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A discovery of the flavor-violating decay h → τμ at the LHC would require extra sources of electroweak
symmetry breaking (EWSB) beyond the Higgs in order to reconcile it with the bounds from τ → μγ, barring
fine-tuned cancellations. In fact, an h → τμ decay rate at a level indicated by the CMS measurement is easily
realized if the muon and electron masses are due to a new source of EWSB, while the tau mass is due to the
Higgs. We illustrate this with two examples: a two Higgs doublet model, and a model in which the Higgs is
partially composite, with EWSB triggered by a technicolor sector. The first- and second-generation quark
masses and Cabibbo-Kobayashi-Maskawa mixing can also be assigned to the new EWSB source. Large
deviations in the flavor diagonal lepton and quark Higgs Yukawa couplings are generic. Ifmμ is due to a rank
1 mass matrix contribution, a novel Yukawa coupling sum rule holds, providing a precision test of our
framework. Flavor-violating quark and lepton (pseudo)scalar couplings combine to yield a sizable Bs → τμ
decay rate, which could be Oð100Þ times larger than the Standard Model Bs → μμ decay rate.
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Measurements of Higgs production and decay [1,2] have
revealed that most of the electroweak symmetry breaking
(EWSB) is due to the vacuum expectation value (VEV) of
the Higgs field. In the Standard Model (SM) the Higgs
VEValso sources the charged fermion masses. Testing this
assumption directly is possible for the third-generation
fermions by measuring the Higgs decays to b quarks and
tau leptons and by measuring the tt̄h cross section at the
LHC. Present measurements indicate that the Higgs is at
least partially responsible for the masses of the third-
generation fermions. Much less is known about the origin
of mass for the first two generations. There is experimental
confirmation that the Higgs has a smaller Yukawa coupling
to the muon than to the tau [3,4], as expected in the SM.
The SM also predicts that the Higgs should not have tree-
level flavor-changing decays, e.g., h → bs or h → τμ. The
discovery of such decays would mean that there must be
new physics (NP) near the electroweak scale [5–21]. In this
paper we point out that flavor-violating Higgs decays can
also be understood as a test of fermion mass generation, and
we devise a sum rule that can be checked experimentally.
Intriguingly, the CMS Collaboration has obtained the first

bounds on Brðh → τμÞ < 1.51% at 95% C.L., with a hint of
a nonzero signal [22]. The best fit branching fraction is
Brðh → τμÞ ¼ ð0.84þ0.39

−0.37Þ%. We will show that the strength
of this signal is naturally understood if a second source of
EWSB is responsible for the muon mass. This means that

there is a whole family of NP models that can lead to large
flavor-violating Higgs decays. We also extend this possibil-
ity to the quark sector.
Let us first discuss h → τμ in models in which the Higgs

is the only source of EWSB. In an effective field theory, in
which the NP particles are integrated out, the Higgs-lepton
couplings are [8,18]

−LY ¼ λijðl̄i
Le

j
RÞH þ λ0ij

Λ2
ðl̄i

Le
j
RÞHðH†HÞ þ H:c:; ð1Þ

where Λ is the NP scale, and we have kept the two leading
terms. In Fig. 1(a) the two operators are denoted with a blob
corresponding to the exchange of NP states. For example,
the latter could be vectorlike leptons of mass Λ which mix
with the SM leptons; see Fig. 2(a). [Note that if the only NP
states are scalars, then (1) implies the presence of additional
EWSB VEVs [23]].
A misalignment of λij and λ0ij in flavor space leads to off-

diagonal Higgs Yukawa couplings in the mass basis. Using
the normalization in [10], we find

Yτμ ¼
v2Wffiffiffi
2

p
Λ2

hτLjλ0jμRi; ð2Þ

(a) (b)

FIG. 1. Contributions to the lepton mass matrix and Yukawa
interactions (a) and the electromagnetic dipole (b).
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and similarly for Yμτ, with the Higgs VEV vW ¼ 246 GeV.
The CMS measurement [22] gives

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jYτμj2 þ jYμτj2

q
¼ ð2.6� 0.6Þ × 10−3: ð3Þ

In the blobs of Fig. 1 at least one NP particle needs to
carry electromagnetic charge. Thus, the electromagnetic
dipole operators

Leff ¼ cL;Rmτ
e
8π2

ðμ̄R;LσμντL;RÞFμν ð4Þ

are also generated via photon emission from intermediate
NP states. Estimating the amplitude in Fig. 1(b) using naïve
dimensional analysis (NDA) gives

cL ∼
vWffiffiffi
2

p
mτΛ2

hτLjλ0jμRi ¼
Yτμ

mτvW
; ð5Þ

and similarly for cR. The bound Brðτ → μγÞ < 4.4 × 10−8

(90% C.L.) [24] implies

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jcLj2 þ jcRj2

q
< ð3.8 TeVÞ−2: ð6Þ

Comparing with (5), and taking Yτμ ∼ Yμτ, yields

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jcLj2 þ jcRj2

q
∼
�

Yτμ

2.2 × 10−5

�
ð3.8 TeVÞ−2; ð7Þ

which generically excludes the observed h → τμ rate by 4
orders of magnitude [see (3)], as observed in the vectorlike
lepton case [18,25]. We conclude that the observed h → τμ
rate can only be explained if either (i) τ → μγ is suppressed
by apparently fine-tuned cancellations or (ii) the Higgs is
not the only source of EWSB.
Specifically, we will show that the observed h → τμ rate

can be explained in models in which the lepton mass matrix
is of the form

Ml ¼ Ml
0 þ ΔMl; ð8Þ

where a rank 1 matrix Ml
0 is due to the VEVof a scalar ϕ

(the primary component of the Higgs) and accounts for the
bulk of mτ. The matrix ΔMl is due to an additional source
of EWSB, can be rank 2 or 3, and accounts for me and mμ.
We first focus on the second and third generations. We
choose the flavor basis in which ðMl

0Þ33 ∼mτ is the only
nonzero entry of Ml

0 , so that generically

ðΔMlÞij ¼ OðmμÞ; i; j ¼ 2; 3: ð9Þ

The flavor-violating Yukawa couplings are given by

vWYμτ ¼ −RYðΔMlÞμτ; ð10Þ

and similarly for Yτμ. Here ðΔMlÞμτ ≡ hμLjΔMljτRi,
while RY only depends on the details of the EWSB sector.
Taking ðΔMlÞμτ ∼ ðΔMlÞτμ and RY ∼ 1, the h → τμ rate
(3) corresponds to ðΔMlÞμτ ∼ ð0.45� 0.10Þ GeV, con-
sistent with (9).
If there is more than one contribution toMl, the τ → μγ

constraint is easily satisfied. For instance, if ΔMl orig-
inates from a radiative or new strong interaction form factor
at a NP scale Λ, the dipole operator coefficients (4)
generically scale as

cL;R ∼
ðΔMlÞμτ;τμ

Λ2

8π2

mτ
∼
Yτμ;μτ

mτvW

8π2v2W
Λ2

: ð11Þ

Compared to (5), there is an extra factor 8π2v2W=Λ
2.

Thus, consistency with τ → μγ can always be achieved
for sufficiently large Λ ≥ Oð10Þ TeV.
We also consider the analog of (8)–(10) for quarks with

the same two sources of EWSB and, therefore, with the
same RY . It is natural to consider ΔMu;d

ij ¼ Oðmc;sÞ for
i; j ¼ 2, 3. Generation of mc, ms and Vcb then implies

ðΔMu;dÞ22 ≈mc;s; ðΔMdÞ23 ≈ Vcbmb; ð12Þ

and R2
YΔMd

32 ≲ Vcbmb=6 from the bound on the (Higgs
exchange) Bs mixing operator ðb̄RsLÞðb̄LsRÞ [26].
An example of a model that can produce the structure in

(8) and the corresponding one in the quark sector is a
two Higgs doublet model (2HDM). (In previous 2HDM
studies of the h → τμ signal, mμ was due to the Higgs VEV
[14,15,17,20,23]). The Higgs doublets Φ and Φ0 contain the
neutral scalars ϕ and ϕ0, with VEVs v and v0, respectively,
where v2W ¼ v2 þ v02. The field ϕ has a Yukawa coupling
ϕl̄3

Le
3
R, whereas ϕ0 has couplings to all three families,

consistent with (9). Note that a hierarchy in the VEVs,
v ≫ v0, can help explain the mass ratiomμ=mτ. The Yukawa
coupling structure can, for instance, follow from a symmetry
which is horizontal or which distinguishes between new
vectorlike leptons and the SM ones [27,28]. The two Higgs
doublets would transform differently, equivalent to a Peccei-
Quinn (PQ) symmetry that is softly broken by the m2ϕϕ0
term, as required by vacuum alignment.
The off-diagonal Higgs Yukawa couplings satisfy (10),

with RY given by

RY ¼ Rαβ ≡ 2 cosðα − βÞ= sin 2β: ð13Þ

Here, the ratio of VEVs is defined as tan β ¼ v=v0, and the
mixing of ϕ and ϕ0 yields the light and heavy Higgs mass

(a) (b)

FIG. 2. A realization of Fig. 1 with vectorlike leptons.
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eigenstates h ¼ ϕ cos α − ϕ0 sin α, H ¼ ϕ sin αþ ϕ0 cos α.
The reduced flavor diagonal Yukawa couplings ŷa ≡
Yaa=YSM

aa are given by

ŷa ¼ cos α= sin β − RYðΔMlÞaa=ma; a ¼ μ; τ; ð14Þ
valid in the phase convention ma ≡ ðMlÞaa > 0.
The 2HDM with tree-level Yukawa couplings provides

an exception to the scaling in (11). It satisfies the bound
from τ → μγ due to an additional yτ insertion compared to
(5) and heavy Higgs mass suppression [7]. Variations in
which the ϕ0 Yukawa couplings are radiatively induced
would possess the scaling in (11).
Horizontal symmetries may imply that certain ϕ0

Yukawa couplings vanish. For example, the charges of a
globalUð1Þ symmetry, or a simple Z3 in the two-generation
case, can be chosen such that ΔMl only has off-diagonal
nonzero entries, m0

23 and m0
32. We refer to this example as

the “horizontal” case. We also consider a “generic” case, in
which all m0

ij can be nonzero.
In the horizontal case, two of the entries inMl are fixed

by mμ and mτ, leaving one free parameter, taken to be m0
32.

The Higgs couplings are fixed by m0
32 and the angles α, β.

Figure 3 shows the region in the m0
32 − Rαβ plane favored

by the CMS result in (3). (A similar range of Rαβ is spanned
in the generic case.) The Higgs coupling to weak gauge
bosons (ghVV) is modified by a factor sinðβ − αÞ. For Rαβ >
1.5 and tan β ¼ 2, the shift satisfies jδghVV=gSMhVV j≳ 20%,
in conflict with Higgs data. For larger tan β, this constraint
on Rαβ is weakened.
From Fig. 3, the CMS result requires Rαβ ¼ Oð1Þ, versus

the decoupling limit Rαβ → 0. Expanding in v2W=m
2
A

and 1= tan β, with A the neutral pseudoscalar,

Rαβ ≃ v2W=m
2
A × ðλ3 þ λ4 þ � � �Þ ð15Þ

in the PQ symmetric limit λ5;6;7 ¼ 0 (we use the notation of
[29] for the quartic scalar couplings, λi). The value Rαβ ∼ 1

can be obtained with mA ∼ 500 GeV and λ3 ∼ λ4 ∼ 2. Such
couplings are compatible with electroweak precision con-
straints and do not develop Landau poles below
Oð30Þ TeV. For smaller λ3;4 the poles can be pushed
beyond MGUT while maintaining Rαβ ∼ 1, if λ7 ≠ 0 due to
PQ symmetry breaking. In that case, at large tan β,
ΔRαβ ∼ v2W=m

2
A × ðλ7 tan βÞ, which could originate, e.g.,

from a dimension 5 coupling jϕj2ϕϕ0S to a PQ charged
singlet scalar S, as in the next-to-minimal supersymmetric
Standard Model.
Observable h → τμ is correlated with significant devia-

tions of the flavor diagonal couplings from their SM values,
as can already be seen in Fig. 3. Figure 4 shows ŷμ versus ŷτ
for horizontal and generic parameter scans. We take 1=5 <
jm0

32=m
0
23j < 5 in the horizontal case (corresponding to

0.2 GeV≲m0
32 ≲ 0.95 GeV in Fig. 3), and jðΔMlÞijj <

5mμ for all entries in the generic case. Both scans allow
λ3;4 ≤ 2, mA ≥ 400 GeV, jδghVV=gSMhVV j ≤ 20%, and a
heavy Higgs production cross section below 10% of a
SM Higgs with the same mass, to be consistent with heavy
scalar direct search bounds.
In the horizontal case, the CMS result implies a negative

ŷμ, with jŷμj typically well below 1, and jŷτ − 1j≲ 25%.
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FIG. 3. The region favored by the measurement of Brðh → τμÞ
at the 1σ level (in blue). The dashed vertical lines correspond to
jm0

32=m
0
32j ¼ 1=5; 1; 5. Contours of ŷμ (blue) and ŷτ (red) are

shown for tan β ¼ 2. The yellow region is in conflict with the
measurement of the hZZ coupling, for tan β ¼ 2.

FIG. 4. The reduced Higgs couplings ŷμ and ŷτ for the
horizontal case (top panel), generic case (bottom panel), and
SM (black dot). Dark blue, blue and light blue regions reproduce
the CMS Br(h → τμ) measurement, 1=3 of it and 1=10 of it,
respectively, at the 1σ level. The dashed lines satisfy ŷμ=ŷτ ¼ �1.
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The deviations tend to be larger in the generic case.
The ratios jŷμj < 1 and jŷμ=ŷτj < 1 (versus ŷμ=ŷτ ≈ 1 in
the type-II 2HDM) are favored in the current, as well as
hypothetical future scenarios with a 3× or 10× smaller
h → τμ rate (and scaled 1σ errors).
If the quark Yukawa coupling structure in the 2HDM is

analogous to (8), with v0 yielding (12), then the off-
diagonal quark couplings satisfy Yct;tc ¼ Oðmc=vWÞ,
Ybs ≪ Ysb ≈ 5 × 10−4RY ; see (12) and below. There are
new contributions to Bs → μμ, with A exchange being the
largest [27]. In the horizontal case, the BrðBs → μμÞ
measurement [30] constrains tan β, e.g., tan β ≲ 7 for
mA ≃ 500 GeV. In the generic case much larger values
of tan β are allowed. The Bs → μμ bound has been imposed
in Fig. 4. Roughly 80% of the points do not require tuned
cancelations in mμ and Bs → μμ. From (14), the diagonal
couplings satisfy ŷc;s ¼ cos α= sin β − RY and ŷt;b ¼
cos α= sin β, up to Oðmc;s=mt;bÞ. Thus, while ŷt;b receive
modest corrections ≤ 20%, ŷc;s tend to beOð1Þ suppressed
and could even vanish in tuned regions of parameter space.
This possibility, given a new source of light quark masses,
has been mentioned in [31].
In our next illustration of (8), ΔMl is due to technicolor

(TC) strong dynamics. The Higgs is a mixture of ϕ and a
composite heavy scalar, σTC. As in the 2HDM, in addition
to the heavy Higgs state (H) there is a charged scalar and a
neutral pseudoscalar (A) (both also partially composite).
The framework is bosonic technicolor (BTC) [32–40],
motivated by improved naturalness of EWSB in super-
symmetric models. For simplicity, we consider the non-
supersymmetric case. We add to the SM aweak doublet and
two weak singlet technifermions, TR ¼ ðUR;DRÞT and
DL;UL, and a technicolored scalar [41–43], ξ, all trans-
forming in the fundamental of the confining TC gauge
group, e.g., SUð2ÞTC. TC confinement yields the SUð2ÞL-
breaking condensates hD̄Di; hŪUi at a scale ΛTC ∼ 4πfTC,
where fTC is the technipion decay constant. The W and Z
masses receive contributions from TC and the Higgs, so
that v2W ≃ f2TC þ v2, where hϕi ¼ v is a Higgs VEV. The
Higgs and precision electroweak phenomenology is viable
if fTC ≲ 80 GeV [40,44], or tan β≡ v=fTC ≳ 3.
The effective operators

hli h
e
j
†

m2
ξ

l̄i
LTRD̄Le

j
R þ H:c: ð16Þ

follow from integrating out the ξ field in the Yukawa
couplings hli ξl̄

i
LTR þ hei

†ξ�D̄LeiR. The TC condensates
thus yield a rank 1 contribution to ΔMl. Employing a
leading-order chiral Lagrangian, we obtain the lepton
masses and dipole coefficients [27]

ðΔMlÞij ¼ ηκ
4πf3TC
2m2

ξ

hli h
e†
j ;

cL
8π2

¼ Qξ

ðΔMlÞτμ
2m2

ξmτ
;

ð17Þ

and similarly for cR, whereQξ ¼ 1=2 is the ξ electric charge,
κ ∼ 1.5 based on 1=Nc scaling from nf ¼ 2 lattice QCD
[45], and η accounts for renormalization-group running
between μ ∼mξ and μ ∼ ΛTC. Given the central value (less
1σ) of the h → τμ measurement, consistency with the τ →
μγ bound requires

ffiffiffiffiffiffi
RY

p
mξ ≳ 10ð8.7Þ TeV.

The chiral Lagrangian yields RY > cos α= sin β to all
orders in the chiral expansion [27], where α is the ϕ − σTC
mixing angle. Given that cosα ≈ 1 (due to the relatively
large σTC mass) and sin β ¼ v=vW ≈ 1, RY > 1 to good
approximation. Using NDA, we obtain RY − 1 ∼ 0.2, with
large uncertainty due the poorly known mass and couplings
of the σTC.
Numerical examples consistent with the τ → μγ bound are

easily found. For instance, for hl ¼ he, the CMS result (less
1σ) is obtained for h3 ≈ 2.1ð1.5Þ and h2 ≈ 0.6ð0.6Þ at the
matching scale μ ∼mξ. Alternatively, for hl3 ¼ 0, the signal
(less 1σ) is obtained if hl2h

e
2 ≈ 0.6ð0.4Þ and hl2he3 ≈ 2.5ð1.5Þ.

In these examples RY ¼ 1.3, fTC ¼ 80 GeV, η ∼ 3 based on
two loop estimates in αTC, and mξ ≈ 8.8ð7.6Þ TeV, yielding
Brðτ → μγÞ at the bound.
The flavor diagonal couplings generically show large

deviations from the SM predictions. In the above examples,
ŷμ is negative with magnitude ranging from ≈0.2 to 0.9,
ŷτ ≈ 0.9–1.6, and jŷμ=ŷτj ≈ ð0.2–0.6Þ, well below the SM
and type-II 2HDM ratio.
We extend (8) to the quark sector via the colored

techniscalar ω with couplings to the quark doublets (hq)
and quark singlets (hu;d) analogous to hl and he, respec-
tively [27]. Rank 1 ΔMu;d follow in analogy with (16) and
(17). Consistency with (12) and with the bound on Brðb →
sγÞ requires a scale mω ≳ 5 TeV, similar to the τ → μγ
bounds onmξ. In turn, the quark masses and mixings can be
obtained with all hu;di ≲ 1. The flavor diagonal Yukawa
couplings satisfy ŷc;s ≈ 1 − RY and ŷt;b ≈ 1, given cos α=
sin β ≈ 1; see (14).
Our general framework (8) readily extends to three

generations [27]. For instance, in the flavor basis of (9), it
is natural that ðΔMlÞ1i;i1 ¼ OðmeÞ. The couplings Yex;xe
(x ¼ μ, τ) then yield Higgs mediated μ → eγ rates below the
current bound. In the quark sector, with ðΔMu;dÞÞ1i;i1 ¼
Oðmu;dÞ, consistency of the Higgs mediated flavor-changing
neutral currents, e.g., ϵK [26], with θc, Vub requires
ðΔMdÞji ≲ ðΔMdÞij=10 (½ij� ¼ 13, 23). These relations
could result from horizontal symmetries which address the
fermion mass and mixing hierarchies. It is noteworthy that
s → dg dipole operators, with scaling analogous to (11),
could play a role in ε0=ε, bridging the gap between experi-
ment [46–48] and the SM prediction [49,50].
A novel Yukawa coupling sum rule holds if ΔMl, like

Ml
0 , is rank 1 when neglecting the first generation. This is

the case in the BTC example and could be realized more
generally in the “rank 1” approach to the fermion mass
and mixing hierarchies; see, e.g., [51–58]. The sum rule is
given by
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ŷμŷτ − ŷτμŷμτ ¼ ŷt;bðŷμ þ ŷτ − ŷt;bÞ; ð18Þ

where ŷij ≡ Yij=YSM
ii , and we have substituted

cos α= sin β → ŷtðbÞ; see (14). It holds up to corrections
of Oðmc=mt;ms=mb;me=mμÞ. Remarkably, the sum rule
offers a precision test of the rank 1 hypotheses, potentially
validating our framework in this case. If ΔMl has full
rank, (18) holds up toOðmμ=mτÞ corrections, which can be
sizable for large Yτμ;μτ as in (3) [27].
Generation of the CMS h → τμ result and Vcb (12) in our

framework can lead to a sizable Bs → τμ rate via h, A and
H tree-level exchanges. The A andH contributions grow as
ðtan βÞ4, whereas the A contribution to BrðBs → μμÞ grows
as ðtan βÞ2 and tends to interfere destructively with the
SM. Thus, large values of the ratio Rτμ ≡ BrðBs → τμÞ=
BrðBs → μμÞSM are possible, without tuned cancellations
in BrðBs → μμÞ. In our 2HDM and BTC examples, at
moderate tan β ≲ 4 and for mA;mH ≳ 400 GeV, Rτμ ≲ 10
correlates with ≲50% suppression of BrðBs → μμÞ.
However, for tan β ∼ 6–10, easily realized in the 2HDM,
much larger Rτμ are possible: in the generic (horizontal)
case, Rτμ can be as large as ∼200 (∼50) accompanied by
∼50% suppression (∼20% enhancement) of BrðBs → μμÞ.
We estimate that BrðB → Kð�ÞμτÞ can be as large as
Oð10−7Þ in such cases. The above framework could lead
to potentially observable t → hc decays [27] if, e.g., Vcb
receives a sizable contribution via ðΔMuÞ23 ¼ OðVcbmtÞ.
In summary, an observable h → τμ signal is naturally

realized in models where the first- and second-generation

masses and Cabibbo-Kobayashi-Maskawa mixing are due
to a second source of EWSB. We have focused on the
second and third generations, illustrating our framework
with a two Higgs doublet model and an example with a
partially composite Higgs, where EWSB is triggered by
new strong interactions. The flavor diagonal Higgs Yukawa
couplings typically show large deviations from the SM.
Finally, (pseudo)scalar exchanges can yield BrðBs → τμÞ≲
few × 10−7 and significant shifts in BrðBs → μμÞ, both
potentially detectable at the LHC.
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