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Figure 1. Feynman diagram of the WWV vertex in momentum space.

from electric and magnetic dipole moments and electroweak precision measurements have

been also considered [25, 26].

As no new particles have been discovered so far, there is growing interest in the community

in future e+ e� colliders that could pursue the electroweak precision tests started by LEP

and the SLC profiting of higher energies and luminosities. This moves from the observation

that, for heavy enough particles, NP may first show up through loop e↵ects, and as such be

bounded by electroweak precision measurements, modifications of H ! �� or anomalous

triple gauge couplings (TGCs). In particular, the new machines can probe the anomalous

TGCs W+W��, W+W�Z0, and Z0Z0� to unprecedented levels. Since the structure of

the TGCs is a direct manifestation of the non-Abelian nature of the SM gauge group, they

are sensitive to the presence of NP with SU(2)L⇥U(1)Y representation and, in particular,

to the presence of vectorlike fermions.

The purpose of this paper is to estimate the sensitivity of future e+ e� machines to vector-

like leptons, in many possible realizations, via the measurements of triple gauge couplings

which will putatively reach a O(10�4) precision. The paper is organized as follows. In

Sec. 2 we start by defining the TGCs form factors that can be modified by SM loop cor-

rections and new physics. Next, in Sec. 3 we describe the vectorlike lepton models that we

will study in this paper and how they can contribute to the TGCs form factors. In Sec. 4

we estimate the constraints on these models that can be achieved by TGCs measurements

at three proposed future accelerator facilities: the Future Circular Collider (FCC-ee) [27],

International Linear Collider (ILC) [28], and the Compact Linear Collider (CLIC) [29].

Finally, in Sec.5, we discuss our conclusions.

2 Triple gauge couplings

The typical structure of the charged TGCs that we will consider in this paper is shown

in Fig. 1, where V can be either the Z0 boson or the photon. The complete one-loop

SM contribution to the charged TGCs W+W�� and W+W�Z0 was computed some time

ago [30–32], while the contribution to the neutral TGC Z0Z0� was studied in Refs. [30, 33].

The charged couplings can be directly studied in future e+e� colliders, through e+e� !
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Triple vector boson interactions are a 
direct manifestation of the gauge principle

Deep connection to the SM gauge groups and its particle content

SM has sharp and clean predictions for the TGCs
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Triple gauge couplings

Hagiwara Peccei Zeppenfeld Hikasa 1987

Experimental collaborations work with

TGCs: part of electroweak precision tests - competitive?

1) Case study: vector-like leptons @ FCC-ee, ILC, CLIC
2) Comparison with T parameter (ρ) and Higgs-γγ coupling

Typical sensitivities to TGCs range from about 1~4 x 10-4
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Vectorlike fermions as simplified models

Vectorlike fermions are present in many extensions of the SM

UV complete extensions are typically complex 
(SUSY, composite Higgs, twin Higgs, …)

Simplified model approach

Complementary to EFT approach
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Case 1: Unmixed colorless VL fermion

The quantity used by the experimental collaborations to show their results is the deviation

from the SM value of V at tree level, �V = V � 1, which will correspond to a linear

combination of �V and �QV , namely,

�V = �V +
1

2
�QV , (2.6)

and this is the quantity we will be using throughout the paper.

3 Models of colorless vectorlike fermions

For our study, we will consider two classes of colorless vectorlike fermions: (i) a set of

fermions in a unique SU(2)L representation, with no couplings to the Higgs boson allowed,

and (ii) a set of at least two extra fermions in representations such that a Yukawa term with

the Higgs boson is allowed. In both cases, we will assume that, due to some unspecified

symmetry G, all the mixing between the vectorlike and the SM fermions is forbidden.

3.1 Unmixed colorless vectorlike fermions

As already mentioned, we start adding to the SM particle content one vectorlike fermion

 , transforming under SU(2)L ⇥ U(1)Y as  ⇠ (2j+ 1, Y ) and with mass m . The

Lagrangian is given by

L = i �µ(@µ � igW a
µT

a � ig0Y Bµ) �m   , (3.1)

where T a are the 2j + 1-dimensional generators of the SU(2)L Lie algebra. An impor-

tant consequence of considering a unique SU(2)L representation for all the NF vectorlike

fermions is that the � V form factor just depends on the hypercharge and on the dimen-

sion j of the SU(2)L representation and not on the eigenvalues of the T 3 operator. This is

shown explicitly in Appendix B, from which we see that we can write

� V / FjI(m ), Fj ⌘ NF Y
2

3
j(j + 1)(2j + 1), (3.2)

where I(m ) is a loop factor that only depends on the vectorlike lepton mass m . An

equivalent statement is that all the contributions to the W+W�W 3 TGC cancel out,

leaving only W+W�B (with B the hypercharge gauge boson). Integrating numerically

over the Feynman parameters of Eq. (A.1) we obtain � V and � Z as a function ofp
s =

p

(2q)2 (see Appendix A for details).

In Fig. 2 we show the contour lines for � V in the (m , |Fj |) plane for the four di↵erent

center-of-mass energies
p
s = mH , 500 GeV, 1 TeV, and 3 TeV. We observe that |� � | <

|� Z0 | and they have opposite sign [see Eq. (B.12) in Appendix B]. The typical values of

|� V | are smaller than a few 10�4.

For fixed
p
s, the loop factor in Eq. (3.2) vanishes for m = m 1 and m = m 2 , where

m 1, 2 are complicated functions of
p
s. The general behavior of � � as a function of
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j=0: singlet
j=1/2: doublet
j=1: triplet
…

B Dependence on the hypercharge in the unmixed case

The proof that the one-loop contributions to the TGC are independent of the eigenvalues

of the T 3 operator is as follows. For simplicity in the notation, we consider here just one

copy of the multiplet. Writing the multiplet in terms of its 2j + 1 states, j the principal

quantum number, as

 = { j,m} =

0

B

B

B

B

B

B

@

 j,j

 j,j�1
...

 j,�j+1

 j,�j

1

C

C

C

C
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A

, (B.1)

where m = j, j � 1, . . . , 0 (or 1
2 ,�1

2), . . . ,�j + 1,�j being the magnetic quantum number,

we first rotate to the physical gauge boson states, W±, Z0, and �. Introducing the ladder

operators as usual,

T± = T 1 ± iT 2, (B.2)

together with the T 3 operator, we write the covariant derivative acting on the multiplet as

LG = i ̄�µ
✓

@µ � i
gp
2
(W+

µ T+ +W�
µ T�)� i

g

cW
(c2W T 3 � s2W Y )Zµ � ie(T 3 + Y )Aµ

◆

 ,

(B.3)

where cW = cos ✓W and sW = sin ✓W , ✓W being the weak angle. In terms of the function

multiplet of  , Eq. (B.1), we get

i ̄�µDµ =
j

X

m=�j



i ̄m�
µ

✓

@µ � i
g

cW
(c2W m� s2W Y )Zµ � ie(m+ Y )Aµ

◆

 m

+
gp
2

p

(j + 1�m)(j +m)W�
µ  ̄m�1�

µ m + h.c.

�

, (B.4)

here we used the action of the ladder operators on the multiplet.

Now, we have to compute the one-loop correction to the charged TGCs coming from the

new fermions. We have to add all the possible diagrams

Vµ

W�
�

W+
↵

m m

m� 1

Vµ

m m

m+ 1

W�
�

W+
↵

+�Vµ↵� =
1

2

j
X

m=�j
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Contribution only depend on hypercharge and SU(2) rep
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here we used the action of the ladder operators on the multiplet.
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The proof that the one-loop contributions to the TGC are independent of the eigenvalues
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where m = j, j � 1, . . . , 0 (or 1
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2), . . . ,�j + 1,�j being the magnetic quantum number,

we first rotate to the physical gauge boson states, W±, Z0, and �. Introducing the ladder

operators as usual,

T± = T 1 ± iT 2, (B.2)
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here we used the action of the ladder operators on the multiplet.

Now, we have to compute the one-loop correction to the charged TGCs coming from the
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3.1 Unmixed colorless vectorlike fermions

As already mentioned, we start adding to the SM particle content one vectorlike fermion

 , transforming under SU(2)L ⇥ U(1)Y as  ⇠ (2j+ 1, Y ) and with mass m . The
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tant consequence of considering a unique SU(2)L representation for all the NF vectorlike

fermions is that the � V form factor just depends on the hypercharge and on the dimen-
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shown explicitly in Appendix B, from which we see that we can write
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where I(m ) is a loop factor that only depends on the vectorlike lepton mass m . An

equivalent statement is that all the contributions to the W+W�W 3 TGC cancel out,

leaving only W+W�B (with B the hypercharge gauge boson). Integrating numerically

over the Feynman parameters of Eq. (A.1) we obtain � V and � Z as a function ofp
s =

p

(2q)2 (see Appendix A for details).

In Fig. 2 we show the contour lines for � V in the (m , |Fj |) plane for the four di↵erent

center-of-mass energies
p
s = mH , 500 GeV, 1 TeV, and 3 TeV. We observe that |� � | <

|� Z0 | and they have opposite sign [see Eq. (B.12) in Appendix B]. The typical values of

|� V | are smaller than a few 10�4.

For fixed
p
s, the loop factor in Eq. (3.2) vanishes for m = m 1 and m = m 2 , where

m 1, 2 are complicated functions of
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↵

m m

m� 1
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m m
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W�
�
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↵
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2

j
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Case 1: Unmixed colorless VL fermion

The quantity used by the experimental collaborations to show their results is the deviation

from the SM value of V at tree level, �V = V � 1, which will correspond to a linear

combination of �V and �QV , namely,

�V = �V +
1

2
�QV , (2.6)

and this is the quantity we will be using throughout the paper.

3 Models of colorless vectorlike fermions

For our study, we will consider two classes of colorless vectorlike fermions: (i) a set of

fermions in a unique SU(2)L representation, with no couplings to the Higgs boson allowed,

and (ii) a set of at least two extra fermions in representations such that a Yukawa term with

the Higgs boson is allowed. In both cases, we will assume that, due to some unspecified

symmetry G, all the mixing between the vectorlike and the SM fermions is forbidden.

3.1 Unmixed colorless vectorlike fermions

As already mentioned, we start adding to the SM particle content one vectorlike fermion

 , transforming under SU(2)L ⇥ U(1)Y as  ⇠ (2j+ 1, Y ) and with mass m . The

Lagrangian is given by

L = i �µ(@µ � igW a
µT

a � ig0Y Bµ) �m   , (3.1)

where T a are the 2j + 1-dimensional generators of the SU(2)L Lie algebra. An impor-

tant consequence of considering a unique SU(2)L representation for all the NF vectorlike

fermions is that the � V form factor just depends on the hypercharge and on the dimen-

sion j of the SU(2)L representation and not on the eigenvalues of the T 3 operator. This is

shown explicitly in Appendix B, from which we see that we can write

� V / FjI(m ), Fj ⌘ NF Y
2

3
j(j + 1)(2j + 1), (3.2)

where I(m ) is a loop factor that only depends on the vectorlike lepton mass m . An

equivalent statement is that all the contributions to the W+W�W 3 TGC cancel out,

leaving only W+W�B (with B the hypercharge gauge boson). Integrating numerically

over the Feynman parameters of Eq. (A.1) we obtain � V and � Z as a function ofp
s =

p

(2q)2 (see Appendix A for details).

In Fig. 2 we show the contour lines for � V in the (m , |Fj |) plane for the four di↵erent

center-of-mass energies
p
s = mH , 500 GeV, 1 TeV, and 3 TeV. We observe that |� � | <

|� Z0 | and they have opposite sign [see Eq. (B.12) in Appendix B]. The typical values of

|� V | are smaller than a few 10�4.

For fixed
p
s, the loop factor in Eq. (3.2) vanishes for m = m 1 and m = m 2 , where

m 1, 2 are complicated functions of
p
s. The general behavior of � � as a function of

– 4 –
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Case 1: Unmixed colorless VL fermion

Fj = 1

Fj = 3

Fj = 2

Canonical effective field theory not valid for this example
Possible cancellations

Sign of contribution depends on the mass
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Case 2: Mixed colorless VL fermion

vectorlike masses mixing

Larger hypercharge leads to larger electric charge and 
stronger couplings to the Z: larger deviations on TGCs

Case study: doublet-singlet with Y = 1
(like heavy VL lepton and neutrino)

take c = c’ and ML = MN for simplicity

with hypercharge              and        with hypercharge 
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Case 2: Mixed colorless VL fermion: doublet-singlet

vectorlike masses mixing
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Case 2: Mixed colorless VL fermion: doublet-singlet
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Case 2: Mixed colorless VL fermion: doublet-singlet
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Case 2: Mixed colorless VL fermion: doublet-singlet

Non-trivial dependence 
on VLL masses and s
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Case 2: Mixed colorless VL fermion: doublet-singlet

Non-trivial dependence 
on VLL masses and s

masses:
~ 400, 600, 800 GeV
 on-shell pair of VLL
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Case 2: Mixed colorless VL fermion: doublet-singlet

Non-trivial dependence 
on VLL masses and s

Particle χ 
on-shell 
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Case 2: Mixed colorless VL fermion: doublet-singlet

Non-trivial dependence 
on VLL masses and s

Particle χ 
on-shell 
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Case 2: Mixed colorless VL fermion: doublet-singlet

Non-trivial dependence 
on VLL masses and s

Particle χ 
on-shell 
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Experimental sensitivity

FCC-ee MZ = 91 GeV
MH = 125 GeV
2MZ = 182 GeV
2Mtop = 350 GeV

ILC 500 GeV
800 GeV
1000 GeV

CLIC 500 GeV
1400 GeV
3000 GeV

Benchmark: 1, 2, 4 x 10-4 determination of δκZ and δκγ, 
at each center of mass configuration independently
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Experimental sensitivity

Allowed

Allowed
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Experimental sensitivity
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Experimental sensitivity
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Experimental sensitivity
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Experimental sensitivity triplet-doublet Y=1/2
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Take home message

Triple gauge vertices will be an important 
precision parameter in future e+e- colliders

TGC sensitivity to new physics is complementary 
to other observables like Hγγ and T parameter

mailto:pmachado@fnal.gov

