⇢

+igV4 W+
µ W�

⌫ (@µV ⌫ + @⌫V µ)� igV5 ✏µ⌫⇢�(W+
µ @⇢W

�

⌫ � @⇢W
+
µ W�

⌫ )V�

+̃V W
+
µ W�

⌫ Ṽ µ⌫ +
�̃V

m2
W

W ⌫+
µ W�⇢

⌫ Ṽ µ
⇢

!
,

(32)
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by ⇤ but by MW .
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eters in terms of the coe�cients of the five dimension-six operators relevant for TGCs, i.e. in terms of the
EFT coe�cients cWWW , cW , cB , cW̃WW and cW̃ . One finds for the anomalous TGC parameters[10, 11]:

gZ1 = 1 + cW
m2

Z

2⇤2
(33)

� = 1 + (cW + cB)
m2

W

2⇤2
(34)

Z = 1 + (cW � cB tan2 ✓W )
m2

W

2⇤2
(35)

�� = �Z = cWWW
3g2m2

W

2⇤2
(36)

gV4 = gV5 = 0 (37)

̃� = cW̃
m2

W

2⇤2
(38)

̃Z = �cW̃ tan2 ✓W
m2

W

2⇤2
(39)

�̃� = �̃Z = cW̃WW

3g2m2
W

2⇤2
(40)

Defining �gZ1 = gZ1 � 1, ��,Z = �,Z � 1, the relation [10]

�gZ1 = �Z + tan2 ✓W�� (41)

+
gV2
M2

W

�
W+

µ⌫W
�µ �W+µW�

µ⌫

�
@⇢@⇢V

⌫

1
�

s
⇤2 + 1

�2 =
1X

k=0

(k + 1)
⇣
� s

⇤2

⌘k

� (pp ! WW ) = �SM + gV1
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1 +

gV2
gV1
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M2
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� (pp ! WV ) = �SM + gV1
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Anomalous coupling

CP even Operators

CP odd operators

OW̃WW =
D
W̃µ⌫W⌫⇢W

⇢
µ

E

5. Anomalous Couplings from Effective Field Theory

The effective field theory approach allows us to reframe some analyses
that have been performed using the anomalous coupling formalism. If the
anomalous couplings were taken to be constant Lagrangian parameters, then
we can reinterpret them as the coefficients of dimension six operators. By
reframing the results in terms of dimension six operators, all of the desirable
features of the effective field theory, listed in Section 2, remain intact.

When anomalous couplings are derived from an effective field theory it is
important to remember that they, like the underlying effective field theory,
are only valid below the scale of new physics, Λ. This is in stark contrast to
the original use of anomalous couplings, which were regarded as being valid
to arbitrarily high energy [3, 6].

The effective field theory approach described in the previous section allows
one to calculate the parameters gZ

1 , κγ, etc., in terms of the coefficients of the
five dimension-six operators. Calling these coefficients cWWW , cW , cB, cW̃WW , cW̃ ,
one finds [9, 13]

gZ
1 = 1 + cW

m2
Z

2Λ2
(12)

κγ = 1 + (cW + cB)
m2

W

2Λ2
(13)

κZ = 1 + (cW − cB tan2 θW )
m2

W

2Λ2
(14)

λγ = λZ = cWWW

3g2m2
W

2Λ2
(15)

gV
4 = gV

5 = 0 (16)

κ̃γ = cW̃

m2
W

2Λ2
(17)

κ̃Z = −cW̃ tan2 θW

m2
W

2Λ2
(18)

λ̃γ = λ̃Z = cW̃WW

3g2m2
W

2Λ2
(19)

Defining ∆gZ
1 = gZ

1 − 1, ∆κγ,Z = κγ,Z − 1, we find the relation [9]

∆gZ
1 = ∆κZ + tan2 θW∆κγ (20)

This, together with the relation λγ = λZ , reduces the five C and P violating
parameters down to three. For the C and/or P violating parameters, we find

10

�g Z
1 = �⇥Z + tan 2

�W�⇥�

�X = X � 1

0 = ⇥̃Z + tan 2
�W ⇥̃�

L = igWWV

�
gV1 (W+

µ�W
�µ �W+µW�

µ�)V
� + �V W

+
µ W�

� V µ� +
⇥V

M2
W

W �+
µ W�⇥

� V µ
⇥ +igV4 W+

µ W�
� (�µV � + ��V µ)

�igV5 �µ�⇥⇤(W+
µ ⌅⇥W

�
� � ⌅⇥W

+
µ W�

� )V⇤ + ⇥̃V W
+
µ W�

� Ṽ µ� +
⇤̃V

m2
W

W �+
µ W�⇥

� Ṽ µ
⇥

�

C
onstants !

Oh =
�
H†H

⇥3

O⇤h = �µ
�
H†H

⇥
�µ

�
H†H

⇥

OHB =
�
H†H

⇥
Bµ�Bµ�

OHW =
�
H†H

⇥
�Wµ�Wµ�⇥

OWWW = �Wµ�W�⇥W
⇥
µ ⇥

OW = (DµH)† Wµ�D�H

OB = (DµH)† Bµ�D�H

OW̃ = (DµH)† W̃µ⌫ (D⌫H)

14
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EFT/AC

SU(2)L

U(1)EM

EFT AC

Lorentz ✔ ✔

✔ ✘

✔ (✔)

Scale suppression ✔ ✘

# parameters (TGC) 5 11+

Different processes ✔ ✘

15



C. Degrande

Unitarity

More than 2 
orders of 
magnitude

Form factors are not 
needed!
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Uni. bound

cWWW /⇤2 2 [�11.9,�1, 94]
cW /⇤2 2 [�8.48, 1.44]
cB/⇤

2 2 [�7.9, 14.9]
cW̃WW /⇤2 2 [�185.3,�82.4]
cW̃ /⇤2 2 [�39.3,�4.9]

LEP @ 68% 
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Perturbativity
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1/�0

Expansion and errors
= 1/ (400GeV)2
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NP is suppressed : Bad estimate of the scale
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QGC from EFT
• Same operators than for TGC give WWWW, 

WWZA, WWAA, WWZZ vertices	

• gauge invariance requires 3 and 4 legs vertices 
to be related 

TGC’s alone are not gauge 
invariant

QGC’s alone are 
not gauge 
invariant

TGC’s and QGC’s from the dimension-six 
operators are gauge invariant
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VBS/Triple prod.

5

Like in the SM, TGCs and QGCs from dimension-six operators are completely related to guarantee gauge
invariance. In addition, three CP-conserving operators

O�d = @µ
�
�†�

�
@µ

�
�†�

�

O�W =
�
�†�

�
Tr[Wµ⌫Wµ⌫ ]

O�B =
�
�†�

�
Bµ⌫Bµ⌫

(7)

and two CP-violating dimension-six operators

OW̃W = �†W̃µ⌫W
µ⌫�

OB̃B = �†B̃µ⌫B
µ⌫�

(8)

modify the coupling of the Higgs to the weak gauge bosons and therefore the four-gauge-boson amplitudes.
The list of vertices relevant to three- and four-gauge-boson amplitudes of each operator is displayed in
Tab. I. We have neglected the operators a↵ecting the couplings of the bosons to fermions as they can be

ZWW AWW HWW HZZ HZA HAA WWWW ZZWW ZAWW AAWW
OWWW X X X X X X
OW X X X X X X X X
OB X X X X
O�d X X
O�W X X X X
O�B X X X
OW̃WW X X X X X X
OW̃ X X X X X
OW̃W X X X X
OB̃B X X X

TABLE I: The vertices induced by each operator are marked with X in the corresponding column. The vertices that
are not relevant for three- and four-gauge-boson amplitudes have been omitted.

measured in other processes such as Z decay. This is a minimal set of independent dimension-six operators
relevant to amplitudes involving vertices of three and four electroweak gauge bosons. Additional dimension-
six operators invariant under SM symmetries can be constructed but they can be shown to be equivalent
to a linear combination of the previous operators by using equations of motion. Consequently, the choice of
basis of operators is not unique and other choices than the one presented here can be found in the literature.
For example, the operators Q�D and Q�WB in Ref. [2] have been replaced in this paper by OW and OB .
Our basis avoids the otherwise necessary redefinition of the masses of the gauge bosons and the mixing of
the neutral vector bosons. The operator O�d does not contain any gauge boson since �†� is a singlet under
all the SM gauge groups. However, it contributes to the Higgs field’s kinetic term after � has been replaced
by its value in the unitary gauge, i.e. with

� =

✓
0,

v + hp
2

◆T

(9)

one finds

O�d 3 v2@µh@
µh, (10)

and it requires a renormalization of the Higgs field,

h ! h(1� c�d

⇤2
v2), (11)

in the full Lagrangian. The Higgs couplings to all particles including the electroweak gauge bosons are
consequently multiplied by the same factor. O�W and O�B modify the kinetic term of the gauge bosons
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} {

Constraints 
from Higgs

Oh =
�
H†H

⇥3

O⇤h = �µ
�
H†H

⇥
�µ

�
H†H

⇥

OHB =
�
H†H

⇥
Bµ�Bµ�

OHW =
�
H†H

⇥
�Wµ�Wµ�⇥

OWWW = �Wµ�W�⇥W
⇥
µ ⇥

OW = (DµH)† Wµ�D�H

OB = (DµH)† Bµ�D�H

OHW =
�
H†H � v2

� hWµ⌫Wµ⌫i
OHB =

�
H†H � v2

�
Bµ⌫Bµ⌫

OHB

OHW

O@h

No new operators	
small effects
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2.2 Statistical Analysis

To determine the expected sensitivity to beyond-SM (BSM) ZZ contribution, the
background-only p0-value expected for signal+background is calculated using the m4`

spectrum. In order to show the improvement possible with the increased luminosity
and center-of-mass energy, the 5� discovery potential and 95% CL limits are studied.
Since the 4�lepton mass is the process

p
ŝ, the study of its distribution directly

probes the energy-dependence of the new physics.
At su�ciently high energy, the amplitude predicted by higher-dimension operators

will eventually violate unitarity. In this regime, the new physics that presumably
restores unitarity is expected to be probed directly, such as the production of on-shell
resonances. This is a very interesting regime because the masses and couplings of new
resonances can be measured independently, which is a much more powerful probe as
compared to the low-energy regime where only the appropriate ratio of coupling and
mass can be probed. Furthermore, in the high energy regime it is also possible to
study new decay modes of the resonances, whereas in the low-energy regime of EFT
applicability we can only study the anomalous production of SM particles. The regime
above the unitarity bound is probed more strongly by the higher energy colliders.

We present the sensitivity to the higher-dimension operators in two ways. In the
first case, we assume that new physics is only probed “virtually” by higher-dimension
operators involving SM fields, and we require the generated events to lie below the
unitarity bound in the diboson mass. In the second case, we allow the collider to probe
the sensitivity to new physics above the unitarity bound through direct production
of new resonances and measuring their masses, couplings and decay branching ratios.
Since an ultraviolet-complete theory of strongly-interacting electroweak sector is not
available for the additional physics that would be accessible in this high-energy regime,
as a proxy we also quote the sensitivity to the higher-dimension operators without
making the unitarity bound requirement on the diboson mass.
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Figure 1: The unitarity violation bounds (left) and signal significances (right) are
shown as a function of dimension-6 operator c�W/⇤2 coe�cient values in pp ! ZZ +
2j ! 4`+ 2j processes. The UV bounds are not applied in the significance plot.
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Figure 2: The unitarity violation bounds (left) and signal significances (right) are
shown as a function of dimension-8 operator LT,8 (top) and LT,9 (bottom) coe�cient
values in pp ! ZZ + 2j ! 4`+ 2j processes. The UV bounds are not applied in the
significance plots.

6

{{

{{ x2x2

x4
x16

VBS/Triple prod.
• Go to dim-8 operators	

• dim-8 effects are smaller than dim-6 if EFT is valid	

• Lot of operators (~20 QGC without TCG)	

• EFT are worse for dim-8
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Unitarity/Perturbativity

Unitarity

SM 

dim-6 only
SM+dim-6

Perturbativity
Unitarity

1/⇤2

⇠ ⇤

> ⇤ E

24

⇤0/s

1/s

SM+dim8
dim-8 only s/⇤4

Unitarity 
breaks 
earlier

Effects are 
smaller
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nTGC
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nTGC

26

No dim-6 operators
Smaller effects

or with a dierent order of the Lorentz indices for the derivatives acting on the Higgs field.
If the derivatives carrying the same index as the strength tensor are adjacent, they can be
replaced by a sum of strength tensors. If they are not, they can be bring again close to each
other using the strength tensors. Consequently, we can forgot also the operators with four
derivatives.

Operators with two derivatives and two strength tensors can be written as

H†Fµ⇥Fµ⇤D⇤D⇥H (20)
H†D⇤Fµ⇥Fµ⇤D⇥H (21)
H†D⇤Fµ⇥D⇥Fµ⇤H. (22)

The cases with the indices of the two derivatives summed together have been removed
using rules I and IV. The operators in Eq. (21) can be transformed into the previous
operators by integration by part and one operator with a derivative on each Higgs fields
which contains vertices with at least four vector bosons and eventually an operator with an
extra current. Moreover, the two derivatives can be replaced here by they anticommutator
as the commutator will be treated later. The operator in Eq. (22) do not contain nTGC
because the indices of three vector fields have to be contracted with ⇥IJK . Three operators
with nTGC remain after replacing Fµ⇥ by Bµ⇥ or Wµ⇥ ,
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and its equivalent for W transforms the two last operators to operators with more Higgs
or dimension-six operators. The operators from Eq. (27) is equivalent to the one from
Eq. (26) up to operators with more current, more strength tensors or with quartic gauge
boson couplings only due to Eq. (18).

If there are only three strength tensors in addition to the two Higgs fields, the operator
is antisymmetric under the exchange of the three strength tensors and no nTGC can be
generated. There are also no operators with one dual strength tensor due to Eq. (30).

2.3 With four Higgs fields

If the four derivatives are applied each on one Higgs doublet, only quartic interactions are
generated. Two derivatives should then be applied on one Higgs field and they should have
dierent Lorentz indices due to the Higgs equation of motion. Only the Z field can be
selected with the Higgs v.e.v.. Consequently, the part of the operators with four Higgs
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Abstract

Four independent dimension-eigth operators give rise to anomalous neutral triple
gauge boson interaction, one CP-even and three CP-odd. Only the CP-even operator
interferes with the SM for the production of a pair of on-shell neutral bosons. However,
the e�ects are found to be tiny due mainly to the mismatch of the Z boson polarization
between the productions from the SM and the new operator.

1 Introduction

The recent discovery of the Higgs boson has increased the confidence in the validity of the
SM. On the other hand, the remaining issues of the SM like the absence of a dark matter
candidate claim for new physics. This dilemma can only be solved experimentally by either
directly searching for new particles or by looking for deviations from the SM predictions.
In this article, we use the well motivated e�ective field theory (EFT) approach to pin down
the expected first deviations from heavy new physics on the neutral triple gauge couplings
(nTGC).
Anomalous neutral gauge couplings have been actively searched for at LEP [1, 2, 3], at the
Tevatron [4, 5] and at the LHC [6, 7]. The constraints are given following the parametrization
for the anomalous vertices for the neutral gauge bosons [8, 9, 10, 11]

ie��⇥µ
ZZV (q1, q2, q3) =

�e(q23 �m2
V )

M2
Z

⌅
fV
4 (q�3 gµ⇥ + q⇥3g

µ�)� fV
5 �µ�⇥⌅(q1 � q2)⌅

⇧
, (1)

ie��⇥µ
Z⇤V (q1, q2, q3) =

�e(q23 �m2
V )

M2
Z

�
hV1 (q

µ
2g

�⇥ � q�2 gµ⇥) +
hV2
M2

Z

q�3 [(q3q2)gµ⇥ � qµ2q⇥3 ]

� hV3 �
µ�⇥⌅q2⌅ � hV4

M2
Z

q�3 �µ⇥⌅⇧q3⌅q2⇧

⇥
(2)

where V is a photon or a Z boson and is o�-shell while the two other bosons are on-shell.
The parametrization of those vertices has been extended for o�-shell bosons in ref. [10]. So
far, the size of the fV

i and hVi coe⇥cients is unknown. They have be computed or estimated
for some extensions of the SM [10, 12]. Alternatively, their size as well as their dependence
in a smaller number of parameters can be obtained for any heavy new physics model using
EFT [13]. At low energy, any extension the SM at the scale ⇥ can be parametrized by the
e�ective Lagrangian

L = LSM +
⇤

d>4

⇤

i

Ci

⇥d�4
Od

i (3)

1

contributing to the nTGC can be written as ZµZ⇤⌥µZ⇤ and have all the same nTCG vertex
proportional to ⌥

perm(1,2,3)

⇤µ1µ2pµ3
3 . (31)

This vertex does not contribute when the vector bosons are on-shell or attached to a massless
fermion line. There are no operators with one or two strength tensors with nTGC.

3 Phenomenology

Once added to the Lagrangian with their hermitian conjugate, the four operators found in
section 2.2 produces nTCG vertices independent of the imaginary part of their coecients.
The Lagrangian can therefore be written as

LnTGC = LSM +
⌥

i

Ci

�4

⇧
Oi +O†

i

⌃
(32)

where i run over the label of the five operators from equations (23) to (26). In the definitions
of the operators we used the following convention :

Dµ ⇥ ⌥µ � i
g�

2
BµY � igwW

i
µ⌅

i (33)

and

Wµ⇤ = ⌅I(⌥µW
I
⇤ � ⌥⇤W

I
µ + g⇥IJKW J

µW
K
⇤ ) (34)

Bµ⇤ = (⌥µB⇤ � ⌥⇤Bµ) (35)

with
⇤
⌅I⌅J

⌅
= �IJ/2.

The CP-conserving anomalous couplings for the production of two on-shell Z bosons (see
Eq. (1)) are given by

fZ
5 = 0 (36)

f�
5 =

v2M2
Z

4cwsw

C �BW

�4
(37)

and the CP-violating by

fZ
4 =

M2
Zv

2
⇧
cw2CBB

�4 + 2cwsw
CBW
�4 + 4sw2CWW

�4

⌃

2cwsw
(38)

f�
4 = �

M2
Zv

2
⇧
�cwsw

CBB
�4 + CBW

�4

�
cw2 � sw2

⇥
+ 4cwsw

CWW
�4

⌃

4cwsw
(39)

For one on-shell Z boson and one on-shell photon (see Eq. (2)), the CP conserving couplings
are

hZ3 =
v2M2

Z

4cwsw

C �BW

�4
(40)

hZ4 = 0 (41)
h�3 = 0 (42)
h�4 = 0 (43)

(44)
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POWHEG Box

Anomalous Triple gauge boson couplings

8

WWWW WWZZ ZZZZ WWAZ WWAA ZZZA ZZAA ZAAA AAAA
OS,0, OS,1 X X X

OM,0, OM,1,OM,6 ,OM,7 X X X X X X X
OM,2 ,OM,3, OM,4 ,OM,5 X X X X X X

OT,0 ,OT,1 ,OT,2 X X X X X X X X X
OT,5 ,OT,6 ,OT,7 X X X X X X X X

OT,8 ,OT,9 X X X X X

TABLE II: Quartic vertices modified by each dimension-8 operator are marked with X.

D. Comparison with the anomalous coupling approach and the LEP convention for aQGCs

The anomalous couplings approach is based on the Lagrangian [9]

L =igWWV

✓
gV1 (W+

µ⌫W
�µ �W+µW�

µ⌫)V
⌫ + V W

+
µ W�

⌫ V µ⌫ +
�V

M2
W

W ⌫+
µ W�⇢

⌫ V µ
⇢

+igV4 W+
µ W�

⌫ (@µV ⌫ + @⌫V µ)� igV5 ✏µ⌫⇢�(W+
µ @⇢W

�

⌫ � @⇢W
+
µ W�

⌫ )V�

+̃V W
+
µ W�

⌫ Ṽ µ⌫ +
�̃V

m2
W

W ⌫+
µ W�⇢

⌫ Ṽ µ
⇢

!
,

(32)

where V = �, Z; W±

µ⌫ = @µW±

⌫ � @⌫W±

µ , Vµ⌫ = @µV⌫ � @⌫Vµ, gWW� = �e and gWWZ = �e cot ✓W .
The first three terms of Eq. 32 are C and P invariant while the remaining four terms violate C and/or
P . Electromagnetic gauge invariance requires that g�1 = 1 and g�4 = g�5 = 0. Finally there are five in-
dependent C- and P -conserving parameters: gZ1 ,� ,Z ,�� ,�Z ; and six C and/or P violating parameters:
gZ4 , g

Z
5 , ̃� , ̃Z , �̃� , �̃Z . This Lagrangian is not the most generic one as extra derivatives can be added in all

the operators. Furthermore, there is no reason to remove those extra terms since they are not suppressed
by ⇤ but by MW .

The e↵ective field theory approach described in the previous section allows one to calculate those param-
eters in terms of the coe�cients of the five dimension-six operators relevant for TGCs, i.e. in terms of the
EFT coe�cients cWWW , cW , cB , cW̃WW and cW̃ . One finds for the anomalous TGC parameters[10, 11]:

gZ1 = 1 + cW
m2

Z

2⇤2
(33)

� = 1 + (cW + cB)
m2

W

2⇤2
(34)

Z = 1 + (cW � cB tan2 ✓W )
m2

W

2⇤2
(35)

�� = �Z = cWWW
3g2m2

W

2⇤2
(36)

gV4 = gV5 = 0 (37)

̃� = cW̃
m2

W

2⇤2
(38)

̃Z = �cW̃ tan2 ✓W
m2

W

2⇤2
(39)

�̃� = �̃Z = cW̃WW

3g2m2
W

2⇤2
(40)

Defining �gZ1 = gZ1 � 1, ��,Z = �,Z � 1, the relation [10]

�gZ1 = �Z + tan2 ✓W�� (41)
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MCFM

• TGC : anomalous couplings	

• Higgs
the Higgs and two vector bosons [1, 5]

LHAC = � 1

4
g
(1)

hzzZµ⌫Z
µ⌫h� g

(2)

hzzZ⌫@µZ
µ⌫h+

1

2
g
(3)

hzzZµZ
µh� 1

4
g̃hzzZµ⌫Z̃
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� 1

2
g
(1)

hwwW
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h
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(2)

hwwW
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µ⌫h+ h.c.
i
+ g

(3)

hwwWµW
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µ⌫h� g

(2)

hazZ⌫@µF
µ⌫h� 1

2
g̃hazZµ⌫F̃

µ⌫h

(2.1)

as well as, possibly, couplings of the Higgs to a vector boson and two fermions. These
Higgs anomalous couplings (HAC) are a model-independent parametrization which respects
the fundamental symmetries of the SM at energies below electroweak symmetry breaking
(EWSB), namely Lorentz and U(1)EM invariance and assumes the Higgs is a scalar reso-
nance.

The HAC can be related to an Effective Field Theory approach (EFT), where new
resonances participating in EWSB are integrated out. The relation between HAC and EFT
depends on assumptions of how EWSB occurs, e.g. whether the symmetry is linearly or non-
linearly realized. In this paper we will match results in terms of HAC with a linearly realized
EFT where then the Higgs h is part of a doublet of SU(2)L. We follow the conventions for
EFT operators in [4, 5], which are based on the work in Ref. [26]. The relevant part of the
Lagrangian is as follows,
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m2

W

�†�Bµ⌫
eBµ⌫

+
g2s c̃g
m2

W

�†�Ga
µ⌫
eGµ⌫
a +

g3 c̃3W
m2

W

✏ijkW
i
µ⌫W

⌫j
⇢
fW ⇢µk+

g3s c̃3G
m2

W

fabcG
a
µ⌫G

⌫b
⇢
eG⇢µc ,

(2.2)

where � is the Higgs doublet,

� =

 �iG+

1p
2

h
v + h+ iG0

i
!

, (2.3)

and the dual field strength tensors are defined by

eBµ⌫ =
1

2
✏µ⌫⇢�B

⇢� , fW k
µ⌫ =

1

2
✏µ⌫⇢�W

⇢�k , eGa
µ⌫ =

1

2
✏µ⌫⇢�G

⇢�a . (2.4)

– 4 –
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VBFNLO

T

µ⌫ = a1(x, y)g
µ⌫ + a2(x, y)[x · ygµ⌫ � y

µ
x

⌫ ] + a3(x, y)"
µ⌫⇢�

x⇢y�

Higgs - Vector - Vector vertex

+ translation to other parametrisation

L =
gHZZ
5e

2⇤5
HZµ⌫Z

µ⌫ +
gHZZ
5o

2⇤5
HZ̃µ⌫Z

µ⌫ +
gHWW
5e

⇤5
HW+

µ⌫W
µ⌫
� +

gHWW
5o

⇤5
HW̃+

µ⌫W
µ⌫
�

+
gHZ�
5e

⇤5
HZµ⌫A

µ⌫ +
gHZ�
5o

⇤5
HZ̃µ⌫A

µ⌫ +
gH��
5e

2⇤5
HAµ⌫A

µ⌫ +
gH��
5o

2⇤5
HÃµ⌫A

µ⌫

and the dimension-six

TGC :  AC and Dimension-six operators

QGC as dimension-eight operators
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FeynRules

cp3

Introduction
From FeynRules to FeynArts so far

The new FeynRules interface to FeynArts
Conclusion

Welcome in the FeynRules era

C. Degrande The new FeynRules interface

Interfaces coming with current public version 

© C. Degrande

FeynRules in a nutshell

Donnerstag, 14. Oktober 2010

Input : model.fr

Output : vertices
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FeynRules outputs

cp3

Introduction
From FeynRules to FeynArts so far

The new FeynRules interface to FeynArts
Conclusion

For each tool, the right input

C. Degrande The new FeynRules interface

CalcHep / CompHep

FeynArts / FormCalc

FeynRules in a nutshell

Donnerstag, 14. Oktober 2010

FeynRules outputs  
can be used 

directly by event 
generators

UFO : output with the 
full information	
used by several 

generators

(   )
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FR model/UFO for EW
Oh =

�
H†H

⇥3

O⇤h = �µ
�
H†H

⇥
�µ

�
H†H

⇥

OHB =
�
H†H

⇥
Bµ�Bµ�

OHW =
�
H†H

⇥
�Wµ�Wµ�⇥

OWWW = �Wµ�W�⇥W
⇥
µ ⇥

OW = (DµH)† Wµ�D�H

OB = (DµH)† Bµ�D�H

Full UFO model :	
!

All the vertices (up to 6 ext)	
!

Any process
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• Madgraph5_aMC@NLO : automated NLO+PS for 
the SM	

• Required ingredients : 	

• Tree-level vertices	

• R2 vertices	

• UV counterterms vertices	

• Result : UFO at NLO

Ingredients

35

New, computed by 

NLOCT and FeynRules

Done for renomalizable 
models (<=dim4)

done for EFT - 4F 
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Loop computation

• Box, Triangle, Bubble and Tadpole are known 
scalar integrals	

• Loop computation = find the coefficients	

• Unitarity	

• Multiple cuts	

• Tensor reduction (OPP)

Prelims History Present

Tensor Reduction 2

A1−loop =
∑

i

di Boxi +
∑

i

ci Trianglei +
∑

i

bi Bubblei

+
∑

i

ai Tadpolei + R

where

Tadpolei =
∫

dnq̄ 1

D̄0
Bubblei =

∫

dnq̄ 1

D̄0D̄1

Trianglei =
∫

dnq̄ 1

D̄0D̄1D̄2

Boxi =
∫

dnq̄ 1

D̄0D̄1D̄2D̄3

analytic work is necessary

Roberto Pittau Automatizing 1-loop multi-leg calculations for LHC (and ILC)
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R2

Finite set of vertices that can be computed once 
for each model

What are the R2 rational terms?

Ā (q̄) =
1

(2⇥)4

�
dd q̄

N̄ (q̄)
D̄0D̄1 . . . D̄m�1

, D̄i = (q̄ + pi)
2 � m2

i

N̄ (q̄) = N (q) + ⇥N (q̃, q, �)

where X̄ lives in d dimension, X in 4, ⇥X in �.

R2 definition

R2 ⇥ lim
�⇥0

1
(2⇥)4

�
dd q̄

⇥N (q̃, q, �)
D̄0D̄1 . . . D̄m�1

Finite (⇤ 4 legs) set of vertices computed once for all!

C. Degrande (UIUC) 5 October 2012 18 / 30

What are the R2 rational terms?

Ā (q̄) =
1

(2⇥)4

�
dd q̄

N̄ (q̄)
D̄0D̄1 . . . D̄m�1

, D̄i = (q̄ + pi)
2 � m2

i

N̄ (q̄) = N (q) + ⇥N (q̃, q, �)

where X̄ lives in d dimension, X in 4, ⇥X in �.

R2 definition

R2 ⇥ lim
�⇥0

1
(2⇥)4

�
dd q̄

⇥N (q̃, q, �)
D̄0D̄1 . . . D̄m�1

Finite (⇤ 4 legs) set of vertices computed once for all!

C. Degrande (UIUC) 5 October 2012 18 / 30

d 4 ε

in MadLoop [4] available in the MadGraph5 aMC@NLO framework leading to a complete
automated tool for NLO computation. So far only the SM model has been implemented despite
that MadLoop is based on MadGraph5[5] for which many BSM models are available. As a
matter of fact, the evaluation of the loop corrections requires two extra ingredients that so far
have been added by hand in the model. The first one is the counterterms introduced by the
renormalization procedure to absorb all the UV divergences arising at the one-loop level. While
the divergences can be extracted from the scalar integrals, any renormalization scheme with a
non-trivial finite part in the counterterms requires a careful redefinition of the fields and of the
independent parameters of the model and the resolution of the renormalization conditions. The
second missing element depends on the actual method used to perform the tensor decomposition
of the loop amplitudes. In the case of OPP, it is a part of the rational term. In d dimensions,
any one-loop amplitude can be written as

A (q) =
1

(2⇡)4

Z
ddq

N (q)

D0D1 . . . Dm�1
, (2)

with the propagator denominators given by Di ⌘ (q + pi)
2 �m2

i and where mi are the masses
of the particles in the loop, q is the loop momentum and pi are linear combinations of external
momenta. All the quantities written with a bar live in d dimensions and can therefore be split in
a four dimensional part x and a d�4 dimensional part x̃ as follow x ⌘ x+ x̃. Rational terms are
finite contributions generated by the part of the integrand linear in d � 4. One then organizes
the rational part in two terms, R1 and R2. The rational term R1 is due to the d� 4 component
of the integrand denominators and can be computed as the four-dimensional piece but using a
di↵erent set of scalar integrals [6]. The R2 terms are defined as the finite part due to the d� 4
component of the numerator

R2 ⌘ lim
✏�0

1

(2⇡)4

Z
ddq

Ñ (q̃, q, ✏)

D0D1 . . . Dm�1
, (3)

where ✏ is defined by d ⌘ 4 � 2✏. We use here the ’t Hooft-Veltman scheme [7] such that all
the quantities in the loop, i.e. the loop momentum, the metric and the Dirac matrices live in d
dimensions:

⌘µ ⌫⌘µ ⌫ = d, (4)

�µ�µ = d 1, (5)

where 1 is the identity matrix in Dirac space. The external momenta and polarization vectors
have only four dimensional components. The Dirac matrices in d dimensions �u are chosen to
anti-commute with �5 [8, 9, 10]. Therefore, the cyclic property of Dirac trace has to be dropped
to avoid algebraic inconsistency. The result of the evaluation of the integral in (3) is a set of
process independent Feynman rules. As a consequence, they should only be computed once for
each model. The R2 term are the second missing ingredient as they had to be computed so far by
hand for each model. The R2 terms are known for the full SM [11][12] and for QCD corrections
to the MSSM [13]. A package for the automatic computation of the R2 terms for the SM has
also been developed [14].

The purpose of this paper is to show that the procedure of determining the UV counterterms
and the R2 terms can be automated for any Lagrangian. The computation of the missing ele-
ments is done by three Mathematica packages, FeynRules [15], NLOCT and FeynArts [16].
NLOCT is a completely new package, new functionalities have been added to FeynRules to
renormalize models and output the NLO vertices in the UFO format [17] while FeynArts has
not been altered. The only requirement is that the model should be written in the Feynman
gauge. At this stage, the package is restricted to renormalizable theories. Renormalizability
is here understood strictly and not order by order like for e↵ective field theories. Namely, the
dimension of the operators in the Lagrangian should be equal to or lower than four. Although
the R2 terms are not always required, the UV counterterms are needed for any one-loop com-
putation. Therefore, the automatically generated models can be used to provide the necessary

2

Needed by Madgraph5_aMC@NLO (tool-dep.)
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R1

R1

q̃2

d, c, b, a

n R1

R1

q̃2 d, c, b

q̃2

m2
i → m2

i − q̃2 .

n

n

q̃2

q̃2 d, c, b

∫

dnq̄
q̃2

D̄iD̄j

= −
iπ2

2

[

m2
i + m2

j −
(pi − pj)2

3

]

+ O(ϵ) ,

∫

dnq̄
q̃2

D̄iD̄jD̄k

= −
iπ2

2
+ O(ϵ) ,

∫

dnq̄
q̃4

D̄iD̄jD̄kD̄l

= −
iπ2

6
+ O(ϵ) .

b(ij; q̃2) = b(ij) + q̃2b(2)(ij) ,

c(ijk; q̃2) = c(ijk) + q̃2c(2)(ijk) .

Z̄i

Like for the 4 dimensional part but with a different set of 
integrals

Due to the ℇ dimensional parts of the denominators 

Only R = R1+R2 is gauge invariant Check
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UV
What are the UV counterterms?

Ā (q̄) =
1

(2⇥)4

⌥
dd q̄

N̄ (q̄)
D̄0D̄1 . . . D̄m�1

= K
1
�
+O

⇤
�0
⌅

m ⇥ m
⇧

1 + cm
1
�

⌃
, � ⇥

⇧
1 + c�

1
�

⌃
�, g ⇥ g

⇧
1 + cg

1
�

⌃

. . . . . . = 01
� +O

�
�0⇥

Finite (� 4 legs) set of vertices computed once for all!

C. Degrande (UIUC) 5 October 2012 21 / 30

What are the UV counterterms?

Ā (q̄) =
1

(2⇥)4

⌥
dd q̄

N̄ (q̄)
D̄0D̄1 . . . D̄m�1

= K
1
�
+O

⇤
�0
⌅

m ⇥ m
⇧

1 + cm
1
�

⌃
, � ⇥

⇧
1 + c�

1
�

⌃
�, g ⇥ g

⇧
1 + cg

1
�

⌃

. . . . . . = 01
� +O

�
�0⇥

Finite (� 4 legs) set of vertices computed once for all!

C. Degrande (UIUC) 5 October 2012 21 / 30

Finite set of vertices that can be computed once 
for each model

Relations fixed by the Lagrangian (finite part)
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EFT@NLO
• EFT are renormalizable order by order	

!

!

!

• mixing of operators	

• full set to basis	

• Higher powers of the loop momentum in the 
vertices and in the numerators of the integrals

H†HGµ�G
µ�

Q̄LH�µ�Gµ�tR

Need EFT not ano. vertices !
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EW boson interations at 
NLO in QCD

Recipe = SM with NLO QCD (i.e. tree-level vertices, R2 and UV) + 
LO(tree-level only) EW dim6

No QCD corrections to EW 

gauge boson interactions
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EW gauge boson interations 
at NLO in QED

• FR/MG5_aMC are starting NLO in  QED for 
the SM and renomalizable (dim<=4) BSM	

• All the issues of NLO for EFT	

• αEW = 0.01
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Concluding remarks

• EFT : probe/constrain heavy new physics	

• EFT for EW : few operators ⇒combination (VV,H,VVV,VBS,

…)	

• LHC challenges (Validity, precision)	

• Available in MC	

• NLO in QCD for EW gauge boson interactions : Done 
(Trivial)
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