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We present a model in which an up-type vectorlike quark (VLQ) is charged under a new Uð1Þd gauge
force which kinetically mixes with the Standard Model hypercharge. The gauge boson of the Uð1Þd is the
dark photon, γd. Traditional searches for VLQs rely on decays into Standard Model electroweak bosonsW,
Z, or Higgs. However, since no evidence for VLQs has been found at the Large Hadron Collider (LHC), it
is imperative to search for other novel signatures of VLQs beyond their traditional decays. As we show, if
the dark photon is much less massive than the Standard Model electroweak sector,Mγd ≪ MZ, for the large
majority of the allowed parameter space the VLQ predominately decays into the dark photon and the dark
Higgs that breaks the Uð1Þd. That is, this VLQ is a “maverick top partner” with nontraditional decays. One
of the appeals of this scenario is that pair production of the VLQ at the LHC occurs through the strong force
and the rate is determined by the gauge structure. Hence, the production of the dark photon at the LHC only
depends on the strong force and is largely independent of the small kinetic mixing with hypercharge. This
scenario provides a robust framework to search for a light dark sector via searches for heavy colored
particles at the LHC.

DOI: 10.1103/PhysRevD.101.035041

I. INTRODUCTION

Some of the most important searches for beyond the
StandardModel physics at the Large Hadron Collider (LHC)
are searches for new vectorlike quarks (VLQs). Up-type
VLQs, so-called top partners T, are ubiquitous in composite
[1–7] and Little Higgs [8–15] models where the top partners
help solve the hierarchy problem. Traditionally, searches
for VLQs rely on decays into the Standard Model (SM)
electroweak (EW) bosons:W=Z=Higgs. However, there is a
class of “maverick top partners” with nontraditional decays
into photons [16–21], gluons [16–21], new scalars [22–29],
etc. These new decays can easily be dominant with minor
tweaks to the simplest VLQmodels.We consider a VLQ that
is charged under both the SM and a new Abelian gauge
symmetry Uð1Þd, where the SM is neutral under the Uð1Þd.
As we will show, in a very large range of the parameter
space, this opens new dominant decays of VLQs that have
not yet been searched for.
This new Uð1Þd can be motivated by noting that dark

matter may very well have self-interactions through this
new force. The Uð1Þd gauge boson, the so-called dark
photon, kinetically mixes with the SM hypercharge through

a renormalizable interaction [30–32]. This kinetic mixing
can be generated via new vectorlike fermions charged
under both the SM and the new Uð1Þd [30,33,34], as
considered here. In the limit that the dark photon is much
less massive than the Z and the kinetic mixing is small, the
dark photon inherits couplings to SM particles of the form
εJμEM, where J

μ
EM is the electromagnetic current and ε is the

kinetic mixing parameter. Hence the name dark photon.
Most of the searches for the dark photon take place at low
energy experiments such as fixed target experiments or B
factories [32]. However, it is also possible to search for dark
photons through the production and decays of heavy
particles at high energy colliders [35–37]. For example,
Higgs decays [33,34,38] into dark photons is a plausible
scenario for discovery.
A recent paper [39] studied the scenario where down-

type VLQs and vectorlike leptons are charged under the
SM and Uð1Þd. Reference [39] relied on a very large mass
gap between the SM fermions and their vectorlike fermion
partners to suppress the traditional vectorlike fermion
decays intoW=Z=Higgs. With this mass gap, the branching
ratios of vectorlike fermions into dark photons and SM
fermions is enhanced. Here we point out that this mecha-
nism does not require a mass gap in the fermion sector,
although such a gap further enhances the effect. To
illustrate this, we will focus on an up-type VLQ, T, that
mixes with the SM top quark, t. The mass gap between t
and T does not need to be as large as between the bottom
quark/leptons and vectorlike fermions. From the Goldstone
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equivalence theorem, the partial width of T into fully SM
final states is

ΓðT → b=tþW=Z=hÞ ∼ sin2θ
M3

T

v2EW
;

where θ is a mixing angle between the SM top quark and T,
vEW ¼ 246 GeV is the Higgs boson vacuum expectation
value (vev), and MT is the mass of the VLQ T. The partial
width is inversely proportional to v2EW due to an enhance-
ment of decays into longitudinal W’s and Z’s. If the new
vectorlike quark is charged under the dark force (and
assuming there is a dark sector Higgs mechanism), the
partial widths of T into the dark photon, γd, or dark
Higgs, hd, is

ΓðT → tþ γd=hdÞ ∼ sin2θ
M3

T

v2d
;

where vd is the vev of the dark sector Higgs boson. Note
that now the partial width is inversely proportional to v2d.
Hence, the ratio of the rates into γd=hd and W=Z=h is

ΓðT → tþ γd=hdÞ
ΓðT → t=bþW=Z=hÞ ∼

�
vEW
vd

�
2

:

For dark photon masses Mγd ≲ 10 GeV, we generically
expect that the vev vd ≲ 10 GeV and

ΓðT → tþ γd=hdÞ
ΓðT → t=bþW=Z=hÞ ≳Oð100Þ:

Hence, the VLQ preferentially decays to light dark
sector bosons due to the mass gap between the dark sector
bosons and the SM EW bosons. Since there is a quadratic
dependence on vEW and vd, this mass gap does not have to
be very large for the decays T → tþ γd=hd to be dominant.
This is a new avenue to search for light dark sectors

using decays of heavy particles at the LHC, providing a
connection between heavy particle searches and searches
for new light sectors. The appeal of such searches is that
pair production of VLQs is through the QCD interaction
and is fully determined via SUð3Þ gauge interactions.
That is, the pair production rate only depends on the mass,
spin, and color representation of the produced particles.
Additionally, as we will show, for a very large region of
parameter space VLQs will predominantly decay into dark
photons and dark Higgses. Hence, the dark photon can be
produced at QCD rates at the LHC independently of a small
kinetic mixing parameter. The major dependence on the
kinetic mixing parameter ε arises in the decay length of the
dark photon, and for small ε the dark photon can be quite
long-lived. In fact, for small dark photon masses, its decay
products will be highly collimated and may give rise to
displaced “lepton jets” [40].

In Sec. II we present an explicit model that realizes this
mechanism for dark photon searches and review current
constraints in Sec. III. We calculate the decay and production
rates of the new VLQ in Sec. IV and the decay of the dark
photon in Sec. V. In Sec. VI we present collider searches
relevant for our model. This includes the current collider
sensitivity as well as demonstrating the complementarity
between the searches for dark photons via heavy particle
decays at the LHC and low energy experiments. Finally we
conclude in Sec. VII. We also include several Appendixes
with details on the perturbative unitarity calculation in
Appendix A, kinetic mixing in Appendix B, relevant scalar
interactions in Appendix C, and relevant dark photon-
fermion couplings in Appendix D.

II. MODEL

We consider a simple extension of the SM consisting
of a new SUð2ÞL singlet up-type vectorlike quark, t2, and a
new Uð1Þd gauge symmetry. For simplicity, we will only
consider mixing between the new vectorlike quark and
third generation SM quarks:

QL ¼
�
t1L
bL

�
; t1R; and bR: ð1Þ

The SM particles are singlets under the new symmetry, and
we give the VLQ t2 a charge þ1 under the new symmetry.
The Uð1Þd is broken by a dark Higgs field Hd that is a
singlet under the SM and has charge þ1 under Uð1Þd. The
relevant field content and their charges under SUð3Þ ×
SUð2ÞL ×Uð1ÞY × Uð1Þd are given in Table I. This particle
content and charges are similar to those in Ref. [39].
This field content allows for kinetic mixing between the

SM Uð1ÞY field, B0
μ, and the new Uð1Þd gauge boson, B0

d;μ:

LGauge ¼ −
1

4
GA

μνGA;μν −
1

4
Wa

μνWa;μν −
1

4
B0
μνB0μν

þ ε0

2 cos θ̂W
B0
d;μνB

0μν −
1

4
B0
d;μνB

0
d
μν; ð2Þ

TABLE I. Field content and their charges. t1R, bR, and QL are
third generation SM quarks, Φ is the SM Higgs doublet, t2 is the
SUð2ÞL singlet VLQ, and Hd is the Uð1Þd Higgs field. Y is the
SM hypercharge and Yd is the Uð1Þd charge.

SUð3Þ SUð2ÞL Y Yd

t1R 3 1 2=3 0
bR 3 1 −1=3 0
QL ¼ ðt1LbLÞ 3 2 1=6 0
Φ 1 2 1=2 0
t2L 3 1 2=3 1
t2R 3 1 2=3 1
Hd 1 1 0 1
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where GA
μν are the SUð3Þ field strength tensor with A ¼

1;…; 8 and Wa
μν are the SUð2ÞL field strength tensors with

a ¼ 1, 2, 3. The relevant fermion kinetic terms for the third
generation quarks and VLQ are

LF;kin ¼ Q̄Li=DQL þ t̄1Ri=Dt1R þ b̄Ri=DbR þ t̄2i=Dt2; ð3Þ

and the relevant scalar kinetic terms are

LS;kin ¼ jDμΦj2 þ jDμHdj2: ð4Þ

The general covariant derivative is

Dμ ¼ ∂μ − igStAGA
μ − igTaWa

μ − ig0YB0
μ − ig0dYdB0

d;μ; ð5Þ

where gS is the strong coupling constant, g is the SUð2ÞL
coupling constant, g0 is theUð1ÞY coupling constant, and g0d
is the Uð1Þd coupling constant. Values for Y, Yd, and the
generators of SUð3Þ, SUð2ÞL are given according to the
charges in Table I.

A. Scalar sector

The allowed form of the scalar potential symmetric under
the gauge group SUð3ÞC×SUð2ÞL×Uð1ÞY×Uð1Þd is

VðΦ; HdÞ ¼ −μ2jΦj2 þ λjΦj4 − μ2hd jHdj2 þ λhd jHdj4
þ λhhd jΦj2jHdj2: ð6Þ

Since Hd does not break EW symmetry, Φ must have a
vev of vEW ¼ 246 GeV. Imposing that the potential has a
minimum where the SM Higgs and dark Higgs have vacuum
expectation values hΦi¼ð0;vEW=

ffiffiffi
2

p Þt and hHdi ¼ vd=
ffiffiffi
2

p
,

the mass parameters are found to be

μ2 ¼ λv2EW þ λhhd
2

v2d; μ2hd ¼ λhdv
2
d þ

λhhd
2

v2EW: ð7Þ

Now we work in the unitary gauge:

Φ ¼ 1ffiffiffi
2

p
�

0

vEW þ h

�
; Hd ¼

1ffiffiffi
2

p ðvd þ hdÞ: ð8Þ

The two Higgs bosons h; hd mix and can be rotated to the
mass basis:

�
h1
h2

�
¼
�
cos θS − sin θS
sin θS cos θS

��
h

hd

�
; ð9Þ

where h1 can be identified as the observed Higgs boson
with a mass M1 ¼ 125 GeV, and h2 is a new scalar boson
with massM2. After diagonalizing the mass matrix, the free
parameters of the scalar sector are

θS; M1¼125GeV; M2; vd; and vEW¼246GeV: ð10Þ

All parameters in the Lagrangian can then be determined,

λ¼M2
1cos

2θSþM2
2sin

2θS
2v2EW

;

λhd¼
M2

2cos
2θSþM2

1sin
2θS

2v2d
;

λhhd¼
M2

2−M2
1

2vEWvd
sin2θS;

μ2¼1

2

�
M2

1cos
2θSþM2

2sin
2θSþ

tanβ
2

ðM2
2−M2

1Þsin2θS
�
;

μ2hd¼
1

2

�
M2

2cos
2θSþM2

1sin
2θSþ

1

2tanβ
ðM2

2−M2
1Þsin2θS

�
;

ð11Þ

where tan β ¼ vd=vEW.
To check the stability of the scalar potential, we consider

it when the fields Φ and Hd are large:

VðΦ; HdÞ → λjΦj4 þ λhhd jΦj2jHdj2 þ λhd jHdj4

¼
�
λ −

1

4

λ2hhd
λhd

�
jΦj4 þ λhd

�
jHdj2 þ

1

2

λhhd
λhd

jΦj2
�

2

;

ð12Þ

where in the last step we completed the square. The
potential is bounded when

4λhdλ ≥ λ2hhd ; λ > 0; and λhd > 0: ð13Þ

From the relationships in Eq. (11) we have

4λhdλ − λ2hhd ¼
M2

1M
2
2

v2dv
2
EW

> 0: ð14Þ

Hence, the boundedness condition for the potential is
always satisfied as long as λ and λhd are both positive.
For our analysis in the next sections, only two trilinear

scalar couplings are relevant:

Vðh1; h2Þ ⊃
1

2
λ122h1h22 þ

1

2
λ112h21h2; ð15Þ

where

λ122 ¼ −
M2

1 þ 2M2
2

2vd
sin 2θSðcos θS − tan β sin θSÞ;

λ112 ¼
2M2

1 þM2
2

2vd
sin 2θSðtan β cos θS þ sin θSÞ: ð16Þ
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B. Gauge sector

From Eq. (2), the Uð1Þd gauge boson can mix with the
SM electroweak gauge bosons. After diagonalizing the
gauge bosons, the covariant derivative in Eq. (5) becomes

Dμ¼∂μ− igStAGA
μ − igTþWþ− igT−W−− ieQAμ

− i
�
ĝZQ̂Z cosθd−gdYd sinθd−ε

g0

cos θ̂W
Y sinθd

�
Zμ

− i

�
ĝZQ̂Z sinθdþgdYdcosθdþε

g0

cos θ̂W
Y cosθd

�
γd;μ;

ð17Þ

where θd is a mixing angle between the dark photon and
SM Z boson; e ¼ g sin θ̂W ¼ g0 cos θ̂W andQ ¼ T3 þ Y are
the usual electromagnetic charge and operator respectively;
ĝZ¼e=cosθ̂W=sinθ̂W and Q̂Z¼T3−x̂WQ with x̂W¼sin2 θ̂W
are the neutral current coupling and operator respectively;
T� ¼ ðT1 � iT2Þ= ffiffiffi

2
p

; Z is the observed EW neutral
current boson with mass MZ; and γd;μ is the dark photon
with mass Mγd . Additionally, θ̂W is the mixing angle

between B0
μ and W3

μ. The relationship between θ̂W and
other model parameters is not the same as the SM weak
mixing angle. Hence, we introduce the hat notation to
emphasize the difference. The relationship between the SM
weak mixing angle and θ̂W is given below.1 For simplicity
of notation, we have redefined the coupling constant and
kinetic mixing parameter:

gd ¼ g0d=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ε02=cos2θ̂W

q
and

ε ¼ ε0=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ε02=cos2θ̂W

q
: ð18Þ

The SM EW sector has three independent parameters,
which we choose to be the experimentally measured Z
mass, the fine-structure constant at zero momentum, and
G-Fermi [41]:

MZ ¼ 91.1876 GeV; α−1EMð0Þ ¼ 137.035999074;

GF ¼ 1.1663787 × 10−5 GeV−2: ð19Þ
In addition to the EW parameters, we have the new free
parameters:

vd; Mγd ; and ε: ð20Þ

All other parameters in the gauge sector can be expressed
in terms of these. Since ε2 ≪ 1, we can solve equations for
sin θd; gd, and cos θ̂W iteratively as an expansion in ε:

sin θd ¼
tan θSMW
1 − τ2γd

εþOðε3Þ;

cos θ̂W ¼ cos θSMW þOðε2Þ; and gd ¼
Mγd

vd
þOðε2Þ;

where τγd ¼ Mγd=MZ and the SM value of the weak mixing
angle is

cos2θSMW ¼ 1

2
þ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

2
ffiffiffi
2

p
παEMð0Þ

GFM2
Z

s
: ð21Þ

Although these are good approximations for ε2 ≪ 1, unless
otherwise noted we will use exact expressions of para-
meters as given in Appendix B.
Note that in the limit of small kinetic mixing ε ≪ 1 and

dark photon mass much less than the ZmassMγd ≪ MZ we
find the covariant derivative

Dμ ¼ ∂μ − igStAGA
μ − igSMTþWþ − igSMT−W− − ieQAμ

− i½gSMZ QSM
Z − εgdYd tan θSMW �Zμ − i½εeQþ gdYd�γd;μ

þOðε2;M2
γd=M

2
ZÞ; ð22Þ

where the superscript SM indicates the SM value of
parameters. Hence we see that the dark photon couples
to SM particles through the electromagnetic current with
coupling strength εeQ. Additionally, the Z boson obtains
additional couplings to particles with nonzero dark charge
Yd with strength εgdYd tan θSMW .

C. Fermion sector

To avoid flavor constraints, we only allow the VLQ t2 to
mix with the third generation SM quarks. The allowed
Yukawa interactions and mass terms that are symmetric
under SUð3Þ × SUð2ÞL ×Uð1ÞY ×Uð1Þd are

LYuk ¼ −ybQ̄LΦbR − ytQ̄LΦ̃t1R − λtHdt̄2Lt1R

−Mt2 t̄2Lt2R þ H:c: ð23Þ

After symmetry breaking, the VLQ and top quark mass
terms are then

LT;mass ¼ −χ̄LMχR þ H:c:; ð24Þ

where

χτ ¼
�
t1τ
t2τ

�
; M ¼

0
B@

ytvEWffiffi
2

p 0

λtvdffiffi
2

p Mt2

1
CA; ð25Þ

and τ ¼ L, R. To diagonalize the mass matrix, we perform
the biunitary transformation:

1The details of diagonalizing the gauge boson kinetic and mass
terms, including precise definitions of θ̂W and θd, are given in
Appendix B.
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�
tL
TL

�
¼
�
cos θtL − sin θtL
sin θtL cos θtL

��
t1L
t2L

�
;

�
tR
TR

�
¼
�
cos θtR − sin θtR
sin θtR cos θtR

��
t1R
t2R

�
; ð26Þ

where t and T are the mass eigenstates with masses Mt ¼
173 GeV and MT , respectively. Since the Lagrangian only
has three free parameters, the top sector only has three
inputs, which we choose to be

Mt ¼ 173 GeV; MT; and θtL: ð27Þ

The Lagrangian parameters λt; yt;Mt2 can be expressed by

yt ¼
ffiffiffi
2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

t cos2θtL þM2
Tsin

2θtL
p

vEW
; ð28Þ

λt ¼
ðM2

T −M2
t Þ sin 2θtLffiffiffi

2
p

vd
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

t cos2θtL þM2
Tsin

2θtL
p ; ð29Þ

Mt2 ¼
MtMTffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2
t cos2 θtL þM2

T sin
2 θtL

p : ð30Þ

The right-handed mixing angle is redundant and can be
determined via

cos θtR ¼ Mt2

MT
cos θtL and sin θtR ¼ Mt2

Mt
sin θtL: ð31Þ

After rotating to the scalar and fermion mass eigenbases,
the h1;2 couplings to the third generation and VLQ are
given by

L ⊃ −h1½λh1tt t̄tþ λh1TTT̄T þ t̄ðλh1tTPR þ λh1TtPLÞT
þ T̄ðλh1TtPR þ λh1tTPLÞt� − h2½λh2tt t̄tþ λh2TTT̄T

þ t̄ðλh2tTPR þ λh2TtPLÞT þ T̄ðλh2TtPR þ λh2tTPLÞt�; ð32Þ

where the h1 couplings are

λh1tt ¼ 1ffiffiffi
2

p cos θtRðyt cos θtL cos θS þ λt sin θtL sin θSÞ;

λh1tT ¼ 1ffiffiffi
2

p sin θtRðyt cos θtL cos θS þ λt sin θtL sin θSÞ;

λh1Tt ¼
1ffiffiffi
2

p cos θtRðyt sin θtL cos θS − λt cos θtL sin θSÞ;

λh1TT ¼ 1ffiffiffi
2

p sin θtRðyt sin θtL cos θS − λt cos θtL sin θSÞ; ð33Þ

and the h2 couplings are

λh2tt ¼ 1ffiffiffi
2

p cos θtRðyt cos θtL sin θS − λt sin θtL cos θSÞ;

λh2tT ¼ 1ffiffiffi
2

p sin θtRðyt cos θtL sin θS − λt sin θtL cos θSÞ;

λh2Tt ¼
1ffiffiffi
2

p cos θtRðyt sin θtL sin θS þ λt cos θtL cos θSÞ;

λh2TT ¼ 1ffiffiffi
2

p sin θtRðyt sin θtL sin θS þ λt cos θtL cos θSÞ: ð34Þ

Now we consider the small angle limit jθtLj ≪ 1. If the
VLQ and top quark have similar masses MT ∼Mt, then
Eq. (30) becomes Mt2 ∼MT ∼Mt. In this limit, from
Eq. (31), we see that θtL ∼ θtR and both mixing angles
are small. However, for a large fermion mass hierarchy
Mt=MT ≪ 1, the right-handed mixing angle expressions in
Eq. (31) become

cos θtR ≈
Mt=MTffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sin2θtL þM2
t =M2

T

p ;

sin θtR ≈
sin θtLffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sin2θtL þM2
t =M2

T

p : ð35Þ

There are two cases then:

sin θtR ∼
� ðMT=MtÞ sin θtL if j sin θtLj < Mt=MT ≪ 1;

�1 if Mt=MT ≲ j sin θtLj ≪ 1;

ð36Þ

where the sign of �1 depends on the sign of θtL. Hence, as
discussed in Ref. [39], the right-handed mixing angle is
enhanced relative to the left-handed mixing angle due to a
large fermion mass hierarchy.
Since t2 and t1 have different quantum numbers and mix,

flavor off-diagonal couplings between the VLQ T and the
SM third generation quarks appear. In the small mixing
angle limit,Mt=MT; jθtLj; jεj ≪ 1 the relevant couplings are

W − T − b∼ i
gffiffiffi
2

p sinθtLγ
μPL;

Z − T − t∼ i
gSMZ
2

sinθtLγ
μPL

þ igd
ðMT=MtÞ sinθtL

1þ ðMT=MtÞ2sin2θtL
sinθdγμPR;

γd − T − t∼−igd sinθtLPL − igd
ðMT=MtÞ sinθtL

1þ ðMT=MtÞ2sin2θtL
PR:

ð37Þ

The full Feynman rules are given in Appendix D. Note that
although the right-handed coupling to the Z appears of
order θ2, if Mt=MT ∼ jθtLj ∼ jθdj the left- and right-handed
couplings can be of the same order. However, with this
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counting the right-handed coupling of the dark photon,
VLQ, and top quark is unsuppressed. This is precisely
the fermionic mass hierarchy enhancement noticed in
Ref. [39]. However, as we will point out, a fermionic mass
hierarchy is not necessary for the VLQ decays into the dark
Higgs or dark photon to be dominant.

III. CURRENT CONSTRAINTS

A. Electroweak precision and direct searches

Electroweak precision measurements place strong con-
straints on the addition of new particles. In the model
presented here, there are many contributions to the oblique
parameters [42–44]: new loop contributions from the VLQ
[45–50] and scalar [51–56] as well as shifts in couplings to
EW gauge boson couplings from the mixing of the dark
photon with hypercharge [35,57], dark Higgs with the SM
Higgs, and the VLQ with the top quark. Since there are
multiple contributions to the oblique parameters in this
model, there is the possibility of cancellations that could
relax some of the constraints. To be conservative, we will
only consider one contribution at a time.
There are alsomany direct searches forVLQs, new scalars,

and dark photons at colliders and fixed target experiments.
Here we summarize the current state of constraints.
(a) VLQ: The dashed line labeled “EW prec” in Fig. 1(a)

shows the EW precision constraints on the VLQ–top
quark mixing angle. This result is taken from Ref. [50].
The current limits are j sin θtLj≲ 0.16 (0.11) for VLQ
mass MT ¼ 1 TeV (2 TeV).

Additionally, in our model the top-bottom compo-
nent of the Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix is Vtb ¼ ðVtbÞSM cos θtL, where the subscript SM
denotes the SM value. The most stringent constraints on
Vtb come from single top quark production. A combi-
nation of Tevatron and LHC single top measurements
give a constraint of jVtbj ¼ 1.019� 0.025 [41]. An-
other more recent analysis including differential dis-
tributions gives a bound of jVtbj ¼ 0.986� 0.008 [58].
Both constraints give an upper bound of j sin θtLj ≤ 0.24
at the 95% confidence level. This limit is indicated by
the orange dotted line labeled “CKM” in Fig. 1(a),
where the region above is excluded. We see that the
CKM measurements are not currently as important as
EW precision constraints.
As mentioned above, in the model presented here

traditional T decays into SM EW bosons Z, W, Higgs
will be suppressed and not directly applicable. Never-
theless, for completeness we summarize their results
here. In these traditional modes, the LHC excludes VLQ
masses MT ≲ 1.1–1.4 TeV in pair production searches
[59–61] and MT ≲ 1–1.2 TeV in single production
searches [62–64]. Single production of an SUð2ÞL
singlet T depends on themixing angle θtL and decouples
as θtL → 0 [16] weakening the above limit. Taking this
into account, LHC searches for singleT production have
been cast into constraints on θtL which are comparable to
EW precision constraints for MT ≲ 1 TeV [62,65].

(b) Scalar: The addition of a new scalar shifts Higgs
boson couplings away from SM predictions, as well as

(a) (b)

FIG. 1. (a) Upper bounds for j sin θtLj from (dashed magenta line) EW precision data from Ref. [50]; (dotted orange line) current CKM
measurements; and (solid lines) requiring λt satisfy Eq. (41) for (red) vd ¼ 5 GeV, (violet) vd ¼ 25 GeV, and (blue) vd ¼ 100 GeV.
(b) Upper bound on j sin θSj from LEP for M2 < 100 GeV as found in Ref. [56].
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contributing to new loop contributions to EW preci-
sion parameters. Additionally, many searches have
been performed for new scalar production at the
LHC [66–72] as well as at LEP [73–75]. However,
the most stringent constraints [76] come from preci-
sion measurements of the observed M1 ¼ 125 GeV
Higgs boson for M1 ≲M2 ≲ 650 GeV and precision
W-mass constraints [55,56,77] for 650 GeV≲M2≲
1 TeV. The constraints on the scalar mixing angle is
j sin θSj ≲ 0.21–0.22 for M1 < M2 < 1 TeV [76].
For M2 < 100 GeV LEP searches can be very con-
straining on the scalar mixing angle, as shown in
Fig. 1(b). These results are adapted from Ref. [56].

(c) Kinetic mixing: As can be seen in the covariant
derivative in Eq. (17), the couplings between the Z
and SM particles are shifted due to the kinetic mixing
of the hypercharge and Uð1Þd gauge boson. Hence,
electroweak precision data can place bounds on the
value of the kinetic mixing parameter ε [35,57].
The most stringent constraints from EW precision
are jεj≲ 3 × 10−2 [35]. This is less constraining than
direct searches for dark photons at fixed target experi-
ments or low energy experiments [78] which require
jεj ≲ 10−3 for Mγd ¼ 0.1–10 GeV.

B. Perturbativity bounds

Requiring the top quark and VLQ Yukawa couplings be
perturbative can place strong constraints on the top quark–

VLQ mixing angle. As can be seen in Eq. (29), in the limit
that Mt=MT ∼ j sin θtLj ≪ 1 the Yukawa couplings become

yt ¼
ffiffiffi
2

p Mt

vEW

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þM2

T

M2
t
sin2θtL

s
þOðsin2θtL;M2

t =M2
TÞ;

λt ¼
ffiffiffi
2

p M2
T −M2

t

vdMt
sin θtL þOðsin2θtLÞ: ð38Þ

While yt is well behaved for Mt=MT ∼ j sin θtLj, λt is
enhanced by MT=vd. Hence, the mixing angle must be
small to compensate for this and ensure λt remains
perturbative.
To determine when λt becomes nonperturbative, we

calculate the perturbative unitarity limit for the Hdt → Hdt
scattering process and find that

jλtj ≤ 4
ffiffiffiffiffiffi
2π

p
: ð39Þ

When this limit is saturated, theremust be aminimumhigher-
order correction of 41% to unitarize the Smatrix [79]. Hence,
this is near or at the limit for which we can trust perturbative
calculations. Details of this calculation can be found in
Appendix A.
To translate the limit on λt to a limit on the mixing angle

sin θtL we solve Eq. (29) to find

j sin θtLj ¼
1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2M2

T − 2M2
t − λ2t v2d

M2
T −M2

t

 
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

8λ2t v2dM
2
t

ð2M2
T − 2M2

t − v2dλ
2
t Þ2

s !vuut : ð40Þ

This solution is real if jλtj ≤
ffiffiffi
2

p ðMT −MtÞ=vd. Combining
with the perturbative unitarity limit in Eq. (39), we find an
upper limit on λt:

jλtj ≤
ffiffiffi
2

p
min

�
MT −Mt

vd
; 4

ffiffiffi
π

p �
: ð41Þ

Note that for VLQ mass MT < 4
ffiffiffi
π

p
vd þMt, the pertur-

bative unitarity limit is never saturated. Hence, for a fixed
vd there is an upper bound on MT for which λt is always
perturbative. Assuming Mt; vd ≪ MT , the upper bound on
sin θtL becomes

j sin θtLj≲
(
4
ffiffiffi
π

p vdMt

M2
T

for MT ≥ 4
ffiffiffi
π

p
vd þMtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Mt=MT

p
for MT < 4

ffiffiffi
π

p
vd þMt

: ð42Þ

In Fig. 1(a) we show the limits on j sin θtLj from (solid
lines) requiring that λt satisfies Eq. (41) for various values

of vd together with (dashed magenta line) EW precision
data and (dotted orange line) CKM constraints. The kink
in the vd ¼ 100 GeV line occurs at VLQ mass MT ∼
4
ffiffiffi
π

p
vd þMt ∼ 880 GeV. For MT < 4

ffiffiffi
π

p
vd þMt the

upper bound on sin θtL is proportional to M−1=2
T , while

for MT ≥ 4
ffiffiffi
π

p
vd þMt it is proportional to M−2

T as shown
in Eq. (42). As can be clearly seen, over much of the
parameter range the limits on λt in Eq. (41) provide the
most stringent constraint on sin θtL. As mentioned earlier,
this is due to λt having an enhancement of M2

T=Mt=vd,
requiring sin θtL to be quite small to ensure λt does not get
too large. EW precision is more constraining for larger vd
and smaller MT.

C. h1 → γdγd limits

There have been searches at the LHC [80] for h1 →
γdγd → 4l where l ¼ e, μ that place limits on
combination
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σðpp → h1Þ
σSMðpp → h1Þ

BRðh1 → γdγdÞ≲ BRlim; ð43Þ

for dark photons in the mass range 1GeV<Mγd <60GeV.
The subscript SM indicates a SM production rate. The h1
production rate is dominantly via gluon fusion, which in the
model presented here is altered via the shift in the h1 − t − t
coupling away from the SM prediction as shown in
Eqs. (32) and (33) and new loop contributions from the
new VLQ. However, in the small mixing angle limit with
the counting θtL ∼ θS ∼Mt=MT , we have

σðpp → h1Þ ¼ σSMðpp → h1Þ þOðθ2Þ: ð44Þ

In addition to the usual SM decay modes, h1 can decay
into γdγd, γdZ, and h2h2 when kinematically allowed.
Using the counting ε ∼ θtL ∼ θS ∼Mγd=MZ ∼M2=MZ,
the partial widths into the new decay modes are

Γðh1 → h2h2Þ ≈ Γðh1 → γdγdÞ ¼
M3

1 sin
2 θS

32πv2d
þOðθ3Þ;

Γðh1 → ZγdÞ ¼ Oðθ4Þ: ð45Þ

For the decays into SM, all the couplings between h1 and
SM fermions and gauge bosons, except for the h1 − Z − Z
and h1 − t − t couplings, are uniformly suppressed by
cos θ. The h1 − Z − Z and h1 − t − t couplings are more
complicated due to the Z − γd mixing and t − T mixing,
respectively. Additionally, there are new contributions to
the loop level decays h1 → gg, h1 → γγ, and h1 → γZ due
to the new VLQ. Since the partial widths Γðh1 → γγÞ and
Γðh1 → ZγÞ make negligible contributions to the total
width, we will neglect changes in these quantities.
Reweighting the SM partial widths with the new contri-
butions, the widths into fully SM final states are then

Γðh1 → XSMX
ð�Þ
SMÞ ¼ cos2θSðΓSMðh1 → XSMX

ð�Þ
SMÞ − ΓSMðh1 → ZZ�Þ − ΓSMðh1 → ggÞÞ

þ
�
cos θS −

g2dvEWvd
M2

Z
sin2θd

�
cos θS þ sin θS

vEW
vd

��
2

ΓSMðh1 → ZZ�Þ

þ
				 vEWλh1ttMt

−
4

3

vEWλ
h1
TT

MTFðτtÞ
				2ΓSMðh1 → ggÞ ð46Þ

¼ ΓSMðh1Þ þOðθ2Þ; ð47Þ

where XSM are SM fermions or gauge bosons, the subscript
SM indicates SM values of widths, ΓSMðh1Þ ¼ 4.088 MeV
[81], and λh1tt , λ

h1
TT are in Eq. (33). Other SM values for

the partial widths of h1 can be found in Ref. [81]. The
loop function FðτiÞ can be found in Ref. [82], where
τi ¼ 4M2

i =M
2
1 and we have used MT ≫ M1 such that

FðτTÞ ¼ Fð∞Þ ¼ −4=3.
The total width is then

Γtotðh1Þ ¼ Γðh1 → XSMX
ð�Þ
SMÞ þ Γðh1 → γdγdÞ

þ Γðh1 → ZγdÞ þ Γðh1 → h2h2ÞθðM1 − 2M2Þ
¼ ΓSMðh1Þ þOðθ2Þ; ð48Þ

and Eq. (43) becomes

BRlim ≥
σðpp → h1Þ

σSMðpp → h1Þ
BRðh1 → γdγdÞ

¼ Γðh1 → γdγdÞ
ΓSMðh1Þ

þOðθ4Þ: ð49Þ

Using Eq. (45) we find the limit

j sin θSj ≤
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
32πv2dΓSMðh1Þ

M3
1

BRlim

s

¼ 4.6 × 10−4
�

vd
GeV

� ffiffiffiffiffiffiffiffiffiffiffi
BRlim

p
: ð50Þ

ATLAS has measured the upper limit BRlim in the
mass range Mγd ¼ 1–15 GeV when both dark photons
decay into muons [80]. However, they have assumed
BRðγd → e−eþÞ ¼ BRðγd → μ−μþÞ ¼ 0.5 neglecting pos-
sible hadronic decays of the dark photon. We reweight the
results of Ref. [80] using the BRðγd → μþμ−Þ including
hadronic decays,2 as shown in Fig. 2(a). The hatched
regions correspond to hadronic resonances and were not
included in the search in Ref. [80]. This is the BRlim to be
used in Eqs. (43) and (50).
In Fig. 2(b) we show the upper limit on sin θS from

Eq. (50) and using BRlim in Fig. 2(a). The solid regions are
ruled out by the h1→2γd→4μ search for (red) vd¼5GeV,
(maroon) vd ¼ 25 GeV, and (blue) vd ¼ 100 GeV. These
constraints are very strong with limits in the range of

2See Sec. V for details of the BRðγd → μþμ−Þ calculation.
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j sin θSj≲ 10−5–10−2. These limits are more constraining
than the direct searches for h2 as shown in Fig. 1(b).
Equation (50) is linear in the dark Higgs vev vd, so the limits
on sin θS become less constraining for large vd. However,
since Mγd ≈ gdvd these constraints cannot be arbitrarily
relaxed without very small dark gauge coupling gd.
If there is dark matter (DM) with massMDM < Mγd=2, it

is possible that the decay of the dark photon into DM is
dominant since, unlike the dark photon coupling to SM
fermions, the γd-DM coupling would not be suppressed
by the kinetic mixing parameter ε. Hence, it is possible for
the Higgs to decay invisibly h1 → 2γd → DM. There are
searches for invisible decays of h1 with limits BRðh1 →
InvisibleÞ ≤ 0.19 [83] from CMS and BRðh1 →
InvisibleÞ ≤ 0.26 from ATLAS [84]. Assuming that
BRðγd→DMÞ¼1, from Eq. (50) these limits correspond to

j sin θSj ≤
�

vd
GeV

�
×
�
2.0 × 10−4 for CMS ½83�
2.3 × 10−4 for ATLAS ½84� :

ð51Þ

IV. PRODUCTION AND DECAY
OF VECTORLIKE QUARK

In this section, we focus on the production and decay of
the VLQ, T, at the LHC based on the model in Sec. II.

Figure 3 displays the VLQ (a)–(c) pair production (TT̄)
and (d),(e) single production in association with a jet
(T=T̄ þ jet).3 The pair production is induced by QCD
interactions so that the production cross section depends
only on MT , the spin of T, and the gauge coupling. Hence,
pair production is relatively model independent.4

The single production, on the other hand, relies on the
b −W − T coupling in Eq. (37) which is proportional to
the mixing angle sin θtL. Therefore the production cross
section is proportional to sin2 θtL and is suppressed for small
θtL [16].
In Fig. 4 we show cross sections for single and pair

production of T from Ref. [88].5 The pair production cross
section with next-to-next-to-leading-order (NNLO) QCD
corrections is computed using the HATHOR code [89] with
the MSTW2008 parton distribution functions (PDFs) [90].

(a) (b)

FIG. 2. (a) BRlim as defined in Eq. (43). These are the ATLAS results for a h1 → 2γd → 4μ search [80] reweighted by
BRðγd → μþμ−Þ including hadronic decays. The dashed regions are not included in the h1 → 2γd → 4μ search due to resonant
hadrons [80]. (b) Upper bounds on j sin θSj from Eq. (50). The solid colored regions are ruled out for (red) vd ¼ 5 GeV, (maroon)
vd ¼ 25 GeV, and (blue) vd ¼ 100 GeV.

3There is also TW− þ T̄Wþ production which is subdominant.
In the model with an additional SUð2ÞL singlet scalar, a loop-
induced Tt̄þ T̄t production [16] can be as large as the pair
production.

4In a scenario where the top partners are pair produced via a
heavier resonance, the production cross section can be model
dependent. See Refs. [85–87] and references therein.

5It should be noted that these results are for a charge 5=3 VLQ.
However, a charge 2=3 partner has the same QCD and spin
structure so the results are still valid since the QCD production
does not depend on the electric charge of the particle.
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The single production cross section with next-to-leading-
order (NLO) QCD corrections is calculated using MCFM

[91–93] with the same PDF. The NLO single production
cross sections are rescaled by sin2 θtL to take into account
the normalization of the b −W − T coupling in Eqs. (37)
and (D1). The single production becomes more important
at high mass, where the gluon PDF sharply drops sup-
pressing gg → TT̄ and the pair production phase space is
squeezed relative to single production. With a sizable
mixing angle j sin θtLj≳ 0.1, the single production outper-
forms the pair production in a wide range ofMT . The single
production, however, vanishes as the t − T mixing angle
becomes very small, as required by perturbativity and EW
precision [Fig. 1(a)]. This can be already seen from Fig. 4
when sin θtL ¼ 0.01, where the T þ jet cross section goes
into the subfemtobarn level which will be challenging to
probe at the LHC.

Traditionally, searches for the VLQ rely on the T → tZ,
T → bW, and T → th1 decays, as shown in Fig. 5.
However, in the scenario where T is charged under both
the SM and Uð1Þd, new decay modes into the T → th2
and T → tγd appear, which alters T phenomenology
significantly. Partial widths into Z=W=h1 in the limit
jεj; jθtLj; jθSj ≪ 1 and vEW; vd ≪ MT are6

ΓðT → tZÞ≈ΓðT → th1Þ≈
1

2
ΓðT → bWÞ≈ 1

32π

M3
T

v2EW
sin2θtL:

ð52Þ

For large MT , the partial widths of T into fully SM final
states are proportional to ∼ sin2 θtLM

3
T=v

2
EW due to the

Goldstone equivalence theorem. The partial widths into h2
and γd in the limit jεj; jθtLj; jθSj ≪ 1 and vd; vEW ≪ MT are

ΓðT → tγdÞ ≈ ΓðT → th2Þ

≈
1

32π

M5
T

M2
t v2d

sin2θtL
1þ ðMT=MtÞ2sin2θtL

: ð53Þ

Hence, the ratios of the rates of VLQ decays into the dark
Higgs/photon and into fully SM final states are

ΓðT → tþ h2=γdÞ
ΓðT → t=bþW=Z=h1Þ

∼
�
MT

Mt

�
2
�
vEW
vd

�
2 1

1þ ðMT=MtÞ2sin2θtL
: ð54Þ

There are two enhancements: (1) the ðvEW=vdÞ2 enhance-
ment since decays into longitudinal dark photons are
enhanced by v−2d compared to decays into longitudinal
SM bosons which are proportional to v−2EW. (2) If j sin θtLj ≲
Mt=MT there is a ðMT=MtÞ2 enhancement since the

(a) (b) (c)

(d) (e)

FIG. 5. Representative Feynman diagrams for VLQ decays into
(a)–(c) Zt, Wb, h1t. Since T is charged under both the SM and
Uð1Þd, the T is allowed to decay into (d),(e) h2 and γd.

FIG. 4. Pair TT̄ and single T þ jet production cross sections
[88]. Pair production is at NNLO in QCD and single production
at NLO in QCD.

(a) (b) (c)

(d) (e)

FIG. 3. Standard production modes of VLQs at the LHC for
(a)–(c) pair production and (d),(e) VLQ plus a jet production. The
conjugate processes for (d),(e) are not shown here.

6To produce numerical results and plots, however, we will use
exact width expressions.
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right-handed top-VLQ mixing angle is larger than left-
handed mixing due to a fermion mass hierarchy as seen in
Eqs. (35)–(37). However, note that for fixed j sin θtLj ≫
Mt=MT , the fermion mass hierarchy enhancement cancels
and only the ðvEW=vdÞ2 enhancement survives. This is
because in this limit j sin θtRj → 1 and does not grow
with MT .

Equation (54) shows that even in the absence of a
fermionic mass hierarchy (MT ∼MtÞ, T decays into light
dark sector bosons are still strongly enhanced. This can
be clearly seen in Figs. 6(a) and 6(b), where we show
contours of the total VLQ branching ratio in h2 and γd.
Note that BRðT → tþ h2Þ þ BRðT → tþ γdÞ ∼ 0.99 for
vd ≲ 30 GeV in the entire MT range. As MT increases,

(a) (b)

(c) (d)

FIG. 6. (a),(b) The combined branching ratio BRðT → tþ h2Þ þ BRðT → tþ γdÞ inMT − vd plane for maximally allowed sin θtL and
sin θS in Fig. 1(a) and Eq. (50), respectively. In (a)M2 ¼ 0.1vd and (b)M2 ¼ vd. The full branching ratios of the T as a function ofMT
for (c) M2 ¼ 0.1vd ¼ 1 GeV and (d) M2 ¼ vd ¼ 200 GeV. For all subfigures we assume ε ¼ 0.001.
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branching ratios into the dark photon/Higgs increase due
to the fermionic mass hierarchy, as discussed above.
Figure 6(b) is the same as Fig. 6(a) with a different choice
of M2. The results in Figs. 6(a) and 6(b) are very similar,
showing the conclusions about the branching ratio depend-
ence on boson and fermion mass hierarchies are robust
against model parameters. The reach of current searches
into th; tZ; and bW [59] are shown in the gray shaded
regions. We have rescaled the results of Ref. [59] according
to the branching ratios in our model. There were no limits
below MT ¼ 800 GeV, hence the exlusion region is trun-
cated. As can be seen, the traditional searches are largely
insensitive to our model and our approach provides a new
avenue to search for T. New search strategies are necessary
depending on the decays of γd; h2 as we will discuss
in Sec. VI.
In Figs. 6(c) and 6(d) we show the branching ratios of T

into all final states, including W;Z; h1. The T branching
ratios into the fully SM particles are less than ∼1% for
smaller M2 ¼ 0.1; vd ¼ 1 GeV as shown in Fig. 6(c). For
enhanced dark sector mass scalesM2 ¼ vd ¼ 200 GeV the
rates to the SM final states can reach at most ∼45% for
MT ∼ 300 GeV shown in Fig. 6(d), but then fall to the
percent level for higher VLQ masses.
There is a kink in Fig. 6(d) around MT ∼ 1.9 TeV. For

MT ≲ 1.9 TeV EW precision constraints on sin θtL are the
most stringent and for MT ≳ 1.9 TeV the perturbativity
bounds on λt are most constraining [see Fig. 1(a)]. The EW
precision and perturbativity bounds on sin θtL have different

dependencies on MT , hence the kink. The fact that the
branching ratios into W=Z=Higgs become flat for MT
approaching 1.9 TeV is a reflection that the enhancement
of T → thd=γd from the fermionic mass hierarchy disap-
pears for MT ≫ Mt and fixed sin θtL, as discussed around
Eq. (54). Once perturbativity constraints are dominant
sin θtL ∼MT=Mt, the fermion mass hierarchy enhancement
reasserts itself, and branching ratios into fully SM final
states decrease precipitously.
Finally, in the limit Mt ≪ MT and vd ≪ vEW, the total

width of the VLQ normalized to MT is

Γtot
T

MT
¼ ΓðT → tγdÞ þ ΓðT → th2Þ

MT

≈
1

16π

M4
T

M2
t v2d

sin2θtL
1þ ðMT=MtÞ2sin2θtL

: ð55Þ

Due to the very large enhancement of M4
T=M

2
t =v2d, the

mixing angle sin θtL must be quite small for T to be narrow.
In Fig. 7(a) we show contours of fixed Γtot

T =MT ¼ 10% in
the sin θtL-MT plane for various dark Higgs vev’s vd. When
compared to the constraints in Fig. 1(a), it is clear that the
constraint T be narrow with Γtot

T ≲ 10%MT is by far the
strongest constraint on sin θtL. In Fig. 7(b) we show the total
width Γtot

T in the vd-MT plane. As is clear, VLQ total width
grows for small vd and larger MT.

(a) (b)

FIG. 7. (a) Contours of Γtot
T =MT ¼ 0.1 in the MT - sin θtL plane for various vd. (b) The total width (Γtot

T ) of T in MT-vd plane for
sin θtL ¼ 0.001. For both subfigures, we set ε ¼ 0.001, Mγd ¼ M2 ¼ 2 GeV, and sin θS to its maximal value in Eq. (50).
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V. DECAY OF THE DARK PHOTON

We now discuss the dark photon γd decays, since
this specifies experimental signatures in the VLQ decay
T → tγd. The LO γd partial decay widths can be computed
using the couplings to the light fermions from the covariant
derivative in Eq. (22). However, this does not take into
account the higher-order QCD corrections and hadronic
resonances. To reflect these combined effects, we follow
Ref. [35] and utilize the experimental data on electron
positron collisions [41]

RðMγdÞ≡
σðeþe− → hadronsÞ
σðeþe− → μþμ−Þ : ð56Þ

Since γd couplings are approximately electromagnetic,
hadronic decays of γd can be incorporated into the total
width of γd via

Γtot
γd ¼ RðMγdÞΓðγd → μþμ−Þ þ

X
f¼e;μ;τ;νe;νμ;ντ

Γðγd → ff̄Þ

≈
ε2e2

12π
Mγd

�
RðMγdÞ þ

X
l¼e;μ;τ

θðMγd − 2MlÞ
�
: ð57Þ

We have used the approximation ε ≪ 1 and Mγd ≪ MZ as
in Eq. (22). We have also assumed there are no DM
candidates with mass 2MDM < Mγd and that 2M2 > Mγd so
that γd → DM and γd → 2h2 decays are forbidden.

The lifetime of the dark photon can be calculated by

τ ¼ 1

Γtot
γd

: ð58Þ

Hence, the γd lifetime is inversely proportional to ε2. For
small kinetic mixing parameter the dark photon can be quite
long-lived and can have a large decay length. In Fig. 8(a) we
show the decay length cτ of the dark photon as a function of
the kinetic mixing parameter ε for various dark photon
masses. For ε in the range of 1 − 5 × 10−6 the decay length
can be cτ ∼ 1 mm. As discussed in the next section, this can
lead to a spectacular collider signature of displaced vertices.
In Fig. 8(b) we show the branching ratios of the dark

photon into electrons and muons. This reproduces the
results from Ref. [35], which we have recalculated and
included for completeness. The branching ratios of the
dark photon into electrons and muons are almost identical
when Mγd > 2Mμ. For much lower masses below
∼200 MeV, the γd decay to muons is kinematically closed,
and hence γd → eþe− decays dominate. The multiple dips
in the branching ratios starting aroundMγd ∼ 770 MeV are
attributed to hadronic resonances ρ, ω, ϕ, ρ0, J=ψ , ψð2SÞ,
and ϒðnSÞ for n ¼ 1, 2, 3, 4 [41].

VI. SEARCHING FOR THE DARK PHOTON
WITH T → tγd DECAYS

We now discuss the collider signatures of this model. As
discussed previously, the pair production of T only depends

(a) (b)

FIG. 8. (a) Decay length of γd as a function of the kinetic mixing parameter ε for variousMγd . (b) Branching ratios of γd into (solid red
line) μþμ− and (dotted blue line) eþe− as a function of Mγd for ε ¼ 0.001.
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on the spin and mass of T and BRðT → tγdÞ ≈ 50% in a
very large range of parameter space. Hence, the production
rate of the dark photon is at QCD rates and largely
independent of the model parameters. The major model
dependence comes from the lifetime of γd. If ε is suffi-
ciently small, the dark photon becomes long-lived.
The decay length of the dark photon from T decays is

d ¼ b̄cτ; ð59Þ

where cτ is a proper lifetime as shown in Fig. 8(a) and b̄ is
the average boost of the dark photon. Assuming the VLQs
are produced mostly at rest, the boost is

b̄ ¼ jp⃗γd j
Mγd

¼ 1

2MγdMT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM2

T −M2
γd −M2

t Þ2 − 4M2
γdM

2
t

q

⟶
MT≫Mγd

;Mt

MT

2Mγd

; ð60Þ

where jp⃗γd j is the dark photon 3-momentum. Using the total
γd width in Eq. (57), we can then solve for the decay length:

d ¼ 580 μm×
7

RðMγdÞ þ
P

l¼e;μ;τθðMγd − 2MlÞ

×

�
MT

1 TeV

��
1 GeV
Mγd

�
2
�
10−4

ε

�
2

: ð61Þ

Hence, for reasonable parameter choices, the decay length of
the dark photon can be several hundreds of microns. The
precise direction of the dark photon in the detector will
determine if it appears as a displaced vertex or where it will
decay in the detector. Nevertheless, for d ≲ 500 μm the dark
photon decay can be considered prompt, for d ¼ 1 mm–1 m
it will be a displaced vertex, for d ∼ 1–10 m the dark photon
will decay in the detector, and d≳ 10 m the dark photon will
decay outside the detector [16]. Hence, we can solve for the
values of ε for these various scenarios:

ε ¼
�

7

RðMγdÞ þ
P

l¼e;μ;τθðMγd − 2MlÞ
�

1=2
�

MT

1 TeV

�
1=2
�
1 GeV
Mγd

�

×

8>>><
>>>:

≳1 × 10−3 for prompt decays

2.4 × 10−6 − 7.6 × 10−5 for displaced vertices

7.6 × 10−7 − 2.4 × 10−6 for decays in detector

≲7.6 × 10−7 for decays outside the detector

: ð62Þ

If the dark photon decays outside the detector it is
unobserved, giving rise to the final state characterized by
tt̄þ =ET . This is the same signature as pair produced scalar
tops, t̃, in R-parity conserving supersymmetry models with
the decays t̃ → tχ̃01, where χ̃01 is the lightest superpartner
and stable. Hence, the currently available CMS [94–99] and
ATLAS [100,101] searches for stop pair production can
be used to obtain constraints on the model presented here.
In the limit of large gluino/squark masses, the most
stringent bound is at 13 TeV excludes stop masses up to
1225 GeV for a massless χ̃01 [99]. Since Ref. [99] assumes
BRðt̃ → tχ̃01Þ ¼ 1, the corresponding 95% C.L. upper limit
on the next-to-leading-logarithmic–NLO stop pair produc-
tion cross section is given by ∼1.3 fb [102].
Since both stop and T pair production yield similar

kinematic distributions in the final states, the efficiencies of
two searches are quite similar [103]. The upper bound on
the stop pair production cross section can then be reinter-
preted as a bound on the VLQ pair production cross
section:

σðpp → TT̄Þ × ðBRðT → tγdÞ þ BRðT → tZ → tνν̄ÞÞ2
≤ 1.3 fb: ð63Þ

In Fig. 9(a) we show this limit in the vd-MT plane for a dark
photon mass of Mγd ¼ 1 GeV (gray region is ruled out).
We used the T branching ratios in Fig. 6 and the NNLO TT̄
cross section in Fig. 4. As shown in Sec. IV, the production
and decay rates of the VLQ are relatively independent of
model parameters and this result is robust. We find that
VLQ masses

MT ≲ 1.2 TeV; ð64Þ

are excluded for Mγd ¼ 1 GeV and vd ≲ 500 GeV when
the dark photon is stable on collider timescales. The bound
can be weakened for higher values of vd since the
branching ratio of T into SM bosons with visible decays
increases, suppressing BRðT → tγdÞ as displayed in Fig. 6.
Searches for single T production can be important if

t − T mixing is not too small. It is clear from Fig. 4 that for
sin θtL ∼ 0.1 the single production dominates over the pair
production at high VLQ masses. References [106,107]
showed that the T → tZð→νν̄Þ channel displays a superior
performance in prospects for discovering the T. The
signature is then T → tþ =ET , which is the same as for
T → tγd when γd is long-lived. The ATLAS Collaboration
[104] presented results on the single production of T with
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the decay T → tZð→νν̄Þ. Assuming that efficiencies of
T → tZ → tνν̄ and T → tγd searches are the same, we
reinterpret the 95% C.L. upper limit on the cross section in
Ref. [104] to derive constraints on the MT- sin θtL plane,
as shown by dotted lines in Fig. 9(b). The regions within
the curves are ruled out. As in Fig. 9(a), we consider
both T → tγd where the dark photon is assumed to escape
the detector and T → tνν̄. For VLQ masses around
MT ¼ 1 ∼ 2 TeV, the limits on sin θtL are

j sin θtLj ≲ 0.3 ∼ 0.6; ð65Þ

where the stronger bounds are expected for smaller
values of vd due to the enhancement of the branching
ratio BRðT → tγdÞ. For smaller j sin θtLj the single VLQ
production rate is too small to be detectable yet. For larger
sin θtL and larger vd, the VLQ essentially decays like a top
quark with a near 100% branching ratio into Wb. Hence,
the branching ratio to tγd is suppressed and a gap appears
for j sin θtLj ≳ 0.9 and vd ¼ 250 GeV. These bounds are,
however, weaker when compared to the EW precision test
[see Fig. 1(a)].
CMS has also performed a recent search for electroweak

production of T decaying through Z and Higgs channels
with fully hadronic decays [105]. These searches can be
reinterpreted into constraints in the MT- sin θtL plane. The
95% C.L. exclusions are shown as solid lines in Fig. 9(b)
with the regions inside the curves ruled out. In the small vd

limit (vd ¼ 10 GeV) the branching ratios into SM final
states are negligible so there are not strong constraints.
As vd increases the branching ratios become viable
and some constraints emerge. In the high vd the generic
search constraints start to become more stringent than T →
tZð→ νν̄Þ constraints. Hence, there is a complementarity
between the fully hadronic and missing energy searches.
Figure 10 shows the decay lengths of dark photons

originating from the VLQ with masses (a) MT ¼ 1.2 TeV
and (b) MT ¼ 2 TeV in the Mγd -ε plane. We show several
lines of the dark photon decay length d ¼ b̄cτ that are
indicative of prompt decays (d ¼ 500 μm), displaced
vertices (d ¼ 1 mm), decays in the detector (d ¼ 1 m),
and decays outside the detector (d ¼ 10 m). Additionally,
there is a proposed MATHUSLA detector [108] to search
for long-lived particles. MATHUSLAwill be on the surface
140–230 m away from the interaction point. Hence, we also
show lines for dark photons that could decay inside the
MATHUSLA detector. The blue shaded regions are
excluded by searches for stop pair production with decay
t̃ → tχ̃01, as discussed above. This blue exclusion region
exists forMT ≲ 1.3 TeV. Hence, it appears in Fig. 10(a) but
not Fig. 10(b). The gray shaded regions are excluded by
various low energy experiments [78] and supernova mea-
surements [109,110]. As can be clearly seen, searches for
T → tγd with a wide range of possible signals can cover a
substantial portion of the parameter space. This is because
in the model presented here the production of γd from VLQ

(a) (b)

FIG. 9. (a) 95% C.L. exclusion regions inMT -vd plane from the VLQ pair production with the T → tþ γd=νν̄ decays, assuming γd is
long-lived. The constraint is obtained from reinterpreting the bounds from the CMS [99] stop searches at 13 TeV. (b) 95% C.L. exclusion
regions in MT - sin θtL plane based on the single production of the VLQ. The dotted constraint is obtained from a simple recast of
the ATLAS [104] results on the single production of T with the decay T → tZð→νν̄Þ. The solid lines are taken from a recasting of a CMS
[105] search for single production of T with fully hadronic decays into Higgs or Z.
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production is largely independent of the small kinetic
mixing parameter. Hence, the production rate of γd is
unsuppressed at low ε and the LHC can be quite sensitive to
this region.
The dark photon branching ratios into e−eþ and μ−μþ is

non-negligible as shown in Fig. 8(b). Hence, the most
promising signature of the T → tγd would be the leptonic
decays of the dark photon, which would help avoid
large QCD backgrounds. Since the dark photon is highly
boosted, its decay products are highly collimated. The
angular distance between the leptons from γd decays can be
estimated as

ΔRll ∼
2Mγd

Eγd

¼ 4Mγd

MT
¼ 4 × 10−3

�
Mγd

1 GeV

��
1 TeV
MT

�
;

ð66Þ

where ΔRll ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðϕl− − ϕlþÞ2 þ ðηl− − ηlþÞ2

p
, ϕ are the

azimuthal angles of the leptons, and η are their rapidities.
At such small angular separation, the leptons are very
difficult to isolate and the dark photon can give rise to
so-called lepton jets [39,40] which are highly collimated
clusters of electrons and muons. In fact, for not too small
kinetic mixing ε, there could be displaced lepton jets or
even lepton jets originating in the detector.

VII. CONCLUSION

In this paper we have studied a model with an up-type
VLQ charged under a new Uð1Þd, where the Uð1Þd gauge
boson kinetically mixes with the SM hypercharge. One of
the most significant aspects of this model is that the decay
patterns of the VLQ can be substantially altered from the
usual scenario. That is, the VLQ is a maverick top partner.
As shown in Figs. 6(a) and 6(b), if the scale of the Uð1Þd is
smaller than the EW sector (vd ≲ vEWÞ, the VLQ decays
into a dark photon or dark Higgs greater than 95% of the
time independent of the VLQ mass. This is due to the
longitudinal enhancement of decaying into light gauge
bosons which enhances the VLQ partial widths into γd=h2
by ðvEW=vdÞ2 relative to decays into the SM EW bosons.
When the VLQ is substantially heavier than the top quark
MT ≫ Mt, there can also an enhancement of ðMT=MtÞ2 for
VLQ decays into γd=h2 [39].
The appeal of this scenario is that the production rate of

the dark photon γd is largely independent of model
parameters. The VLQs can be pair produced via the strong
interaction. This pair production rate is governed by gauge
interactions and only depends on the VLQ mass and spin.
As discussed above, the branching ratio BRðT → tγdÞ ¼
50% in a very wide range of parameter space. Hence, the
dark photon production rate is almost completely governed
by the strong interaction and is independent of the small
kinetic mixing parameter ε.

(a) (b)

FIG. 10. Various decay lengths of the dark photon originating from VLQs with masses (a) 1.2 TeV and (b) 2 TeV in the ε-Mγd plane.
The blue shaded regions are excluded by searches for stop pair production with decay t̃ → tχ̃01. Gray shaded regions correspond to
existing 90% confidence level limits from the SLAC and Fermilab beam dump experiments E137, E141, and E774 [31,111–113], the
U70 accelerator [114,115], LHCb [116,117], NA64 [118], the electron and muon anomalous magnetic moment aμ [33,119,120], KLOE
[121,122], WASA-at-COSY [123], the test run results reported by APEX [124] and MAMI [125], an estimate using a BABAR result
[31,126,127], and a constraint from supernova cooling [109,110]. The shaded green regions are favored to explain the muon anomalous
magnetic moment [119] at 95% confidence level.
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While the production rate of the dark photon is inde-
pendent of the kinetic mixing parameter, the collider
searches are not. As we showed, for reasonable ε, the dark
photon can give rise to displaced vertices, decay inside the
detector, or even escape the detector and appear as missing
energy as shown in Fig. 10. Besides the missing energy, the
most promising signatures of the dark photon would be its
decays into electrons and muons. For dark photon masses
much below the VLQ masses, the electrons and muons
would be highly collimated giving rise to lepton jets [40] or
even displaced lepton jets.
The model presented here is a mild perturbation from

the typical simplified models of dark photons and VLQs.
However, as we demonstrated, the collider phenomenology
is significantly changed from the usual scenarios. Hence,
this provides a robust framework in which searches for
heavy particles at the LHC can illuminate a light dark
sector force.
The data to reproduce the plots are available upon

request.
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APPENDIX A: PERTURBATIVE UNITARITY

To derive a perturbative unitarity bound, we will look at
tree-level hdt → hdt scattering in the high energy limit. For
the high energy limit, we work with gauge eigenstate fields
in the unbroken phase. In the broken phase, there would be
t-channel diagrams with scalar trilinears. However, since
trilinear scales are dimensionful, they will be suppressed by
E−1 compared to the fermionic s-channel, were E is the
energy of the process. Additionally, each vertex flips the
chirality of the fermion. In the high energy limit, we neglect
masses, so there can be no additional chiral flips from mass
insertions. Hence, the chirality of the incoming and out-
going top quarks must be the same. Finally, the dark Higgs
vertex only exists between tR and TL, so only the tR
amplitudes are nonzero. Figure 11 shows the relevant
diagram.
The tree-level amplitude for this process is given by

iMðhdtR → hdtRÞ ¼ −i
λ2t
2
cos

θ

2
; ðA1Þ

where θ is the scattering angle. We now expand this
amplitude into partial waves as

M ¼ 16π
X

j¼1=2;3=2;…

ð2jþ 1Þajdj1=2;1=2ðθÞ; ðA2Þ

where djm;m0 ðθÞ are Wigner d functions. The only relevant
term for this particular process corresponds to the
d1=21=2;1=2ðθÞ ¼ cos θ

2
term, and we get

a1=2 ¼ −
λ2t
64π

: ðA3Þ

Tree-level perturbative unitarity then corresponds to
jRea1=2j ≤ 1

2
, which, after taking a square root, gives us

the final form of our bound,

jλtj ≤ 4
ffiffiffiffiffiffi
2π

p
: ðA4Þ

APPENDIX B: KINETIC MIXING

We now review diagonalizing the neutral gauge bosons.
First, the kinetic mixing term in Eq. (2) with the trans-
formations

B0
μ ¼ Bμ þ

ε0

ĉW
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ε02=ĉ2W

p Bd;μ;

B0
d;μ ¼

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ε02=ĉ2W

p Bd;μ; ðB1Þ

where ĉW ¼ cos θ̂W . Then we have the normalized gauge
kinetic terms

Lgauge ⊃ −
1

4
BμνBμν −

1

4
Bd;μνB

μν
d : ðB2Þ

The covariant derivative in Eq. (5) then contains

FIG. 11. Tree-level diagram for perturbative unitarity bound of
λt from hdt → hdt.
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Dμ ⊃ −igðTþWþ þ T−W−Þ − igT3W3
μ − ig0YBμ

− i

�
gdYd þ

g0

ĉW
εY

�
Bd;μ; ðB3Þ

where we have defined gd ¼ g0d=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ε02=ĉ2W

p
, ε ¼

ε0=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ε02=ĉ2W

p
,

Tþ ¼ 1ffiffiffi
2

p
�
0 1

0 0

�
; T− ¼ 1ffiffiffi

2
p
�
0 0

1 0

�
: ðB4Þ

Here, B is identified as the SM-like hypercharge gauge
boson. To get the photon we perform the usual rotation:

�
W3

μ

Bμ

�
¼
�

ĉW ŝW
−ŝW ĉW

��
Ẑμ

Aμ

�
; ðB5Þ

where ŝW ¼ sin θ̂W . The covariant derivative becomes

Dμ ⊃ −igðTþWþ þ T−W−Þ − ieQAμ − iĝZQ̂ZẐμ

− i

�
gdYd þ ε

g0

ĉW
Y

�
Bd;μ;

where e¼gsinθ̂W¼g0cosθ̂W , Q̂Z¼T3−x̂WQ, x̂W¼sin2 θ̂W ,
and ĝZ ¼ e= cos θ̂W= sin θ̂W . The charge operator is
Q ¼ T3 þ Y. Hence, QS ¼ 0 and QΦ ¼ 0 in the unitary
gauge. We can identify Aμ as the physical massless photon
and e as the electric charge.
Evaluate the scalar kinetic terms to get the gauge boson

masses:

LS;kin ¼ jDμSj2 þ jDμΦj2

⊃ M2
WW

þ
μ W−;μ þ 1

2
½ðM0

γdÞ2Bd;μB
μ
d − 2M2

γdZ
ẐμBd;μ

þ ðM0
ZÞ2ẐμẐμ�; ðB6Þ

where

MW ¼ 1

2
gv ¼ ev

2 sin θ̂W
; ðM0

γdÞ2 ¼ g2dv
2
d þ ε2t̂2WðM0

ZÞ2;

M2
γdZ

¼ εt̂WðM0
ZÞ2; M0

Z ¼ 1

2
ĝZv; ðB7Þ

and t̂W ¼ ŝW=ĉW . We rotate the basis to diagonalize the
mass matrix

�
Ẑμ

Bμ
d

�
¼
�

cos θd sin θd
− sin θd cos θd

��
Zμ

γμd

�
; ðB8Þ

where Z has mass MZ and γd has mass Mγd . We can solve
for the mixing angle and masses

sinð2θdÞ ¼
2εt̂WðM0

ZÞ2
M2

Z −M2
γd

; ðB9Þ

M0
Z ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Z cos
2 θd þM2

γd sin
2 θd

q
; ðB10Þ

M0
γd ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

γd cos
2 θd þM2

Z sin
2 θd

q
: ðB11Þ

Now, for the degrees of freedom we choose

GF; αEMð0Þ; MZ; Mγd ; ε; vd; ðB12Þ

with the GF; αEMð0Þ;MZ values in Eq. (19). Using v2EW ¼
1=

ffiffiffi
2

p
=GF together with g ¼ e=ŝW and Eqs. (B7) and

(B10), we find

ĉ2W ¼ 1

2
þ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

2
ffiffiffi
2

p
αEMð0Þ

GFM2
Z

1

cos2θd þ τ2γdsin
2θd

s
; ðB13Þ

where τγd ¼ Mγd=MZ. Now, Eqs. (B9) and (B13) can be
used to recursively solve for sin θd as an expansion in ε. All
other parameters can then be easily solved for in terms of
the input parameters in Eq. (B12).

APPENDIX C: SCALAR INTERACTIONS

The scalar couplings relevant to the analysis here are

LV−S ¼
1

1þ δVV 0
λhiVV 0hiVμV 0μ: ðC1Þ

The detailed expressions for the couplings are

λh1WþW− ¼ 2M2
W

v
cos θS; ðC2Þ

λh2WþW− ¼ 2M2
W

v
sin θS; ðC3Þ

λh1ZZ ¼ 2M2
Z

v
cos θS − 2g2d sin

2 θdvdðsin θS þ cos θS tan βÞ;
ðC4Þ

λh2ZZ ¼ 2M2
Z

v
sin θS þ 2g2d sin

2 θdvdðcos θS − sin θS tan βÞ;
ðC5Þ

λh1γdγd ¼
2M2

γd

v
cosθS − 2g2d cos

2 θdvdðsinθS þ cosθS tanβÞ;
ðC6Þ

λh2γdγd ¼
2M2

γd

v
sinθS þ 2g2d cos

2 θdvdðcosθS − sinθS tanβÞ;
ðC7Þ
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λh1γdZ ¼ g2d sin 2θdvdðsin θS þ cos θS tan βÞ; ðC8Þ

λh2γdZ ¼ −g2d sin 2θdvdðcos θS − sin θS tan βÞ; ðC9Þ

where MW;M0
Z are given in Eq. (B7). The detailed

expressions for gauge-sector parameters can be found in
Appendix B.
The h1;2 trilinear are given by

LS−S−S ¼
1

3!
λh1h1h1h

3
1 þ

1

2
λh1h1h2h

2
1h2 þ

1

2
λh1h2h2h1h

2
2

þ 1

3!
λh2h2h2h

3
2; ðC10Þ

where the couplings are

λh1h1h1 ¼ 3
M2

1

v

�
cos3 θS −

sin3 θS
tan β

�
; ðC11Þ

λh1h1h2 ¼
2M2

1 þM2
2

2v
sin 2θS

�
cos θS þ

sin θS
tan β

�
; ðC12Þ

λh1h2h2 ¼ −
M2

1 þ 2M2
2

2v
sin 2θS

�
cos θS
tan β

− sin θS

�
; ðC13Þ

λh2h2h2 ¼ 3
M2

2

v

�
cos3 θS
tan β

þ sin3 θS

�
: ðC14Þ

APPENDIX D: GAUGE BOSON FERMION
INTERACTIONS

The W interactions with the top quark and VLQ are

LW−f ¼
gffiffiffi
2

p cos θtLW
þ
μ t̄γμPLb

þ gffiffiffi
2

p sin θtLW
þ
μ T̄γμPLbþ H:c: ðD1Þ

The couplings of the neutral bosons to top quark and VLQ
are defined as

LV−f ¼ Vμf̄γμðcVL;ff0PL þ cVR;ff0PRÞf0; ðD2Þ

where V ¼ γd; Z and the couplings are

cZL;tt ¼ ĝZ

�
cos θd

�
1

2
cos2θtL −Qtŝ2W

�
−
1

6
sin θdt̂Wεð1þ 3sin2θtLÞ

�
− gd sin θdsin2θtL;

cZR;tt ¼ −QtĝZðcos θdŝ2W þ ε sin θdt̂WÞ − gd sin θdsin2θtR; ðD3Þ

cZL;TT ¼ ĝZ

�
cos θd

�
−Qtŝ2W þ 1

2
sin2θtL

�
− sin θdt̂Wε

�
QT −

1

2
sin2θtL

��
− gd sin θdcos2θtL;

cZR;TT ¼ −QTĝZðcos θdŝ2W þ ε sin θdt̂WÞ − gd sin θdcos2θtR; ðD4Þ

cZL;Tt ¼ cZL;tT ¼ 1

4
sin 2θtL½ĝZðcos θd þ sin θdt̂WεÞ þ 2gd sin θd�;

cZR;Tt ¼ cZR;tT ¼ 1

2
gd sin θd sin 2θtR; ðD5Þ

cγdL;tt ¼ ĝZ

�
sin θd

�
1

2
cos2θtL −Qtŝ2W

�
þ 1

6
cos θdt̂Wεð1þ 3sin2θtLÞ

�
þ gd cos θdsin2θtL;

cγdR;tt ¼ −QtĝZðsin θdŝ2W − cos θdt̂WεÞ þ gd cos θdsin2θtR; ðD6Þ

cγdL;TT ¼ ĝZ

�
sin θd

�
−Qtŝ2W þ 1

2
sin2θtL

�
þQt cos θdt̂Wε

�
1 −

3

4
sin2θtL

��
þ gd cos θdcos2θtL;

cγdR;TT ¼ −QtĝZðsin θdŝ2W − cos θdt̂WεÞ þ gd cos θdcos2θtR; ðD7Þ

cγdL;Tt ¼ cγdL;tT ¼ 1

4
sin 2θtL½ĝZðsin θd − cos θdt̂WεÞ − 2gd cos θd�;

cγdR;Tt ¼ cγdR;tT ¼ −
1

2
gd sin 2θtR cos θd: ðD8Þ

The γd; Z interactions with the other SM fermions are flavor diagonal and can be obtained using the covariant derivative
defined in Eq. (22) and their SM quantum numbers.
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