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The rare radiative flavor changing top decays t → cγ and t → cg (and the even rarer t → uγ and
t → ug) have been processes of interest for decades as they offer a key probe for studying top quark
properties. However, an explicit analytical study of the branching ratios and CP asymmetries resulting
from these loop level processes has thus far evaded attention. In this work, we provide the formulation
for the CP asymmetry resulting from the total kinetic contribution of the loop integrals and their
imaginary parts, as well as an updated numerical computation of the predicted Standard Model (SM)
branching fractions. These rare processes are suppressed in the SM by the Glashow-Iliopoulos-Maiani
mechanism. However, the results presented here can easily be exported for use in minimal extensions of
the SM including vectorlike quarks or in two-Higgs-doublet models where radiative fermionic decay
processes can be enhanced relative to the SM by several orders of magnitude. Such processes provide
an experimentally clean signature for new fundamental physics and can potentially be tested by current
collider experiments. These topical beyond the SM theories are an elegant means to provide improved
global fits to the latest results emerging from flavor physics, Cabibbo-Kobayashi-Maskawa, and
precision electroweak measurements.

DOI: 10.1103/PhysRevD.102.113010

I. INTRODUCTION

The study of radiative decays has been of interest for
many decades because they provide an experimentally
clean probe for new physics [1]. The electromagnetic
dipole moment of heavy quarks can be generated at
various loop levels and their radiative decays are induced
by the off diagonal parts of the dipole moments analo-
gous to the lepton sector [2,3]. Precision measurements
of electromagnetic interactions provide a tantalizing
probe for new physics beyond the Standard Model
(SM) [3]. This is particularly relevant due to the presence
of current top factories such as the Large Hadron Collider
(LHC) which provide an unprecedented increase in top
quark statistics, thereby enabling radical improvement in
the understanding of heavy quark properties [1]. Of
particular importance are precision studies of the various
rare top quark decays. These include flavor-changing
neutral (FCN) decays t → cZ as well as t → cγ and t →
cg [4]. The radiative decays of heavy fermions are more
significant than those of light fermions due to their larger
partial widths resulting from their much higher relative

mass. Hence, such clean channels are of major impor-
tance in testing precise theoretical predictions for particle
properties and searching for tensions with the SM.
Within the SM, these processes are mediated at lowest

order in perturbation theory by penguin diagrams with
charged down-type quarks running loops. However, due
to the large hierarchy in the down-type quark masses
relative to the W bosons in the loop, these decays are
suppressed by the Glashow-Iliopoulos-Maiani (GIM)
mechanism. This is in contrast with processes such as
b → sγ, which contain the much heavier top quark in the
loop. This extra suppression resulted in branching ratios
being computed at ≲10−10 or smaller [5–8]. These were
later estimated with more precision in Ref. [4], using the
b-quark running mass at the top mass scale in the MS
scheme. The use of the running b-quark mass represents
a more rigorous treatment for the calculation as the top
quark decays at its pole mass.
In this work, we focus primarily on a precise compu-

tation of the SM branching ratios for the radiative top
decays with the current Cabibbo-Kobayashi-Maskawa
(CKM) best fit values and particle masses extracted
from Ref. [9]. Additionally, we pay particular interest
to the computation of the CP asymmetry resulting from
the imaginary part of the loop integrals that imply
Γðt → cγÞ ≠ Γðt̄ → c̄γÞ. We provide the closed form
analytical formulation for the kinetic loop terms and
their imaginary parts that generate the CP asymmetry.
Here we note that by the kinetic loop term, we refer to
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the contribution coming explicitly from the particles
running in the loop and not the vertex contributions that
can be factorized separately. We will continue with this
nomenclature for the rest of this work. This is in contrast
to previous studies which are limited to numerical
estimations of the loop functions derived from generic
Passarino-Veltman functions [4]. Although in the SM, the
radiative process branching ratios are currently unobserv-
able due to the aforementioned large GIM suppression,
the above results can easily be applied to a host of
beyond the SM theories, which we briefly outline below.
A notable application of the formulation shown could

be beyond the SM extensions with heavy vectorlike
quarks (VLQs) [4,10], e.g., heavy t0 and b0 states with
extended CKM matrices, many of which provide an
improved global fit to data compared to the SM when
considering several flavor physics observables and pre-
cision electroweak measurements [11–13]. A comprehen-
sive review of the various types of VLQs can be found in
Ref. [14] and there is some related discussion in
Ref. [15]. The addition of quark singlets to the SM
particle content represents the simplest way to break the
GIM mechanism and can thereby enable large radiative
decay widths. These models typically contain a nonuni-
tary higher dimensional CKM matrix and contain flavor
changing neutral couplings (FCNC) to the Z boson at tree
level since the new heavy quarks are not SUð2ÞL
doublets.
Moreover, there are other SM extensions that can

enhance branching ratios for top decays by many orders
of magnitude, thereby yielding compelling phenomenol-
ogy. For instance, in two-Higgs-doublet models (2HDM)
we find that Bðt → cZÞ ∼ 10−6, Bðt → cγÞ ∼ 10−7, and
Bðt → cgÞ ∼ 10−5 can be achieved [6]. More recently, it
was shown that in the type-III 2HDM one could expect
up to Nðt → cγÞ ¼ 100 events at the LHC with an
integrated luminosity of 300 fb−1 in certain parameter
regions [16]. The rare top quark decays at one-loop with
FCNCs coming from additional fermions and gauge
bosons have been studied in several extensions of the
SM such as the minimal supersymmetric model, left-
right symmetry models, top color assisted technicolor,
and two Higgs doublets with four generations of quarks
[6,16–22]. There is also potential for similar radiative
processes to occur in models with leptoquarks such as
light versions of the ones shown in [23,24].
These applications are of particular interest, since it

was recently shown that a net circular polarization,
specifically an asymmetry between two circularly polar-
ized photons γþ and γ−, is generated if CP is violated in

neutrino radiative decays [25]. The same CP effect is
induced for top quarks or new VLQs, and therefore
polarization measurements on the resulting photons
are a crucial and experimentally clean probe for new
physics.
The outline of the paper is as follows, and we first

show the full radiative process calculation in Sec. II.
This section is further divided into an overview of the
interaction Lagrangian, computation of the relevant
amplitudes, analytical evaluation of the kinetic terms
and most importantly their imaginary parts (which are
responsible for generating CP asymmetry), followed by
showing the computation for the CP asymmetry itself.
This is accompanied by Sec. III which contains an
overview of the process to calculate the radiative branch-
ing fractions and decay widths for the various channels as
well as the main numerical results. Finally, we briefly
discuss the applications of the formalism to beyond the
SM theories in Sec. IV via inclusion of heavy VLQs and
the 2HDM.

II. CALCULATION OF RADIATIVE
PROCESSES

A. Calculation of Lorentz invariant amplitudes

In this work we first overview the interaction Lagrangian
relating the mass eigenstates of the up- and down-type
quarks via the SM charge current interaction. We denote
the up-type quarks as uβ ¼ ðu; c; tÞ and the down-type
quarks as dα ¼ ðd; s; bÞ. The corresponding interaction
Lagrangian is then given by

Lint ¼ −
gffiffiffi
2

p ½ūβγμPLVβαdα�Wþ
μ þ H:c:; ð1Þ

where V is the SM 3 × 3 CKM matrix and g is the usual
weak interaction gauge coupling constant and PL is the
left-chiral projection operator.
We focus first on the contributions to the rare photon

radiative top decay mediated by SM interactions as given in
Fig. 1. In this work, we are primarily interested in top
decays; hence we denote the initial state t and the final state
quark to be generically uβ ¼ ðu; cÞ and dα ¼ ðd; s; bÞ.
Hence we may write the corresponding t → uβγ process
amplitudes in full generality as follows

iMðt → uβ þ γ�Þ ¼ iūðpfÞΓμ
fiðq2ÞuðpiÞε��;μðqÞ: ð2Þ

More explicitly, for each Feynman diagram shown in
Fig. 1, we have
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iM1 ¼ i
eg2

6
VtαV�

βα

Z
d4p
ð2πÞ4

ūðpfÞγμPLð=pf − =pþmdÞγρð=pi − =pþmdÞγμPLuðpiÞϵ�ρðqÞ
½ðpf − pÞ2 −m2

d�½p2 −m2
W �½ðpi − pÞ2 −m2

d�
;

iM2 ¼ i
eg2

6m2
W
VtαV�

βα

Z
d4p
ð2πÞ4

ūðpfÞðmβPL −mdPRÞð=pf − =pþmdÞγρð=pi − =pþmdÞðmdPL −miPRÞuðpiÞϵ�ρðqÞ
½ðpf − pÞ2 −m2

d�½ðpi − pÞ2 −m2
d�½p2 −m2

W �
;

iM3 ¼ i
eg2

2
VtαV�

βα

Z
d4p
ð2πÞ4

ūðpfÞγνPLð=pþmdÞγμPLVðpi; pf; pÞμνρuðpiÞϵ�ρðqÞ
½ðpf − pÞ2 −m2

W �½p2 −m2
d�½ðpi − pÞ2 −m2

W �
;

iM4 ¼ i
eg2

2m2
W
VtαV�

βα

Z
d4p
ð2πÞ4

ūðpfÞðmfPL −mdPRÞð=pþmdÞðmdPL −miPRÞð2p − pi − pfÞρuðpiÞϵ�ρðqÞ
½ðpf − pÞ2 −m2

W �½p2 −m2
d�½ðpi − pÞ2 −m2

W �
;

iM5þ6 ¼ i
eg2

2
VtαV�

βα

Z
d4p
ð2πÞ4 ūðpfÞ

�
γρPLð=pþmdÞðmdPL −miPRÞ

ðp2 −m2
dÞððpf − pÞ2 −m2

WÞððpi − pÞ2 −m2
WÞ

−
ðmβPL −mdPRÞð=pþmdÞγρPL

ðp2 −m2
dÞððpi − pÞ2 −m2

WÞððpf − pÞ2 −m2
WÞ

�
uðpiÞϵ�ρðqÞ; ð3Þ

where the contribution from the triple gauge boson vertex is given by

Vμνρ ¼ gμνð2pi − p − pfÞρ þ gρμð2pf − p − piÞν þ gνρð2p − pi − pfÞμ; ð4Þ

and e refers to the usual Uð1Þ Abelian electromagnetic charge. We denote the initial state momentum of the top quark as pi
and the final state up-type quark as pf. The ’t Hooft-Feynman gauge is chosen to simplify the amplitude calculations and the
scalar χ refers to the unphysical charged Goldstone boson. We apply the Gordon decomposition as well as Ward identity
qμMμ ¼ 0 and ignore all vector terms proportional to γμ, since these are simply vertex corrections to the overall electric
charge, we need only consider tensorlike terms within the current Γμ to determine the transition form factor resulting from
these diagrams.
We follow the standard procedure to integrate over all internal momenta p in the loop with the help of the Feynman

parametrization. We take the initial and final state chiralities into account followed by factorizing the electromagnetic dipole
moment terms with coefficients as

Γμ;ðkÞ
fi;α ¼ eg2

4ð4πÞ2 ViαV�
fαiσ

μνqν

Z
1

0

dxdydzδðxþ yþ z − 1ÞPðkÞ; ð5Þ

where each loop contribution is given by

Pð1Þ ¼ −2xðxþ zÞmiPR − 2xðxþ yÞmfPL

3ΔαWðx; y; zÞ
;

Pð2Þ ¼ ½xzm2
f − ðð1 − xÞ2 þ xzÞm2

d�miPR þ ½xym2
i − ðð1 − xÞ2 þ xyÞm2

d�mfPL

3m2
WΔαWðx; y; zÞ

;

Pð3Þ ¼ ½ð1 − 2xÞz − 2ð1 − xÞ2�miPR þ ½ð1 − 2xÞy − 2ð1 − xÞ2�mfPL

ΔWαðx; y; zÞ
;

Pð4Þ ¼ ½xzm2
f − xðxþ zÞm2

d�miPR þ ½xym2
i − xðxþ yÞm2

d�mfPL

m2
WΔWαðx; y; zÞ

;

Pð5Þ ¼ −zmiPR

ΔWαðx; y; zÞ
;

Pð6Þ ¼ −ymfPL

ΔWαðx; y; zÞ
; ð6Þ

where it is convenient to define the function in the denominator in terms of the Feynman parameters as
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ΔWαðx; y; zÞ ¼ m2
Wð1 − xÞ þ xm2

d − xðym2
i þ zm2

fÞ;
ΔαWðx; y; zÞ ¼ m2

dð1 − xÞ þ xm2
W − xðym2

i þ zm2
fÞ: ð7Þ

We note that for t → uβg, the structure of amplitudes are
largely the same, but we only require 3Pð1Þ and 3Pð2Þ

(because the down-quark electric charge prefactor ofQ ¼ 1
3

does not appear at the highest vertex) along with the gauge
coupling replacement e → gs in Eq. (5) due to the presence
of gluon emission.

B. Derivation of the total kinetic contribution

We are now ready to compute the total kinetic contribution
for both t → uβγ and t → uβg channels. From Ref. [2], it

was shown we could rewrite Eqs. (5), (6), and (7) in terms of
the dimensionless kinetic term F γ such that

Γμ;ðkÞ
fi;α ¼ eGF

4
ffiffiffi
2

p
π2

ViαV�
fαiσ

μνqνðF γ
fi;αmiPR þ F γ

if;αmfPLÞ:

ð8Þ

In the case of a gluon being radiated instead of a photon
(which is otherwise identical to the first two diagrams in
Fig. 1), we simply make the coupling replacement e → gs in
the above expression as well as F γ → F g. Performing the
loop integrals using the same approach shown in Ref. [3] and
summing the kinetic contribution for each individual dia-
gram

P
5
k¼1 P

ðkÞ with radiated photon results in

FIG. 1. Feynman diagrams for the one-loop radiative top decay t → uβγ induced by SM weak interactions with SM fields. We denote
the amplitudes for the six diagrams as M1 −M6 accordingly. For the gluon channel, t → uβg, only the first two diagrams contribute
and the photon is replaced with a gluon. In all cases, external radiated gauge boson momenta is denoted q ¼ pf − pi while the internal
momenta that are integrated over in the loop calculations are denoted p.
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F γ
fi;d ¼

Z
1

0

dx

�ðm2
i −m2

d − 2m2
WÞðm2

d þm2
fx

2Þ þ xm4
fi;d

3ðm2
f −m2

i Þ2x
log

�
m2

d þ xðm2
W −m2

d −m2
i Þ þm2

i x
2

m2
d þ xðm2

W −m2
d −m2

fÞ þm2
fx

2

�

þ ðm2
i −m2

d − 2m2
WÞðm2

d þm2
fðx − 1Þ2Þ þ ð1 − xÞm4

fi;d

ðm2
i −m2

fÞ2x
log

�
m2

W þ ðm2
d −m2

W −m2
i Þxþm2

i

m2
W þ ðm2

d −m2
W −m2

fÞxþm2
f

��

þ 2ðm2
d −m2

f þ 2m2
WÞ

3ðm2
f −m2

i Þ
: ð9Þ

We also consider the case where a gluon is radiated, which only corresponds to the first two diagrams, i.e.,
P

k¼1;2 3P
ðkÞ

where, as mentioned earlier, the prefactor of three is required since the down-quark electric charge Q ¼ 1
3
does not appear at

the quark-quark-gluon vertex, and therefore we may write F g as

F g
fi;d ¼

Z
1

0

dx

�ðm2
f − 2m2

W −m2
dÞðx − 1Þx

ðm2
f −m2

i Þx

þ ðm2
i −m2

d − 2m2
WÞðm2

d þm2
fx

2Þ þ xm4
fi;d

ðm2
i −m2

fÞ2x
log

�
m2

d þ ðm2
W −m2

d −m2
i Þxþm2

i

m2
d þ ðm2

W −m2
d −m2

fÞxþm2
f

��
; ð10Þ

where in both cases we make the assignment

m4
fi;d ¼ 2m2

Wm
2
d − ðm2

d þm2
f − 2m2

WÞðm2
i −m2

d −m2
WÞ: ð11Þ

We note that in Eqs. (9) and (10) the subindex d denotes each flavor of down-type quark that can run in the loop; this will later
have to be summed over when computing branching ratios and CP observables.
The nonzero imaginary parts for F γ;g

fi;α and F γ;g
if;α can now be obtained. Since they include integral terms of the formR

1
0 dxfðxÞ log gðxÞ, where gðxÞ is not positive definite in (0,1), one can instead use the fact that there is an interval
ðx1; x2Þ ⊂ ð0; 1Þ where gðxÞ < 0 is satisfied, and x1 and x2 are solutions of gðxÞ ¼ 0. The real and imaginary parts in the
integration can then be split into

Z
1

0

dxfðxÞ log gðxÞ ¼
Z

1

0

dxfðxÞ log jgðxÞj þ iπ
Z

x2

x1

dxfðxÞ: ð12Þ

Now the imaginary part given by
R
x2
x1
dxfðxÞ can be analytically obtained. In this way, we derive the following key

analytical expressions:

Im½F γ
fi;d� ¼

�
πϑðmi −mW −mdÞ

3ðm2
f −m2

i Þ2
�
μ2i
m4

i

ρ6 þm2
dðm2

i −m2
d − 2m2

WÞ log
�
m2

i þm2
d −m2

W þ μ2i
m2

i þm2
d −m2

W − μ2i

�

− 3m2
Wðm2

d þm2
f − 2m2

i þ 2m2
WÞ log

�
m2

i þm2
W −m2

d þ μ2i
m2

i þm2
W −m2

d − μ2i

���

þ
�
πϑðmf −mW −mdÞ

3ðm2
f −m2

i Þ2
�
μ2f
m2

f

σ4 −m2
dðm2

i −m2
d − 2m2

WÞ log
�
m2

f þm2
d −m2

W − μ2f
m2

f þm2
d −m2

W þ μ2f

�

þ 3m2
Wðm2

d þm2
f − 2m2

i þ 2m2
WÞ log

�
m2

f þm2
W −m2

d − μ2f
m2

f þm2
W −m2

d þ μ2f

���
; ð13Þ

and similarly
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Im½F g
fi;d� ¼

�
πϑðmi −mW −mdÞ

2ðm2
f −m2

i Þ2
�
μ2i
m4

i

ξ6 − 2m2
dðm2

d −m2
i þ 2m2

WÞ log
�
m2

i þm2
d −m2

W þ μ2i
m2

i þm2
d −m2

W − μ2i

���

þ
�
πϑðmf −mW −mdÞ

2ðm2
f −m2

i Þ2
�
μ2f
m2

f

η4 − 2m2
dðm2

d −m2
i þ 2m2

WÞ log
�
m2

f þm2
d −m2

W þ μ2f
m2

f þm2
d −m2

W − μ2f

���
; ð14Þ

where the following mass dimension parameters ρ, σ, ξ, and η are introduced as

ρ6 ¼ ðm2
d −m2

i Þðm2
dðm2

f − 2m2
i Þ þ 2m2

fm
2
i Þ þm2

Wðm2
dðm2

f − 2m2
i Þ þ 7m2

fm
2
i − 4m4

i Þ − 2m4
Wðm2

f − 2m2
i Þ;

σ4 ¼ 2m2
fðm2

d −m2
i þ 3m2

WÞ þm2
i ðm2

d − 3m2
WÞ þ ðm2

W −m2
dÞðm2

d þ 2m2
WÞ;

ξ6 ¼ ðm2
d −m2

i Þðð2m2
d þm2

fÞm2
i −m2

dm
2
fÞ − ðm2

fm
2
i − 4m4

i þm2
dðm2

f − 2m2
i ÞÞm2

W þ 2ðm2
f − 2m2

i Þm4
W;

η4 ¼ ðm2
d þm2

fÞðm2
d −m2

i Þ þ ðm2
d þ 3m2

i Þm2
W − 2m4

W; ð15Þ

ϑðxÞ is the Heaviside step function, and

μ2i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m4

i þm4
d þm4

W − 2m2
im

2
d − 2m2

im
2
W − 2m2

dm
2
W

q
;

μ2f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m4

f þm4
d þm4

W − 2m2
fm

2
d − 2m2

fm
2
W − 2m2

dm
2
W

q
:

ð16Þ

It should be noted that Im½F if;d� is obtained by exchang-
ing the masses mi and mf in Im½F fi;d�. We note the
important feature of Im½F fi;d� ≠ 0 being generated only
in the branches where the particle mass conditions mi >
mW þmd or mf > mW þmd is recovered. This important
threshold mass condition required to generate kinetic CP
asymmetry at loop level is ameliorated further in Ref. [2].
We note that we keep the initial and final state quark
masses general in the above discussion; however, in the
special case where the top quark decays into light
flavor quarks, only the first bracketed terms in Eqs. (13)
and (14), respectively, survive because the mass condition
mt > mW þmd is satisfied.

C. Derivation of CP asymmetry

For Dirac particles, we state the CP asymmetry between
the initial and final state fermions as ui → ufγþ and ūi →
ūfγ− and between ui → ufγ− and ūi → ūfγþ, following
similar notation to Ref. [2]. These can be written in terms of
the photon polarizations (analogous replacements used for
the gluon case) as

ΔCP;þ ¼ Γðui → ufγþÞ − Γðūi → ūfγ−Þ
Γðui → ufγÞ þ Γðūi → ūfγÞ

;

ΔCP;− ¼ Γðui → ufγ−Þ − Γðūi → ūfγþÞ
Γðui → ufγÞ þ Γðūi → ūfγÞ

; ð17Þ

and it then follows according to Ref. [3] that the CP
asymmetries can be written in terms of particle masses,
CKM mixing, and the loop functions F as

ΔCP;þ¼ −
P

α;βJ
if
αβImðF if;αF �

if;βÞm2
fP

α;βR
if
αβ½ReðF fi;αF �

fi;βÞm2
i þReðF if;αF �

if;βÞm2
f �
;

ΔCP;−¼
−
P

α;βJ
if
αβImðF fi;αF �

fi;βÞm2
iP

α;βR
if
αβ½ReðF fi;αF �

fi;βÞm2
i þReðF if;αF �

if;βÞm2
f �
;

ð18Þ
where α and β run for charged down-quark flavors d, s, b
and

J if
αβ ¼ ImðViαV�

fαV
�
iβVfβÞ; Rif

αβ ¼ ReðViαV�
fαV

�
iβVfβÞ:
ð19Þ

Here the classic Jarlskog-like parameters J if
αβ are utilized

to describe the CP violation [26,27]. These parameters
are invariant under any phase rotation of charged up- and
down-type quarks.

III. RESULTS

A. Branching ratios and decay widths

In the SM, we may write the expression for the polarized
radiative decay width in terms of functions denoted A and B
for each channel as [2]

Γðt → uβγþÞ ¼
1

π

�
m2

t −m2
u

2mt

�
3

jAγ − Bγj2;

Γðt → uβγ−Þ ¼
1

π

�
m2

t −m2
u

2mt

�
3

jAγ þ Bγj2;

Γðt → uβgþÞ ¼
CF

π

�
m2

t −m2
u

2mt

�
3

jAg − Bgj2;

Γðt → uβg−Þ ¼
CF

π

�
m2

t −m2
u

2mt

�
3

jAg þ Bgj2: ð20Þ

Then it follows that the total unpolarized radiative width is
given by summing the two polarization channels and
averaging over the two initial state spins so Γðt → uβγÞ ¼
1
2
½Γðt → uβγþÞ þ Γðt → uβγ−Þ�, which yields
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Γðt → uβγÞ ¼
1

π

�
m2

t −m2
u

2mt

�
3

ðjAγj2 þ jBγj2Þ;

Γðt → uβgÞ ¼
CF

π

�
m2

t −m2
u

2mt

�
3

ðjAgj2 þ jBgj2Þ; ð21Þ

where CF ¼ 4=3 is the standard color factor [4]. We note
that the usual Lorentz invariant amplitude can be separated
into terms proportional and not proportional to γ5 as

Mðt → uβ þ γÞ ¼ iūðpβÞσμνðAγ þ Bγγ5ÞqνuðptÞε��;μðqÞ:
ð22Þ

By comparing coefficients between Eq. (8) and Eq. (22), it
follows that

Aγ ¼ eGF

8
ffiffiffi
2

p
π2

VtdV�
udðF γ

ut;dmt þ F γ
tu;dmuÞ;

Bγ ¼ eGF

8
ffiffiffi
2

p
π2

VtdV�
udðF γ

ut;dmt − F γ
tu;dmuÞ; ð23Þ

where u ¼ ðu; cÞ depending on the final state and the
above expressions must be summed over d ¼ ðd; s; bÞ as
shown in Eq. (18) with each of their individual contribu-
tions. The corresponding parameters for gluon radiation, Ag

and Bg, are obtained by simply performing the gauge
coupling replacements e → gs and F γ → F g. We may also
explicitly write the relations between the magnetic and
electric transition dipole moments in terms of A and B as
fM ¼ −Aγ and fE ¼ iBγ [2]; the chromodynamic transi-
tion dipole moments are analogous except with the replace-
ments Ag and Bg, respectively.
The leading order SM top decay width is dominated by

the tree level decay t → bWþ and given as [4]

Γðt→ bWþÞ ¼ g2

64π
jVtbj2

m3
t

m2
W

�
1− 3

m4
W

m4
t
þ 2

m6
W

m6
t

�
: ð24Þ

We avoid using the next to leading order width as it makes a
negligible difference numerically and our other calculations
are performed at leading order. The branching ratios for the
radiative processes are then simply given by

Bðt → uβγÞ ¼
Γðt → uβγÞ
Γðt → bWþÞ ; ð25Þ

where the analogous replacement Γðt → uβgÞ is performed
in the numerator when computing Bðt → uβgÞ.

B. Numerical results and discussion

We compute the branching ratios and CP asymmetries
according to Eq. (25) and Eq. (18), respectively. In
this work, we use the standard parametrization for
the CKM matrix with angles θ12¼13.04�0.05°,

θ13¼0.201�0.011°, θ23 ¼ 2.38� 0.06°, and δcp ¼
1.20� 0.08 [9]. Additionally, we take the b-quark mass
to be the three loop MS scheme value evaluated at the top
mass mbðmtÞ ¼ 2.681� 0.003 [28]. We take pole masses
of ðmt;mc;muÞ ¼ ð173.21; 1.275; 2.30 × 10−3Þ GeV for
the external quarks. It should be noted that the running
mass for the down-type quarks is not a fundamental
parameter of the SM Lagrangian, but rather a product of
the running Yukawa coupling yb ¼ mb=v and the Higgs
vacuum expectation value v. First, it is of interest to directly
calculate the central polarized widths which we obtain
directly from Eq. (20) as shown in Table I.
The total unpolarized branching ratios can then be

computed from Eq. (21), which are shown in Table II
and are approximately 1 order of magnitude smaller
compared to the ones quoted in Ref. [5]. This is expected
as they used the internal b-quark pole mass in their
calculation (mb ¼ 5 GeV is assumed). In the more recent
Ref. [4], they compute

Bðt → uγÞ ≃ 3.7 × 10−16; Bðt → cγÞ ≃ 4.6 × 10−14;

Bðt → ugÞ ≃ 3.7 × 10−14; Bðt → cgÞ ≃ 4.6 × 10−12;

ð26Þ

which is comparable to those shown in Table II; the
marginal differences observed are well within the one
sigma uncertainties they quote and can be attributed to
the fact that they use a now superseded running mass for
the b quark of mbðmtÞ ¼ 2.74� 0.17 GeV as well as an
external line c-quark mass of mc ¼ 1.5 GeV. As previ-
ously noted in the same work, the uncertainty in the top
quark mass does not affect the results shown, since the
partial widths of t → cγ and t → cg are proportional to m3

t ,
and it follows that the leading dependence on mt gets
canceled when branching ratios and CP asymmetries are
computed, meaning the uncertainty in mt has a negligible
effect on the final result.
In Ref. [4], they also provide an order of magnitude

estimate for the CP asymmetries

ΔCP;−ðt → cγÞ ∼ −5 × 10−6;

ΔCP;−ðt → cgÞ ∼ −6 × 10−6; ð27Þ

TABLE I. Results for the polarized decay widths for the
radiative channels t → uγ, t → cγ, t → ug, and t → cg.

Decay
channel

Decay width
[GeV]

Decay
channel

Decay width
[GeV]

t → uγþ 2.714 × 10−21 t → ugþ 5.418 × 10−19

t → uγ− 9.781 × 10−16 t → ug− 1.142 × 10−13

t → cγþ 1.520 × 10−18 t → cgþ 3.031 × 10−16

t → cγ− 1.364 × 10−13 t → cg− 1.592 × 10−11
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in the SM case.1 This is about a factor of 2 smaller than the
result we compute in Table II. This is an unsurprising
discrepancy as the result shown in this work includes all
of the kinetic terms, appropriate quark running masses, and
current CKM parameters. Here we see that the ratio for
branching fractions and the CP asymmetries can be

approximated Bðt→cγðgÞÞ
Bðt→uγðgÞÞ ≃ ðjVcbj

jVubjÞ
2, ΔCP;−ðt→cγðgÞÞ

ΔCP;−ðt→uγðgÞÞ ≃ −ðjVubj
jVcbjÞ

2

ΔCP;þðt→cγðgÞÞ
ΔCP;þðt→uγðgÞÞ ≃

jVcbj
jVubj

mc
mu

while the hierarchy ΔCP;þ ≪ ΔCP;−

is a direct consequence of angular momentum conservation
and the fact that the weak interaction is parity violating.

IV. APPLICATION TO SELECTED
NEW PHYSICS MODELS

We do not focus on beyond the SM physics scenarios in
this work; however, there are numerous potential applica-
tions of the results shown in this paper to beyond the SM
theories. The most direct of these is likely the aforemen-
tioned extension of the SM via VLQs. This is motivated,
namely by a recent, more precise evaluation of Vud and Vus,
which places the unitarity condition of the first row in the
CKM matrix jVudj2þjVusj2þjVubj2¼0.99798�0.00038
at a deviation more than 4σ from unity [29,30].
Furthermore, a mild excess in the overall Higgs signal
strength appears at about 2σ above the SM prediction [31].
Additionally, there is the long-lasting discrepancy in the
forward-backward asymmetry Ab

FB in Z → bb̄ at LEP [9].
There have been models motivated by explaining the above
three anomalies via extension of the SM quark sector via
down-type VLQs which alleviate the tension among these
datasets such as the one shown in Ref. [32].
There are also direct searches for the down-type VLQs

at the LHC [33–35]. Inclusion of these down-type quarks
b0 and b00 realize improved agreement to data compared to
the SM [32]. The results shown in Sec. II B in conjunction
with Sec. II C can be used to predict polarized photon
observables resulting from the CP asymmetries for
processes such as b0 → dβγ and b00 → dβγ. It should be
noted that these VLQs are experimentally favored over

previously studied fourth generation models such as in
Ref. [36] due to precision Higgs measurements at the
LHC [37]. The main addition to the results shown in this
work for a complete description of these decays would be
the inclusion of FCNC diagrams with Z, h and unphysical
scalar χ bosons appearing in the penguin diagrams.
However, it should be noted that these amplitudes share
similar Lorentz structure to the results shown in this
paper. Hence, this class of models represents a relatively
straightforward extension. We plan to show this explicitly
in a future work. Experimental interest in such models
is high, and there have been many detailed searches
performed for these down-type VLQs at the LHC
[33–35,38,39]. Similarly, in Ref. [11], the inclusion of
new vector isosinglet up-type quarks is discussed in
detail with a 4 × 3 CKM matrix. ATLAS searches have
also already been conducted to try and find these new up-
type quarks, which are often referred to as t0 or T in the
literature [40,41].
Additionally, the mass hierarchy between the up-type

and down-type quarks observed in nature motivates con-
sideration of models with two complex SUð2ÞL doublet
scalar fields which comprise the 2HDM. In the so-called
type III 2HDM both doublets simultaneously give masses
to all quark types. In these 2HDM variants, it has been
shown that Bðt → cγÞ can reach about 10−8 [8] and 10−6

[42,43], and recently it has even been suggested that
parameter regions exist where it can be enhanced to about
10−5. The dominant contributions for the rare radiative top
decay t → cγ at one-loop in 2HDM come from neutral and
charged Higgs bosons running in the loop analogous to the
third diagram in Fig. 1 but with theW bosons replaced with
the charged Higgs Hþ and the second diagram where the
unphysical scalar χ is replaced with the physical SM-like
Higgs h. Therefore, it is clear that the result for the CP
asymmetry shown in this paper can easily be exported for
use in the 2HDM as well. We note that the previous focus in
the literature of these rare decays has primarily been on
photon radiation rather than gluon radiation. The latter of
which we have studied in this work and would be expected
to have a much larger branching fraction albeit a less
experimentally clean probe of new physics in hadron
colliders due to large quantum chromodynamics (QCD)
backgrounds.

TABLE II. Results for the branching ratio and CP asymmetries for the radiative channels t → uγ, t → cγ, t → ug,
and t → cg. The quoted uncertainty is propagated from the one sigma CKM angle uncertainties and running bottom
quark mass at the top quark mass scale using the MS scheme.

Decay channel Branching ratio ΔCP;þ ΔCP;−

t → uγ ð3.262� 0.341Þ × 10−16 −ð7.142� 0.668Þ × 10−14 ð1.612� 0.151Þ × 10−3

t → cγ ð4.550� 0.234Þ × 10−14 −ð6.232� 0.605Þ × 10−10 −ð1.150� 0.112Þ × 10−5

t → ug ð3.810� 0.340Þ × 10−14 −ð4.521� 0.424Þ × 10−14 ð1.617� 0.152Þ × 10−3

t → cg ð5.310� 0.271Þ × 10−12 −ð6.245� 0.605Þ × 10−10 −ð1.153� 0.112Þ × 10−5

1We note that the CP asymmetries are denoted aγ and ag in
Ref. [4], corresponding to ΔCP ¼ ΔCP;þ þ ΔCP;−. In this work
ΔCP;þ ≪ ΔCP;− and so ΔCP ≃ ΔCP;−.
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V. CONCLUSION

The rare radiative flavor changing loop level top decays
t → cγ, t → cg, t → uγ, and t → ug branching ratios and
corresponding CP asymmetries are computed in full detail.
These signatures exist due to imaginary components of
the loop functions and the CKM matrix and provide a
potentially clean probe of new physics or further validation
of the SM. A full analytical formulation for the CP
asymmetry resulting from the loop functions as well as a
revised numerical computation of the SM branching
fractions is provided. The branching fractions are compa-
rable to the values quoted in the literature while the CP
asymmetry is computed to a higher degree of precision and
is about a factor of 2 larger than the previously stated order
of magnitude estimates [4]. These rare radiative processes
are suppressed in the SM by the GIMmechanism; however,
the kinetic terms and loop functions presented can easily be
adapted for use with minimal modification in extensions of
the SM via vectorlike quarks or in two-Higgs-doublet

models. These extensions can enhance the same channels
of interest by many orders of magnitude relative to the SM,
even reaching branching ratios up to 10−5 or higher, due to
the presence of an extended CKM matrix, FCNC at tree
level, or new scalar field content, respectively. Several of
these extensions have been studied in detail recently and
comprise an active area of research since they can provide
improved global fits to several recent flavor physics
measurements. Studying the phenomenology of radiative
decays produced in these beyond the SM models by
application of the formulas detailed is intended to be
performed as a future work.
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