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Rare decay modes of the newly discovered standard-model-like Higgs boson h may test the flavor-
changing couplings in the leptoquark sector through the process h → τ∓μ�. Motivated by the recently
reported excess in LHC data from the CMS detector, we found that a predicted branching fraction Br
(h → τ∓μ�) at the level of 1% is possible even though the coupling parameters are subjected to the
stringent constraint from the null observation of τ → μγ, where the destructive cancellation among
amplitudes is achievable by fine-tuning.
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I. INTRODUCTION

The newly discovered Higgs boson h at the mass
125 GeV is consistent with the Higgs boson predicted in
the standard model (SM) [1]. The narrow decay width of a
predicted size, about 4 MeV in the SM, provides hope that
the unusual rare decay due to new physics (NP) can have a
measurable branching fraction. Recently, the CMS
Collaboration has reported [2] a possible excess in the
decay process h → τ∓μ� with a significance of 2.4σ in the
search for lepton flavor violation (LFV). Assuming SM
Higgs production, CMS obtained the best fit for the
branching fraction summed over τ−μþ and τþμ−,

Brðh → τ∓μ�Þ ¼ 0.84þ0.39
−0.37%: ð1Þ

We understand that it is too early to draw a positive
inference until future analyses of higher statistics from
both the CMS and ATLAS experiments are performed.
However, the present sensitivity at the 1% level is interest-
ing enough to call for possible NP to deliver such a
detectable rate but satisfy other rare decay constraints such
as τ → μγ,

Brðτ → μγÞ < 4.4 × 10−8 at 90% C:L:; ð2Þ

from the BABAR experiment [3] at low energy. Indeed,
there are many theoretical activities [4–22] along this line
of investigation. There were also a number of studies on
LFV Higgs boson decays in the literature [23]. We are
particularly motivated by the leptoquark (LQ) associated
with the third generation, which provides a large top quark
mass insertion in the loop diagram. However, the LQ
interactions also give rise to amplitudes for τ → μγ. We
notice that the cancellation between two types of LQ
contributions is possible for τ → μγ, leaving a large

detectable decay rate for h → τ∓μ�. Each of these two
types of LQs has been outlined in the literature, such as in
Ref. [4], but the combined version necessary for the
cancellation was overlooked.
The organization of this article is as follows. In the next

section, we describe the LQ interactions associated with the
top quark and tau lepton. In Secs. III and IV, we calculate
the decays τ → μγ and h → τ∓μ�, respectively. We give
details on the numerical results in Sec. V and conclude
in Sec. VI.

II. LEPTOQUARK INTERACTIONS
ASSOCIATED WITH THE TOP QUARK

We associate the new LQs with the top quark of the third
generation in order to avoid the very stringent constraints
upon the flavor nonconservation among the first two
generations. On the other hand, the mass insertion of the
top quark can enhance the rate of the rare LFV Higgs decay
mode among the second- and third-generation leptons. To
satisfy the electroweak gauge symmetry, we can classify
two types of LQs—the first one, χ

1
3, is a weak SUð2Þ

singlet, and the other one is an SUð2Þ doublet, i.e.
ΩT ¼ ðΩ5

3;Ω2
3Þ. The superscript denotes the electromag-

netic charge number. LQs transform under the SUð3Þ color
group as 3 just like quarks. The relevant interactions are
given by

L ⊃ gτLχ
1
3ðQ3ÞTLϵLτ;L − gτRχ

1
3tRτR þ g0τLΩTϵtRLτ;L

− g0τRQ3;LτRΩþ ðτ ↔ μÞ þ H:c: ð3Þ

The Feynman diagrams (for τ → μγ) that involve these LQ
interactions are shown in Fig. 1. The shown symbol ϵ,
basically iσ2, links two SUð2Þ doublets into a gauge
invariant singlet. For brevity, we do not show other
Levi-Civita symbols that contract Weyl spinor indexes.
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Also, ðQ3ÞTL ¼ ðtL; bLÞ, Lτ;L ¼ ðντ;L; τLÞT . The terms from
exchanging τ ↔ μ are needed to induce the LFV between
the muon and the tau.

III. τ → μγ AMPLITUDES INDUCED
BY LEPTOQUARKS

We start with the contributions from the singlet χ. We
define tc to be the charge conjugated state of t. In this way,
we can avoid the use of the unfamiliar Feynman rule for
two fermions flowing into a vertex. Instead, one fermion
flows in and the other out. For example, the incoming τ
enters the first vertex and turns into a departing tc plus a
boson χ−

1
3. The relevant vertices for the process τ → μγ are

gτLðχ−
1
3Þ†ðtcτLÞ − gτRðχ−

1
3Þ†ðtcτRÞ þ ðτ ↔ μÞ þ H:c: ð4Þ

For the outgoing left-handed muon, the Feynman ampli-
tude that the external photon line attaches to the tc line is
given by

iM1ðτ → μγÞ

¼ −
eqtcgτRg

μ
Lmt

16π2
3c

Z
1

0

ð1 − zÞ2dz
zm2

χ þ ð1 − zÞm2
t
σμνkνR; ð5Þ

where R stands for the right-handed chiral projection
operator ð1þ γ5Þ=2. It is understood that the external
spinors uðμÞ and uðτÞ sandwich the Dirac chain. We keep

track of the color factor 3 by a subscript c. Another
amplitude where the photon attaches to χ−

1
3 is

iM2ðτ → μγÞ

¼
eq

χ−
1
3
gτRg

μ
Lmt

16π2
3c

Z
1

0

ð1 − zÞzdz
zm2

t þ ð1 − zÞm2
χ
σμνkνR: ð6Þ

We set charges qtc ¼ − 2
3
and q

χ−
1
3
¼ − 1

3
. Using z↔ ð1− zÞ

in M1, we obtain

iM1þ2 ¼
egτRg

μ
Lmt

16π2m2
χ
3c

Z
1

0

2
3
z2 − 1

3
zð1 − zÞdz

ð1 − zÞ þ zm2
t =m2

χ
σμνkνR: ð7Þ

The numerator of the integral becomes z2 − z
3
. The overall

result is

iM1þ2 ¼
egτRg

μ
Lmt

16π2m2
χ
3c

�
ξ1ðxtÞ −

1

3
ξ0ðxtÞ

�
σμνkνR;

xt ¼ m2
t =m2

χ ; ð8Þ

ξnðxÞ≡
Z

1

0

znþ1dz
1þ ðx − 1Þz

¼ −
ln xþ ð1 − xÞ þ � � � þ ð1−xÞnþ1

nþ1

ð1 − xÞnþ2
;

and ξ−1ðxÞ≡
Z

1

0

dz
1þ ðx − 1Þz ¼ −

ln x
1 − x

: ð9Þ

So the amplitude is related to the integral function,

H1ðxÞ≡ ξ1ðxÞ −
1

3
ξ0ðxÞ

¼ −
1

6ð1 − xÞ3 ½7 − 8xþ x2 þ 2ð2þ xÞ lnðxÞ�: ð10Þ

Note that there is another chiral amplitude for the outgoing
right-handed muon, using gτLg

μ
R. These two amplitudes do

not interfere in the zero muon mass limit.
Now we switch to the contributions from the LQ doublet

Ω. The relevant vertices for the process τ → μγ are

−g0τRðΩ
5
3ÞðtLτRÞ þ g0μLðΩ

5
3ÞðtRμLÞ þ ðτ ↔ μÞ þ H:c: ð11Þ

For the outgoing left-handed muon,

iM0
1ðτ→ μγÞ

¼−
eqtg0τRg

0μ
Lmt

16π2
3c

Z
1

0

ð1− zÞ2dz
zm2

Ωþð1− zÞm2
t
σμνkνR: ð12Þ

This corresponds to the diagram that the external photon
line attaches to the t line. Another amplitude where the
photon attaches to Ω−5

3 is

FIG. 1. Upper: Dipole transition of τ → μγ via the singlet LQ χ.
Lower: Dipole transition of τ → μγ via the doublet LQ Ω.
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iM0
2ðτ→ μγÞ

¼
eq

Ω−5
3
g0τRg

0μ
Lmt

16π2
3c

Z
1

0

ð1− zÞzdz
zm2

t þ ð1− zÞm2
Ω
σμνkνR: ð13Þ

We set charges qt ¼ 2
3
and q

Ω−5
3
¼ − 5

3
. Using z ↔ ð1 − zÞ

in M1, we obtain

iM0
1þ2 ¼

eg0τRg
0μ
Lmt

16π2m2
Ω

3c

Z
1

0

− 2
3
z2 − 5

3
zð1 − zÞdz

ð1 − zÞ þ zm2
t =m2

Ω
σμνkνR:

ð14Þ

The numerator of the integral becomes z2 − 5z
3
. The overall

result is

iM0
1þ2 ¼

eg0τRg
0μ
Lmt

16π2m2
Ω

3c

�
ξ1ðx0tÞ −

5

3
ξ0ðx0tÞ

�
σμνkνR;

x0t ¼ m2
t =m2

Ω: ð15Þ

So the amplitude is related to the integral function,

H2ðxÞ≡ ξ1ðxÞ −
5

3
ξ0ðxÞ

¼ −
1

6ð1 − xÞ3 ½−1þ 8x − 7x2 − 2ð2 − 5xÞ lnðxÞ�:

ð16Þ

Note that there is another chiral amplitude for the outgoing
right-handed muon, using g0τLg

0μ
R.

In general, the low-energy effective operators of dimen-
sion five are

Leff ⊃
e
mt

½μσαβðCLLþ CRRÞτ�Fαβ þ H:c:; ð17Þ

CR ¼ 3c

32π2
ðgτRgμLxtH1ðxtÞ þ g0τRg

0μ
Lx

0
tH2ðx0tÞÞ; ð18Þ

CL ¼ 3c

32π2
ðgτLgμRxtH1ðxtÞ þ g0τLg

0μ
Rx

0
tH2ðx0tÞÞ: ð19Þ

The partial decay width of the process τ → μγ is

Γðτ → μγÞ ¼ e2

4π
mτ

�
m2

τ

m2
t

�
ðjCLj2 þ jCRj2Þ: ð20Þ

Our results in Eqs. (10), (16), and (20) for the rare decay
τ → μγ agree with the general loop formulas for the
radiative transitions given in Ref. [24]. They are also
compatible with those given in the study on the lepton-
flavor violation by Hisano et al. in Ref. [25,26] if their
corresponding supersymmetric couplings are replaced by
the leptoquark couplings in the present context.

IV. h → τ þ μ VIA LEPTOQUARKS
OF THE THIRD GENERATION

For the rare decay h → τμ, we start with the contribution
from the SUð2Þ singlet leptoquark χ−

1
3 to the chiral

amplitude of the outgoing right-handed τ. We take the
zero mass limit for μ and τ. At the one-loop level, the Higgs
coupling to τðp1Þμðp2Þ is induced via a triangle diagram,
which involves internal tc, χ lines. First, we concentrate at
the diagram where the external Higgs touches the internal tc

line, as shown in Fig. 2,

iM⊲
χ;R ¼ ðiÞ63cð−gτRgμLÞ

Z
d4l
ð2πÞ4

Lðlþ p1 þmtÞð− mt
v Þðl − p2 þmtÞL

ððlþ p1Þ2 −m2
t Þððl − p2Þ2 −m2

t Þðl2 −m2
χÞ
: ð21Þ

We use the Feynman parametrization trick to carry over the
integration. The parameters α, β, γ are assigned to the
denominator factors ðlþp1Þ2−m2

t , ðl−p2Þ2−m2
t , l2−m2

χ ,
respectively, under the constraint αþ β þ γ ¼ 1. Then we
complete the square of the denominator as follows,

α½ðlþp1Þ2−m2
t �þβ½ðl−p2Þ2−m2

t �þ γ½l2−m2
χ �

¼l2þ2αp1 ·l−2βp2 ·lþαp2
1þβp2

2

− ðαþβÞm2
t − γm2

χ

¼ðlþαp1−βp2Þ2−m2ðα;βÞ;
where m2ðα;βÞ¼m2

χ −αβsþðαþβÞðm2
t −m2

χÞ: ð22Þ

Shifting the loop momentum, we simplify the numerator of
the Dirac matrices with the equation of motion, FIG. 2. h → τμ via the singlet LQ χ.
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ðl2 þm2
t Þ → l02 − 2αβp1 × p2 þm2

t → l02 − αβsþm2
t :

Here the s variable is simply 2p1 · p2 ¼ m2
h. The amplitude

becomes

iM⊲
χ;R ¼ −3c

�
gτRg

μ
L
mt

v

�Z
L
2!dαdβ

×
Z

d4l0

ð2πÞ4
l02 − αβsþm2

t

½l02 −m2ðα; βÞ�3 L: ð23Þ

The domain L covers positive α and β, as well as αþ β ≤ 1.
We perform the Wick’s rotation by Euclideanizing

l00→ iqE4, l02→−q2E, d4l0 → id4qE, d4qE→ d3qEdqE4 ¼
4πjqEj2djqEjdqE4 → 4πðq2Ecos2ϕÞ12dq2Edϕ→ π2q2Edq

2
E. So

M⊲
χ;R ¼ −3c

�
gτRg

μ
L
mt

v

�Z
L
2!dαdβ

×
Z

−q2E − αβsþm2
t

−½q2E þm2ðα; β; sÞ�3
q2Edq

2
E

16π2
L;

→ −3c
gτRg

μ
Lmt

16π2v

Z
L

�
log

Λ2

m2ðα; β; sÞ

−
3

2
þ αβs −m2

t

2m2ðα; β; sÞ
�
2!dαdβL: ð24Þ

The logarithmic divergence has to be canceled by the one-
particle reducible (1PR) diagrams with bubbles in the
external lepton lines. The h line is either attached directly
to τ or μ, picking up, respectively, the mass couplingsmτ or
mμ, which are canceled by the propagators. It can be shown
that the corresponding 1PR contribution becomes

→þ3c
gτRg

μ
Lmt

16π2v

Z
1

0

�
log

Λ2

γm2
χ þ ð1− γÞm2

t
− 1

�
dγL: ð25Þ

Overall, logΛ2 terms cancel. Therefore, the combined
amplitude is

Mχ ¼ −3c
1

16π2
mt

v
GχðgτRgμLLþ gμRg

τ
LRÞ; ð26Þ

Gχ ¼
Z
L

�
log

Λ2

m2ðα; β; sÞ −
1

2
þ αβs −m2

t

2m2ðα; β; sÞ
�
2!dαdβ

−
Z

1

0

log
Λ2

γm2
χ þ ð1 − γÞm2

t
dγ: ð27Þ

Note that in the intermediate step, we can choose an
arbitrary Λ for the convenience of the calculation.
Alternatively, one can use the Passarino-Veltman (PV)

[27] functions. The integral before the Feynman’s para-
metrization as given in (21) is

Z d4l
ð2πÞ4 ðl2 þm2

t Þ
ððlþ p1Þ2 −m2

t Þððl− p2Þ2 −m2
t Þðl2 −m2

χÞ

¼
Z ½ðl2 −m2

χÞ þm2
χ þm2

t � d4l
ð2πÞ4

ððlþ p1Þ2 −m2
t Þððl− p2Þ2 −m2

t Þðl2 −m2
χÞ

¼
Z

d4l
ð2πÞ4

�
m2

χ þm2
t

ððlþ p1Þ2 −m2
t Þððl− p2Þ2 −m2

t Þðl2 −m2
χÞ

þ 1

ððlþ p1Þ2 −m2
t Þððl− p2Þ2 −m2

t Þ
�
: ð28Þ

The first term simply gives the triangle function

i
16π2

ðm2
t þm2

χÞC0ð0; 0; s; m2
t ; m2

χ ; m2
t Þ: ð29Þ

The second term, after shifting the loop momentum, gives
the bubble function

i
16π2

B0ðs;m2
t ;m2

t Þ ¼
Z

d4l=ð2πÞ4
ððlþp1Þ2−m2

t Þððl−p2Þ2−m2
t Þ

¼
Z

d4l0=ð2πÞ4
ððl0 þp1þp2Þ2−m2

t Þðl02−m2
t Þ
:

ð30Þ

The result including the 1PR bubbles is

Gχ ¼ ðm2
χ þm2

t ÞC0ð0; 0; s; m2
t ; m2

χ ; m2
t Þ þ B0ðs;m2

t ; m2
t Þ

− B0ð0; m2
t ; m2

χÞ: ð31Þ

We have cross-checked numerically that the G value from
PV functions and from the Feynman parametrization
method match each other.
For the Feynman diagram where the Higgs touches the

leptoquark, the required vertex originates from the bosonic
interaction of −λχH†Hχ†χ. The G coefficient is updated
with the new addition,

Gχ → Gχ þ λχv2C0ð0; 0; s; m2
χ ; m2

t ; m2
χÞ:

When we come to the contribution from the SUð2Þ doublet
leptoquark Ω, it is easy to see the simple translation,

χ
1
3 ↔Ω5

3; glL=R ↔ g0lL=R; λχ ↔ λΩ; mχ ↔mΩ; etc:

Here mΩ is the mass of the 5
3
charged leptoquark. More

explicitly,
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Gχ ¼ ðm2
χ þm2

t ÞC0ð0; 0; s; m2
t ; m2

χ ; m2
t Þ þ B0ðs;m2

t ; m2
t Þ

− B0ð0; m2
t ; m2

χÞ þ λχv2C0ð0; 0; s; m2
χ ; m2

t ; m2
χÞ;

GΩ ¼ ðm2
Ω þm2

t ÞC0ð0; 0; s; m2
t ; m2

Ω; m
2
t Þ þ B0ðs;m2

t ; m2
t Þ

− B0ð0; m2
t ; m2

ΩÞ þ λΩv2C0ð0; 0; s; m2
Ω; m

2
t ; m2

ΩÞ;
ð32Þ

Mrenðh → τμÞ ¼ −3c
1

16π2
mt

v
½ðGχgτRg

μ
L þGΩg0τRg

0μ
LÞL

þ ðGχg
μ
Rg

τ
L þGΩg0

μ
Rg

0τ
LÞR�: ð33Þ

The partial decay width, summing both processes
h → τ∓μ�, is1

Γðh → τ∓μ�Þ ¼ 9

2048π5
mh

�
mt

v

�
2

ðjGχgτRg
μ
L þ GΩg0τRg

0μ
Lj2

þ jGχg
μ
Rg

τ
L þ GΩg0

μ
Rg

0τ
Lj2Þ: ð34Þ

V. PHYSICS POSSIBILITIES

To suppress the highly constrained τ → μγ, we tune the
cancellation:

gτRg
μ
LxtH1ðxtÞ þ g0τRg

0μ
Lx

0
tH2ðx0tÞ ≈ 0; ð35Þ

gτLg
μ
RxtH1ðxtÞ þ g0τLg

0μ
Rx

0
tH2ðx0tÞ ≈ 0: ð36Þ

We choose a simplified scenario where only one chiral
mode of the muon interactions is important, say, gμL ≫ gμR
and g0μL ≫ g0μR, then we only finely tune the corresponding
one constraint, i.e. the first of the two. The ratio of the

couplings gτRg
μ
L=ðg0τRg0μLÞ is given in Fig. 3 for the tuned

cancellation in τ → μγ. The contour plot demonstrates that
a large parameter space remains available for the required
fine-tuning.
Figure 4 shows the predicted numerical size of

Brðh → τ∓μ� bothÞ versus gτRg
μ
L for various LQ masses

when the tuned cancellation is satisfied. We have set
λχ;Ω ¼ 0 in our numerical study. A desirable branching
fraction at 1% level occurs for the coupling product
gτRg

μ
L ≃ 0.3–1 for the cases where mΩ¼mχ from 600 GeV

to 1 TeV.
If we switch off either one of the canceling amplitudes in

τ → μγ, the individual contribution to the Brðτ → μγÞ is
shown in Fig. 5. This demonstrates how much fine-tuning
is required. The Brðτ → μγÞwould be at about the 1% level
for 500 GeV LQ and gτRg

μ
L about 0.3 to 0.8 if only using one

of the two canceling amplitudes. To go down from 10−2 to

FIG. 3. Contour plot of the coupling ratio gτRg
μ
L=ðg0τRg0μLÞ on the

ðmχ ; mΩÞ plane, satisfying the tuned cancellation in Eq. (35) in
the amplitude τ → μγ.

FIG. 4. The predicted numerical size of Brðh → τ∓μ� bothÞ
versus gτRg

μ
L for various LQ masses when the tuned cancellation is

satisfied. The CMS 1σ range of Eq. (1) is also shown.

FIG. 5. Individual contribution to the Brðτ → μγÞ if either one
of the two canceling amplitudes is switched off.

1The rate given in Eq. (34) is a factor of 4 larger than that in
Eq. (47) of Ref. [4].
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10−8 in the branching ratio, the two amplitudes are required
to cancel each other by almost one part in 103.
Reference [4] also proposed a mechanism of cancellation

in the amplitude of τ → μγ with the help of an additional
vectorial toplike quark. However, the detailed gauge
quantum numbers of the added structure have not been
shown to be feasible.
So far, we have set λχ;Ω ¼ 0. We show in Fig. 6 the

branching ratio Brðh → τ∓μ�Þ for various choices of
λχ ¼ λΩ ¼ −1, 0, 1. The tuned cancellation of Eq. (35)
is satisfied. It gives additional freedom to achieve the
desirable branching ratio for the rare Higgs decay.

VI. CONCLUDING REMARKS

The rare decay of h → τ∓μ� can be at the current
reachable sensitivity through the LFV LQ interactions;
however, fine-tuning is needed to avoid the stringent
constraint from the null observation of τ → μγ. Here we
have invoked more than one of the LQs, which couple to
the third-generation quarks, and the second- and third-
generation leptons, in order to achieve a cancellation in
τ → μγ but sizable contributions to h → τ∓μ�.

There is another issue related to possible contributions of
these LQs to the muon anomalous magnetic moments (aka
g − 2). It was shown a long time ago [28] and more recently
[29] that if we choose, as we have chosen in the above
analysis, the left-handed coupling to be much larger than
the right-handed coupling for the muon, i.e. gμL ≫ gμR and
g0μL ≫ g0μR, the LQ contribution to g − 2 is highly sup-
pressed by mμ=MLQ and very small for the LQ mass range
that we considered in this work.
The required leptoquarks χ and Ω can be strongly

produced at the high-energy and high- luminosity hadron
colliders. They have dominant decay channels into the top
quark and the charged lepton τ or μ, which is a very
identifiable signature. Both the ATLAS [30] and CMS
[31,32] Collaborations have searched for the third-
generation leptoquarks via pair production by strong
interaction. The CMS have searched for the third-
generation LQ with electric charged −1=3 (similar to the
χ−1=3 of this work) decaying to a top quark and a tau lepton.
They put a limit of 685 GeVat 95% C.L. onmχ [31]. On the
other hand, both ATLAS [30] and CMS [32] searched
for the third-generation LQ with electric charge −2=3
decaying into a b antiquark and a tau lepton (similar to
Ω−2=3 in this work) and put a limit of 534 and 740 GeV,
respectively.
Therefore, there are still plenty of mass ranges for χ−1=3

beyond 685 GeV and for Ω−2=3;−5=3 beyond 740 GeV that
one can directly search for a top or bottom quark with a tau
or muon at run 2 of LHC-13.
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