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Lepton	  flavour	  viola6ng	  Higgs	  decays	  	  

BR(H ! ⌧µ) = (0.77± 0.62)%

BR(H ! ⌧µ) = (0.84+0.39
�0.37)%

CMS	  result	  2014:	  

ATLAS	  	  result	  2015:	  
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Modeling via anomalous couplings in effective Lagrangians

In the SM:

ATLAS and CMS analyzed  ttbar decays with final states 
with H  � gg, H  bb and “multi-leptons” final states �
( H  ZZ, WW, � tt) and t  bW(� �⌅n, qq).�
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CMS H �µt results

Luca Fiorini         11

Best fit BR(H�µt)=(0.84+0.39
-0.37⇥ )%

Observed (expected) 95% CL limit is BR(H�µt)<1.51% (<0.75%)

● Small excess observed in 3 out 
of 6 categories. Combined:

● 2.4 s excess
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ATLAS H(µτ) Result
✦ Very recently, a similar ATLAS search has appeared

✦ While not seeing any significant excess, the results are consistent both 

with zero and with the CMS results - need more data for conclusive 
investigation


๏ N.B: ATLAS analysis is based on a single μτhad channel and does not 
include the most sensitive CMS channel, μe

30

Figure 3: Post–fit combined mMMC
µ⌧ distribution obtained by adding individual distributions in SR1 and SR2. In

the lower part of the figure, the data are shown after subtraction of the estimated backgrounds. The grey band
in the bottom panel illustrates the post–fit systematic uncertainties on the background prediction. The statistical
uncertainties for data and background predictions are added in quadrature on the bottom part of the figure. The
signal is shown assuming Br(H ! µ⌧)=0.77%, the central value of the best fit to Br(H ! µ⌧). The last bin of the
distribution contains overflow events.

and VH Higgs boson production, and ±4% for the Z ! µµ and VV backgrounds. Finally, an additional
±5.7% systematic uncertainty on Br(H ! ⌧⌧) is applied to the SM H ! ⌧⌧ background.

6 Results

A simultaneous binned maximum–likelihood fit is performed on the mMMC
µ⌧ distributions in SR1 and SR2

and on event yields in WCR and TCR to extract the LFV branching ratio Br(H ! µ⌧). The fit exploits
the control regions and the distinct shapes of the W+jets and Z ! ⌧⌧ backgrounds in the signal regions to
constrain some of the systematic uncertainties. This leads to an improved sensitivity of the analysis. The
post–fit mMMC

µ⌧ distributions in SR1 and SR2 are shown in figure 2, and the combined mMMC
µ⌧ distribution

for both signal regions is presented in figure 3. Figure 2 illustrates good agreement between data and
background expectations in SR1. A small excess of the data over the predicted background is observed
in the 120 GeV< mMMC

µ⌧ <140 GeV region in SR2. This small excess in SR2 has a local significance of
2.2 standard deviations and a combined significance for both signal regions of 1.3 standard deviations.
This corresponds to a best fit value for the branching fraction of Br(H ! µ⌧)=(0.77 ± 0.62)%. Due to
the low significance of the observed excess, an upper limit on the LFV branching ratio Br(H ! µ⌧) for
a Higgs boson with mH = 125 GeV is set using the CLs modified frequentist formalism [61] with the
profile likelihood–ratio test statistics [62]. The observed and the median expected 95% CL upper limits
are 1.85% and 1.24+0.50

�0.35%, respectively. Table 3 provides a summary of all results.

10

Table 3: The expected and observed 95% confidence level (CL) upper limits and the best fit values for the branching
fractions for the two signal regions and their combination.

SR1 SR2 Combined

Expected limit on Br(H ! µ⌧) [%] 1.60+0.64
�0.45 1.75+0.71

�0.49 1.24+0.50
�0.35

Observed limit on Br(H ! µ⌧) [%] 1.55 3.51 1.85

Best fit Br(H ! µ⌧) [%] �0.07+0.81
�0.86 1.94+0.92

�0.89 0.77±0.62

7 Summary

A direct search for lepton–flavour–violating H ! µ⌧ decays of the recently discovered Higgs boson is
performed in the ⌧had decay mode of ⌧–leptons using a data sample of proton–proton collisions recorded
by the ATLAS detector at the LHC corresponding to an integrated luminosity of 20.3 fb�1 at a centre–
of–mass energy of

p
s = 8 TeV. The observed and the median expected upper limits at 95% CL on the

branching fraction, Br(H ! µ⌧), are 1.85% and 1.24+0.50
�0.35%, respectively. This search places significantly

more stringent constraints on Br(H ! µ⌧) compared to earlier indirect estimates. The result of this
analysis is found to be consistent with the one published by the CMS Collaboration [26].

Acknowledgements

We thank CERN for the very successful operation of the LHC, as well as the support sta↵ from our
institutions without whom ATLAS could not be operated e�ciently.

We acknowledge the support of ANPCyT, Argentina; YerPhI, Armenia; ARC, Australia; BMWFW and
FWF, Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and CFI,
Canada; CERN; CONICYT, Chile; CAS, MOST and NSFC, China; COLCIENCIAS, Colombia; MSMT
CR, MPO CR and VSC CR, Czech Republic; DNRF, DNSRC and Lundbeck Foundation, Denmark;
EPLANET, ERC and NSRF, European Union; IN2P3-CNRS, CEA-DSM/IRFU, France; GNSF, Geor-
gia; BMBF, DFG, HGF, MPG and AvH Foundation, Germany; GSRT and NSRF, Greece; RGC, Hong
Kong SAR, China; ISF, MINERVA, GIF, I-CORE and Benoziyo Center, Israel; INFN, Italy; MEXT and
JSPS, Japan; CNRST, Morocco; FOM and NWO, Netherlands; BRF and RCN, Norway; MNiSW and
NCN, Poland; GRICES and FCT, Portugal; MNE/IFA, Romania; MES of Russia and NRC KI, Rus-
sian Federation; JINR; MSTD, Serbia; MSSR, Slovakia; ARRS and MIZŠ, Slovenia; DST/NRF, South
Africa; MINECO, Spain; SRC and Wallenberg Foundation, Sweden; SER, SNSF and Cantons of Bern
and Geneva, Switzerland; NSC, Taiwan; TAEK, Turkey; STFC, the Royal Society and Leverhulme Trust,
United Kingdom; DOE and NSF, United States of America.

The crucial computing support from all WLCG partners is acknowledged gratefully, in particular from
CERN and the ATLAS Tier-1 facilities at TRIUMF (Canada), NDGF (Denmark, Norway, Sweden),

11

Naive average of ATLAS+CMS: B = 0.8 ± 0.3

ATLAS arXiv:1508.03372

 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- H

ig
hl

ig
ht

s 
fro

m
 C

M
S 

- S
ca

la
rs

 2
01

5

ATLAS H(µτ) Result
✦ Very recently, a similar ATLAS search has appeared

✦ While not seeing any significant excess, the results are consistent both 

with zero and with the CMS results - need more data for conclusive 
investigation


๏ N.B: ATLAS analysis is based on a single μτhad channel and does not 
include the most sensitive CMS channel, μe

30

Figure 3: Post–fit combined mMMC
µ⌧ distribution obtained by adding individual distributions in SR1 and SR2. In

the lower part of the figure, the data are shown after subtraction of the estimated backgrounds. The grey band
in the bottom panel illustrates the post–fit systematic uncertainties on the background prediction. The statistical
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I. INTRODUCTION

The discovery of the Higgs boson at the LHC [1, 2] imbues the standard model (SM) of par-

ticle physics with completeness and self-consistency. Nonetheless, its failure to account for non-

vanishing neutrino masses is one of the main motivations for considering physics beyond the

SM. Incidentally, the accidental SM symmetries that prevent neutrinos from acquiring mass also

completely suppress lepton flavor violating (LFV) processes. The observation of the former thus

provides ample motivation for a rich experimental program to search for the latter. The CMS

collaboration has recently reported a slight excess with a significance of 2.4 � in the search for

LFV decay h ! ⌧µ [3]. The best fit for the branching ratio of the Higgs boson to ⌧µ final state

(summed over ⌧�µ+ and ⌧+µ�), assuming SM Higgs production, is found to be

B(h ! ⌧µ) =
�
0.84+0.39

�0.37

�
% . (1)

This recent hint has expectedly received significant amount of attention in the literature [4–10].

It is thus an imperative to either confirm or reject validity of this tantalizing hint with more data

by both ATLAS and CMS experiments. At the same time, it is instructive to revisit expectations

for this observable within various new physics (NP) scenarios and in particular re-evaluate the

feasibility of obtaining such a large signal in light of severe indirect constraints on LFV Higgs

interactions coming from low energy probes.

Without loss of generality, one can parameterize the mass terms and Higgs boson couplings of

charged leptons after electroweak symmetry breaking (EWSB) as

Le↵.
Y`

= �mi�ij ¯`
i
L`

j
R � yij

�
¯`iL`

j
R

�
h+ . . .+ h.c. , (2)

where the ellipsis denotes non-renormalizable interactions involving more than one Higgs boson

and `i = e, µ, ⌧ . In the SM, the Higgs couplings are diagonal and given by yij = (mi/v)�ij ,

where v = 246GeV . On the other hand, non-zero y⌧µ and/or yµ⌧ induce h ! ⌧µ decays with a

branching ratio of

B(h ! ⌧µ) =
mh

8⇡�h

�|y⌧µ|2 + |yµ⌧ |2
�
. (3)

Assuming that the total Higgs boson decay width (�h) is given by its SM value enlarged only

by the contribution from h ! ⌧µ itself, i.e., �h = �

SM

h /[1 � B(h ! ⌧µ)], where �

SM

h (mh =

125GeV) = 4.07MeV [11], the measurement in Eq. (1) can be interpreted as a two-sided bound

on the |y⌧µ|2+ |yµ⌧ |2 combination of couplings. These limits read (see also the left-hand side panel

2

General	  parametriza6on	  of	  Higgs	  couplings	  to	  charged	  leptons	  
acer	  electroweak	  symmetry	  breaking:	  	  
	  	  

Model	  Independent	  approach	  

Charm ’15, WSU, Detroit, 5/19 N. Košnik (UL, JSI)

Effective Higgs couplings

6

• Assuming New Physics only in h→μτ then CMS result gives

B(h ! ⌧µ) =
�
0.84+0.39

�0.37

�
%

0.0019(0.0008) <
q

|y⌧µ|2 + |yµ⌧ |2 < 0.0032(0.0036) at 68% (95%) C.L.
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= �mi�ij ¯̀
i
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j
R � yij

⇣
¯̀i
L`

j
R

⌘
h+ . . .+ h.c.

B(h ! ⌧µ) =
mh

8⇡�h

�
|y⌧µ|2 + |yµ⌧ |2

�

• General parameterisation of the off-diagonal Yukawa couplings

ySMij = �ij
mi

v

CMS 1σ
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Assump6on:	  	  SM	  contains	  all	  relevant	  degrees	  of	  freedom	  at	  	  energies	  few	  	  
hundred	  GeV	  .	  	  
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τH ! µ⌧Experimentally	  measured	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  event	  does	  not	  depend	  only	  on	  yτμ,	  yμτ	  couplings,	  
but	  also	  on	  	  couplings	  contribu6ng	  to	  total	  Higgs	  decay	  width	  and	  produc6on	  cross	  
sec6on.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
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• Testing robustness of the lower bound of LFV Yukawas: allowing for non-
SM Higgs production rate and total decay width

Nh!⌧µ ⇠ �h
�h!⌧µ

�h

TABLE II. CMS Higgs data as used in our fitting procedures. The separation into production mechanisms

for a given decay channel is used if provided.

Decay channel Production mode Signal strength Correlation & Reference

CMS

h ! bb

VH 1.0± 0.5 [12]

VBF 0.7± 1.4 [67]

ttH 1.0± 2.0 [68]

h ! WW ⇤

ggF+ttH 0.76± 0.23
⇢ = �0.21, [69]

VBF+VH 0.74± 0.62

h ! ZZ⇤

ggF+ttH 0.90± 0.45
⇢ = �0.69, [70]

VBF+VH 1.7± 2.3

h ! ��
ggF+ttH 0.50± 0.41

⇢ = �0.50, [71]
VBF+VH 1.64± 0.88

h ! ⌧⌧

0-jet 0.34± 1.09

[39]
1-jet 1.07± 0.46

2-jet (VBF-tag) 0.94± 0.41

VH-tag �0.33± 1.02

B(h ! ⌧µ) [%]

0-jet 0.77± 0.55

[3]1-jet 0.59± 0.62

2-jet 1.1± 0.80

h ! invisible VBF+VH 0.14± 0.22 [72]

h ! Z� inclusive 0.0± 4.8 [73]

h ! µµ inclusive 2.9± 2.8 [74]

If the separation into production modes is not provided, we use the signal strength measure-

ments from existing search categories. These in general target certain production mechanism,

which, however, does not imply 100% purity. Inclusive categories are dominated by ggF (90%),

while VBF-tagged categories can have 20% to 50% contamination from ggF. VH- and ttH-tagged

categories are assumed to be pure. In this case, we write

�A!h

�SM
A!h

= ⇠ggF
�ggF

�SM
ggF

+ ⇠V BF
�V BF

�SM
V BF

+ ⇠V H
�V H

�SM
VH

+ ⇠ttH
�ttH

�SM
ttH

, (A4)

29

TABLE I. ATLAS Higgs data as used in our fitting procedures. The separation into production mechanisms

for a given decay channel is used if provided.

Decay channel Production mode Signal strength Correlation & Reference

ATLAS

h ! bb VH 0.2± 0.65 [61]

h ! ZZ⇤

ggF+ttH 1.8± 0.65
⇢ = �0.72, [62]

VBF+VH �0.2± 3.7

h ! WW ⇤

ggF+ttH 0.82± 0.37
⇢ = �0.15, [63]

VBF+VH 1.74± 0.80

h ! ��
ggF+ttH 1.61± 0.41

⇢ = �0.28, [62]
VBF+VH 1.87± 0.80

h ! ⌧⌧
ggF+ttH 1.5± 1.6

⇢ = �0.55, [63]
VBF+VH 1.7± 0.84

h ! invisible VH 0.13± 0.31 [64]

h ! Z� inclusive 2.0± 4.6 [65]

h ! µµ inclusive 1.6± 4.2 [66]

correlations are automatically provided by the experimental collaborations for a given decay chan-

nel.

Following the recommendation, ATLAS and CMS have combined different search categories

for a given decay mode to provide separation into production mechanisms. The results are usually

presented in 2D plots in (µ
(ggF+ttH)

, µ
(V BF+V H)

) plane. In this case, we parametrize the likelihood

with

�2

1

=

X

i

0

@ µi
(ggF+ttH)

� µ̂i
(ggF+ttH)

µi
(V BF+V H)

� µ̂i
(V BF+V H)

1

A
T

V �1

i

0

@ µi
(ggF+ttH)

� µ̂i
(ggF+ttH)

µi
(V BF+V H)

� µ̂i
(V BF+V H)

1

A , (A2)

where the sum goes over the decay channels and the covariance matrices are given by

Vi =

0

@

⇣
�̂i
(ggF+ttH)

⌘
2

⇢i�̂i
(ggF+ttH)

�̂i
(V BF+V H)

⇢i�̂i
(ggF+ttH)

�̂i
(V BF+V H)

⇣
�̂i
(V BF+V H)

⌘
2

1

A . (A3)

We obtain the best-fit values (µ̂), variances (�̂) and correlations (⇢) from the plots provided by the

experimental collaborations. These are presented in Tab. I and Tab. II.

28

Tes6ng	  robustness	  of	  the	  lower	  bound	  on	  LFV	  Yukawa	  couplings	  
allowing	  	  for	  non-‐SM	  produc6on	  and	  total	  decay	  rate	  
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Higgs data fit
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χ2

0.0017(0.0007) <
q

|y⌧µ|2 + |yµ⌧ |2 < 0.0036(0.0047) at 68% (95%) C.L.

Nh!⌧µ ⇠ �h
�h!⌧µ

�h

• Well known Higgs production
• Strong lower bound on Γh

Robust lower bound on the LFV Yukawas

• Testing robustness of the lower bound of LFV Yukawas: allowing for non-
SM Higgs production rate and total decay width

robust	  lower	  bound!	  

Higgs data fit

Blue: All couplings
Red: only hτμ
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Main	  goal	  of	  our	  study:	  to	  interpret	  these	  bounds	  in	  terms	  of	  NP!	  
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possibility could be realized only at the expense of some fine-
tuning of the corresponding couplings and, if realized, would for-
bid a large B(h → τ µ̄ + µ̄τ ). The bound on the µe modes are
substantially stronger, implying B(h → µ̄e + ēµ) = O (10−9) in the
absence of fine-tuned cancellations.

We note that CMS currently reports a 68% CL range of 0.8+1.2
−1.3

for a possible h → τ+τ− signal relative to its SM value [2], and
that in the SM B(h → τ+τ−) ∼ 6.5% for a SM Higgs boson weigh-
ing 125 GeV. It therefore seems that dedicated searches in the
LHC experiments might already be able to explore flavour-changing
leptonic beyond the limits imposed by searches for lepton-flavour-
violating processes.

On the other hand, the indirect upper bounds on possible
quark-flavour-violating couplings of a scalar with mass 125 GeV
are much stronger, and the detection of hadronic flavour-changing
decays are much more challenging, so these offer poorer prospects
for direct detection at the LHC.

2. Effective Lagrangian

We employ here a strictly phenomenological approach, consid-
ering the following effective Lagrangian to describe the possible
flavour-changing couplings of a possible neutral scalar boson h to
SM quarks and leptons:

Leff =
∑

i, j=d,s,b (i≠ j)

ci jd̄
i
Ld j

Rh +
∑

i, j=u,c,t (i≠ j)

ci j ū
i
Lu j

Rh

+
∑

i, j=e,µ,τ (i≠ j)

ci j ℓ̄
i
Lℓ

j
Rh + H.c. (1)

The field h can be identified with the physical Higgs boson of the
SM or, more generally, with a mass eigenstate resulting from the
mixing of other scalar fields present in the underlying theory with
the SM Higgs (if it exists). Therefore, the operators in (1) are not
necessarily SU (2)L × U (1)Y invariant. However, they may be re-
garded as resulting from higher-order SU (2)L × U (1)Y -invariant
operators after the spontaneous breaking of SU (2)L × U (1)Y .

By construction, the effective couplings described by (1) are
momentum-independent. In principle, higher-order operators with
derivative couplings could also appear, leading to momentum-
dependent terms, or effective form factors for the flavour-changing
vertices. We assume here that any such effects are subleading,
though it is clear that direct observation of h decays would, in gen-
eral, provide much more stringent constraints on such momentum
dependence than could be provided by the indirect low-energy
constraints considered below.

Finally, it should be stressed that the effective couplings in
Eq. (1) are scale dependent. In the following we derive bounds
on these effective couplings at the reference scale Λ = 1 TeV.
To this end: 1) we take into account the renormalization-group
running due to QCD corrections (in the leading-logarithmic ap-
proximation) for operators generated by tree-level Higgs exchange
involving quark fields; 2) we set a Λ = 1 TeV ultraviolet cut-off for
the effective operators generated beyond the one-loop level in the
lepton sector.

3. Bounds in the quark sector

In the quark sector, strong bounds on all the effective couplings
in (1) involving light quarks (i.e., excluding the top) can be derived
from the tree-level contributions to meson–antimeson mixing in-
duced by diagrams of the type shown in the left panel of Fig. 1.
Using the bounds on dimension-six $F = 2 operators reported
in [12], we derive the indirect limits on different combinations of
ci j couplings reported in Table 1. As we discuss in Section 5, these

Fig. 1. Left: Tree-level diagram contributing to $F = 2 amplitudes. Right: One-loop
diagram contributing to anomalous magnetic moments and electric dipole moments
of charged leptons (i = j), or radiative LFV decay modes (i ≠ j).

bounds forbid any flavour-changing decay of the h into a pair of
quarks with a branching ratio exceeding 10−3.

The $F = 1 bounds on the ci j also prevent sizable Higgs-
mediated contributions in $F = 1 amplitudes, if the flavour-
diagonal couplings of the h are the same as the SM Yukawa
couplings. In Table 2 we report the bounds on the ci j couplings
obtained from Bs,d → µ+µ− obtained under this assumption,
namely setting cµµ =

√
2mµ/v with v ≈ 246 GeV.1 As can be

seen, these $F = 1 bounds are weaker than those in Table 1. This
would not be true if the flavour-diagonal couplings of h were en-
hanced with respect to the SM Yukawa couplings, or if there were
some extra contribution cancelling h-exchange in the $F = 2 am-
plitudes. The latter happens, for instance, in some two-Higgs dou-
blet models, because of the destructive interference of scalar and
pseudo-scalar exchange amplitudes: see, e.g., [6,14].

4. Bounds in the lepton sector

In the lepton sector we do not have an analogous of the $F = 2
constraints, leaving more room for sizeable non-standard contribu-
tions.

We start by analyzing the tree-level contributions of h to the
lepton-flavour-violating (LFV) decays of charged leptons and µ → e
conversion in nuclei. In most cases bounds on the effective cou-
plings in (1) can be derived only with an Ansatz about the flavour-
diagonal couplings. Here we assume again that the flavour-diagonal
couplings are the SM Yukawas,

cℓℓ = yℓ ≡
√

2mℓ

v
. (2)

This leads to the bounds reported in Table 3, where we have
used the limits of the corresponding dimension-six operators re-
ported in [15], updating the results on various τ decay modes from
Ref. [16]. As can be seen, all the bounds except that derived from
µ → e conversion2 are quite weak.3 Note in particular that if we
impose cµe, ceµ < yµ ≈ 6 × 10−4 we have essentially no bounds
on the flavour-violating couplings involving the τ lepton. Note
also that we cannot profit from the strong experimental bound on
Γ (µ → eēe), since the corresponding amplitude is strongly sup-
pressed by the electron Yukawa coupling.

Next we proceed to analyze one-loop-induced amplitudes. At
the one-loop level the flavour-violating couplings in (1) induce:
(i) logarithmically-divergent corrections to the lepton masses;
(ii) finite contributions to the anomalous magnetic moments and

1 This assumption is not true in general. For example, in the pseudo-dilaton sce-
nario of [3] the flavour-diagonal h couplings are in general suppressed by a univer-
sal factor c < 1, in which case the bounds in Table 2 would be weakened by a factor
1/c > 1.

2 The bound from µ → e conversion has been derived following the recent anal-
ysis of Ref. [17]: the dominant constraint follows from Bµ→e(Ti) and, in order to
derive a conservative bound, we have set y = 2⟨N|s̄s|N⟩/⟨N|d̄d + ūu|N⟩ = 0.03.

3 As commented previously, in the scenario of Ref. [3] the flavour-diagonal h cou-
plings are in general suppressed by a universal factor c < 1, in which case the first
three bounds in Table 3 would be weakened by a factor 1/c > 1.

In	  the	  quark	  sector	  strong	  bounds	  come	  from	  ΔF=2	  sector.	  
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substantially stronger, implying B(h → µ̄e + ēµ) = O (10−9) in the
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ing 125 GeV. It therefore seems that dedicated searches in the
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ci jd̄
i
Ld j

Rh +
∑

i, j=u,c,t (i≠ j)
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SM or, more generally, with a mass eigenstate resulting from the
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the SM Higgs (if it exists). Therefore, the operators in (1) are not
necessarily SU (2)L × U (1)Y invariant. However, they may be re-
garded as resulting from higher-order SU (2)L × U (1)Y -invariant
operators after the spontaneous breaking of SU (2)L × U (1)Y .

By construction, the effective couplings described by (1) are
momentum-independent. In principle, higher-order operators with
derivative couplings could also appear, leading to momentum-
dependent terms, or effective form factors for the flavour-changing
vertices. We assume here that any such effects are subleading,
though it is clear that direct observation of h decays would, in gen-
eral, provide much more stringent constraints on such momentum
dependence than could be provided by the indirect low-energy
constraints considered below.

Finally, it should be stressed that the effective couplings in
Eq. (1) are scale dependent. In the following we derive bounds
on these effective couplings at the reference scale Λ = 1 TeV.
To this end: 1) we take into account the renormalization-group
running due to QCD corrections (in the leading-logarithmic ap-
proximation) for operators generated by tree-level Higgs exchange
involving quark fields; 2) we set a Λ = 1 TeV ultraviolet cut-off for
the effective operators generated beyond the one-loop level in the
lepton sector.

3. Bounds in the quark sector

In the quark sector, strong bounds on all the effective couplings
in (1) involving light quarks (i.e., excluding the top) can be derived
from the tree-level contributions to meson–antimeson mixing in-
duced by diagrams of the type shown in the left panel of Fig. 1.
Using the bounds on dimension-six $F = 2 operators reported
in [12], we derive the indirect limits on different combinations of
ci j couplings reported in Table 1. As we discuss in Section 5, these

Fig. 1. Left: Tree-level diagram contributing to $F = 2 amplitudes. Right: One-loop
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bounds forbid any flavour-changing decay of the h into a pair of
quarks with a branching ratio exceeding 10−3.

The $F = 1 bounds on the ci j also prevent sizable Higgs-
mediated contributions in $F = 1 amplitudes, if the flavour-
diagonal couplings of the h are the same as the SM Yukawa
couplings. In Table 2 we report the bounds on the ci j couplings
obtained from Bs,d → µ+µ− obtained under this assumption,
namely setting cµµ =

√
2mµ/v with v ≈ 246 GeV.1 As can be

seen, these $F = 1 bounds are weaker than those in Table 1. This
would not be true if the flavour-diagonal couplings of h were en-
hanced with respect to the SM Yukawa couplings, or if there were
some extra contribution cancelling h-exchange in the $F = 2 am-
plitudes. The latter happens, for instance, in some two-Higgs dou-
blet models, because of the destructive interference of scalar and
pseudo-scalar exchange amplitudes: see, e.g., [6,14].

4. Bounds in the lepton sector

In the lepton sector we do not have an analogous of the $F = 2
constraints, leaving more room for sizeable non-standard contribu-
tions.

We start by analyzing the tree-level contributions of h to the
lepton-flavour-violating (LFV) decays of charged leptons and µ → e
conversion in nuclei. In most cases bounds on the effective cou-
plings in (1) can be derived only with an Ansatz about the flavour-
diagonal couplings. Here we assume again that the flavour-diagonal
couplings are the SM Yukawas,

cℓℓ = yℓ ≡
√

2mℓ

v
. (2)

This leads to the bounds reported in Table 3, where we have
used the limits of the corresponding dimension-six operators re-
ported in [15], updating the results on various τ decay modes from
Ref. [16]. As can be seen, all the bounds except that derived from
µ → e conversion2 are quite weak.3 Note in particular that if we
impose cµe, ceµ < yµ ≈ 6 × 10−4 we have essentially no bounds
on the flavour-violating couplings involving the τ lepton. Note
also that we cannot profit from the strong experimental bound on
Γ (µ → eēe), since the corresponding amplitude is strongly sup-
pressed by the electron Yukawa coupling.

Next we proceed to analyze one-loop-induced amplitudes. At
the one-loop level the flavour-violating couplings in (1) induce:
(i) logarithmically-divergent corrections to the lepton masses;
(ii) finite contributions to the anomalous magnetic moments and

1 This assumption is not true in general. For example, in the pseudo-dilaton sce-
nario of [3] the flavour-diagonal h couplings are in general suppressed by a univer-
sal factor c < 1, in which case the bounds in Table 2 would be weakened by a factor
1/c > 1.

2 The bound from µ → e conversion has been derived following the recent anal-
ysis of Ref. [17]: the dominant constraint follows from Bµ→e(Ti) and, in order to
derive a conservative bound, we have set y = 2⟨N|s̄s|N⟩/⟨N|d̄d + ūu|N⟩ = 0.03.

3 As commented previously, in the scenario of Ref. [3] the flavour-diagonal h cou-
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three bounds in Table 3 would be weakened by a factor 1/c > 1.



In	  the	  lepton	  sector	  no	  analog	  of	  ΔF=2	  transi6ons.	  

Higgs	  coupling	  to	  tree	  level	  decays	  of	  charged:	  lepton	  flavor	  	  
viola6ng	  (LFV)	  decays	  and	  μ-‐e	  conversion	  in	  nuclei;	  

One-‐loop	  induced	  amplitudes:	  
	  
a)  Logarithmically	  divergent	  correc6ons	  to	  the	  lepton	  masses;	  
b)  Finite	  contribu6ons	  to	  the	  anomalous	  magne6c	  moments	  and	  	  the	  
	  	  	  	  	  	  	  	  electric	  dipole	  moments	  of	  charged	  leptons;	  	  
c)	  	  	  	  	  Finite	  contribu6ons	  to	  LFV	  processes	  	  
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from [13] and the interpretation of �ae is due to [14]. The third column shows the combination of

Higgs couplings constrained by a particular observable, while the fourth one shows representative

bounds on the couplings under the assumptions yij = yji and yii = mi/v, as in the Standard

Model.1

2.1 2–loop contributions

Two loop diagrams of certain types can be important as they are suppressed by only one power

of small Yukawa couplings [4]. In what follows, we include the leading Barr–Zee type diagrams

[15] with the top quark in the loop (Fig. 2) [16]. Since the coupling of the top quark to the

Higgs is essentially una↵ected by the higher dimensional operators, we will assume the SM value

ytt = 1. Then [16],

BR(lj ! li�) = BR(lj ! li⌫j ⌫̄i)⇥ 8↵3v2

3⇡3m2
j

f2(z)
�|yij |2 + |yji|2

�
, (9)

where v = 174 GeV and

f(z) =
1

2
z

Z 1

0
dx

1� 2x(1� x)

x(1� x)� z
ln

x(1� x)

z
, (10)

1Here we have not included the bound from µ to e conversion on nuclei since it depends on the Higgs couplings
to light quarks, which are uncertain in our framework. In any case, for the SM Higgs–quark couplings, the bound
is of order

p
|y12|2 + |y21|2 < 5⇥ 10�4 for mh = 200 GeV, which is superceded by the 2–loop Barr–Zee bound to

be studied below.
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Interes6ng:	  	  Barr-‐Zee	  two-‐loops,	  with	  	  
top-‐quark	  in	  the	  loop,	  can	  be	  important	  	  
(	  Davidson,	  Granier,	  1001.0434,	  	  
Goudelis,	  Lebedevs,	  Park,	  	  1111.1715).	  
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ytt = 1. Then [16],

BR(lj ! li�) = BR(lj ! li⌫j ⌫̄i)⇥ 8↵3v2

3⇡3m2
j

f2(z)
�|yij |2 + |yji|2

�
, (9)

where v = 174 GeV and

f(z) =
1

2
z

Z 1

0
dx

1� 2x(1� x)

x(1� x)� z
ln

x(1� x)

z
, (10)

1Here we have not included the bound from µ to e conversion on nuclei since it depends on the Higgs couplings
to light quarks, which are uncertain in our framework. In any case, for the SM Higgs–quark couplings, the bound
is of order

p
|y12|2 + |y21|2 < 5⇥ 10�4 for mh = 200 GeV, which is superceded by the 2–loop Barr–Zee bound to

be studied below.
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Table 3
Bounds on combinations of the flavour-changing h couplings defined in (1) obtained from charged lepton-flavour-violating decays, assuming that mh = 125 GeV.

Operator Eff. couplings Bound Constraint

(µ̄R eL)(q̄LqR ), (µ̄L eR )(q̄LqR ) |cµe |2, |ceµ|2 3.0 × 10−8 [*] Bµ→e(Ti) < 4.3 × 10−12

(τ̄RµL)(µ̄LµR ), (τ̄LµR )(µ̄LµR ) |cτµ|2, |cµτ |2 2.0 × 10−1 [*] Γ (τ → µµ̄µ) < 2.1 × 10−8

(τ̄R eL)(µ̄LµR ), (τ̄L eR )(µ̄LµR ) |cτe |2, |ceτ |2 4.8 × 10−1 [*] Γ (τ → eµ̄µ) < 2.7 × 10−8

(τ̄R eL)(µ̄L eR ), (τ̄L eR )(µ̄L eR ) |cµec∗
eτ |, |cµecτe | 0.9 × 10−4 Γ (τ → µ̄ee) < 1.5 × 10−8

(τ̄R eL)(µ̄R eL), (τ̄L eR )(µ̄R eL) |c∗
eµc∗

eτ |, |c∗
eµcτe |

(τ̄RµL)(ēLµR ), (τ̄LµR )(ēLµR ) |ceµc∗
µτ |, |ceµcτµ| 1.0 × 10−4 Γ (τ → ēµµ) < 1.7 × 10−8

(τ̄RµL)(ēRµL), (τ̄LµR )(ēRµL) |c∗
µec∗

µτ |, |c∗
µecτµ|

Table 4
Bounds on combinations of the flavour-changing h couplings defined in (1) obtained from the naturalness requirement |δmℓ| < mℓ

(assuming Λ = 1 TeV), from the contributions to aℓ and dℓ (ℓ = e,µ), and from radiative LFV decays (in all cases we set mh = 125 GeV).

Eff. couplings Bound Constraint

|ceτ cτe | (|ceµcµe |) 1.1 × 10−2 (1.8 × 10−1) |δme | < me

|Re(ceτ cτe)| (|Re(ceµcµe)|) 0.6 × 10−3 (0.6 × 10−2) |δae | < 6 × 10−12

|Im(ceτ cτe)| (|Im(ceµcµe)|) 0.8 × 10−8 (0.8 × 10−7) |de | < 1.6 × 10−27e cm
|cµτ cτµ| 2 |δmµ| < mµ

|Re(cµτ cτµ)| 2 × 10−3 |δaµ| < 4 × 10−9

|Im(cµτ cτµ)| 0.6 |dµ| < 1.2 × 10−19e cm
|ceτ cτµ|, |cτecµτ | 1.7 × 10−7 B(µ → eγ ) < 2.4 × 10−12

|cµτ |2, |cτµ|2 0.9 × 10−2 [*] B(τ → µγ ) < 4.4 × 10−8

|ceτ |2, |cτe |2 0.6 × 10−2 [*] B(τ → eγ ) < 3.3 × 10−8

Table 5
Bounds from two-loop Barr–Zee diagrams [21] contributing to LFV decays.

Eff. couplings Bound Constraint

|ceµ|2, |cµe |2 1 × 10−11 [*] B(µ → eγ ) < 2.4 × 10−12

|cµτ |2, |cτµ|2 5 × 10−4 [*] B(τ → µγ ) < 4.4 × 10−8

|ceτ |2, |cτe |2 3 × 10−4 [*] B(τ → eγ ) < 3.3 × 10−8

In the quark sector, in the most favourable case we get
B(h → bs̄, s̄b) < 4 × 10−4, which is beyond the reach of the LHC,
also in view of the difficult experimental signature. However, the
situation is much more favourable in the lepton sector. From the
compilation of bounds in the previous section we derive the fol-
lowing conclusions:

• B(h → τ µ̄ + µ̄τ ) = O(10%) does not contradict any exper-
imental bound and does not require off-diagonal couplings
larger than the corresponding diagonal ones (|cµτ |, |cτµ| ! yτ ).
It can be obtained even assuming O(1) CP-violating phases for
the cµτ (τµ) couplings, provided |ceτ (τe)/cµτ (τµ)| < 10−2 in or-
der to satisfy the µ → eγ bound.

• B(h → τ ē + ēτ ) can also reach O(10%) values, but only at the
price of some tuning of the corresponding effective couplings.
In particular, negligible CP-violating phases are needed in or-
der to satisfy the tight constraint provided by the electron edm
shown in Table 4. Moreover, |cµτ (τµ)/ceτ (τe)| < 10−2 in order
to satisfy the µ → eγ bound.

• The µ → eγ bound implies that only one of B(h → τ µ̄ + µ̄τ )
or B(h → τ ē + ēτ ) could be O(10%).

• The bounds from µ → e conversion in nuclei and from µ →
eγ forbid large branching ratios for the clean µe modes.
Specifically, we find B(h → µ̄e + eµ̄) < 3 × 10−9, several or-
ders of magnitude below the flavour-conserving B(h → µµ̄) ≈
2.3 × 10−4 expected for a 125 GeV SM Higgs. However, we
recall that this strong bound holds under the hypothesis of
SM-like flavour-diagonal couplings for h.

6. Summary

The possible observation of a new particle h with mass around
125 GeV raises the important question of its possible nature: is
it a SM-like Higgs boson, or not? Key answers to this question
will be provided by measurements of the h couplings, and AT-
LAS and CMS have already provided valuable information [1,2] on
its flavour-diagonal couplings (if the h exists). Further informa-
tion could be provided by searches for (and measurements of) its
flavour-changing couplings. In this Letter we have analyzed the
indirect upper bounds on these couplings that are provided by
constraints on flavour-changing and other interactions in both the
quark and lepton sectors.

We have found that in the quark sector the indirect constraints
are so strong, and the experimental possibilities at the LHC so chal-
lenging, that quark flavour-changing decays of the h are unlikely to
be observable.

However, the situation is very different in the lepton sector.
Here the indirect constraints are typically much weaker, and the
experimental possibilities much less challenging. Specifically, we
find that either B(h → τ µ̄ + µ̄τ ) or B(h → τ ē + ēτ ) of order 10%
is a possibility allowed by the available LFV constraints. These large
partial decay rates are the combined result not only of relatively
weak bounds on Higgs-mediated LFV amplitudes involving the τ
lepton, but also of the smallness of the total h decay width for
mh ≈ 125 GeV. Interestingly, these potentially large LFV rates are
comparable to the expected branching ratio for h → τ+τ− in the
SM, which is already close to the sensitivity of the CMS experi-
ment [2]. Therefore the LHC experiments may soon be able to pro-
vide complementary information on the LFV couplings of the (hy-
pothetical) h particle with mass 125 GeV. The decays h → µ̄e, ēµ
are constrained to have very small branching ratios, but their ex-
perimental signatures are so clean that here also the LHC may soon
be able to provide interesting information.

We therefore urge our experimental colleagues to make dedi-
cated searches for these interesting flavour-violating decays of the
possible h particle with mass 125 GeV.

Blankenburg,	  Ellis,	  Isidori,	  1202.5704	  
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If	  only	  one	  Higgs,	  CMS	  result	  can	  be	  interpreted	  	  as	  giving	  bound	  on	  the	  NP	  scale	  	  

Two	  possible	  sources	  of	  non-‐vanishing	  	  yτμ	  	  and	  	  yμτ	  	  	  (	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )	  
a)  If	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  first	  term	  isdifferent	  then	  0	  (NP	  possible	  bellow	  NP	  scale	  
	  	  	  	  	  	  Two	  Higgs	  doublet	  model!)	  
	  	  	  	  	  	  	  In	  single	  Higgs	  theory,	  first	  term	  vanishes	  	  (	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )	  
	  
b)	  If	  the	  first	  term	  vanishes,	  then	  LFV	  Higgs	  decay	  is	  due	  to	  second	  term.	  	  

In the decoupling limit we are considering, the contributions from the heavier Higgses are

power suppressed and can be completely described in terms of higher dimensional operators. The
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We can note immediately the two possible sources of non-vanishing y⌧µ and/or yµ⌧ . In a theory

with multiple Higgs doublets, the first term in the square brackets in Eq. (8) can be non-vanishing

if for at least two terms in the ↵-sum (with non-commuting �↵) x↵ 6= v̄↵. Thus (lepton) flavor

violating Higgs boson interactions are possible even without additional NP contributions above

the EFT cut-off. The simplest example of such a theory, the two Higgs doublet model (THDM)

of type-III has recently been analyzed in this context in Refs. [6, 10] and we consider it in more

detail in Sec. III. On the other hand, in a single Higgs theory only v
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p
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are non-zero so that the first term in the square brackets in Eq. (8) vanishes identically. Thus,

the observation of h ! ⌧µ in this context necessarily implies the presence of the second term in

Eq. (6). In particular, the CMS measurement can be interpreted directly in terms of the effective
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�µ⌫ = i[�µ, �⌫ ]/2, Bµ⌫ and W a
µ⌫ are the hypercharge and weak isospin field strengths, respectively,

and ⌧a are the Pauli matrices. These operators can mediate radiative flavor violating lepton decays

as well as contribute to leptonic anomalous electric and magnetic dipole moments, all of which are

already tightly constrained by experiment. The most stringent constraint comes from the ⌧ ! µ�

decay [17], mediated by the effective Lagrangian
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)/2 and F↵� is the electromag-

netic field strength tensor. The Wilson coefficients cL,R receive comparable one- and two-loop

contributions. In the experimentally justified approximation yµµ ⌧ y⌧⌧ (both assumed real) and

mµ ⌧ m⌧ ⌧ mh, they are given by [17, 22, 23]
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where ytt is the top quark Yukawa with the SM value of ytt = m̄t/v = 0.67 for a MS top mass of

m̄t ' 164GeV. The resulting EFT correlation between B(h ! ⌧µ) in Eq. (3), and B(⌧ ! µ�)

given by
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m5

⌧

64⇡4

�|cL|2 + |cR|2
�
, (15)

is shown in Fig. 3 (diagonal dashed orange line), assuming SM values of all Higgs boson couplings

except y⌧µ and yµ⌧ . In the same plot, the CMS preferred range of B(h ! ⌧µ) in Eq. (1) is displayed

by the horizontal blue band, while the current (B(⌧ ! µ�) < 4.4 ⇥ 10

�8 @ 90% C.L.) [24] and

projected future (B(⌧ ! µ�) < 3 ⇥ 10

�9 @ 90% C.L.) [25] indirect constraints are shaded in

light and dark gray vertical bands, respectively. We observe that within the EFT approach, the

CMS signal is well compatible with the non-observation of ⌧ ! µ� at the B factories and will

marginally remain so even at Belle II. This is in contrast with the situation in most explicit NP

models generating non-zero y⌧µ or yµ⌧ , as we demonstrate in Secs. III–V .

Before going through explicit examples, let us consider the appearance of (lepton) flavor vi-

olating Higgs interactions from a symmetry point of view. In absence of Higgs Yukawa inter-

actions, the SM possesses a large global flavor symmetry GF = SU(3)

5 (where we have omit-

ted the U(1) factors). In particular, the leptons transform as L ⇠ (3, 1), E ⇠ (1, 3) under
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Of course many more possibilities exist at the loop level (e.g. [26, 27]). In practice however, all

such models predicting sizable LFV Higgs interactions necessarily suffer from a severe fine-tuning

problem, if they are to simultaneously avoid the stringent ⌧ ! µ� constraint. We demonstrate this

on an explicit example in Sec. V D. A general heuristic argument however goes as follows. The

operator ¯LHE(H†H) has exactly the same transformation properties under both G` and chiral

transformations of leptons as operators ¯LH(� ·B)E and ¯L⌧aH(� ·Wa)E. Thus, the simultaneous

presence of the former and absence of the latter cannot be protected by a symmetry valid in the low

energy theory. If ¯LHE(H†H) is generated at the loop level, it will necessarily involve charged

states propagating in the loop. These charged states will couple to photons generating in turn cL,R

in Eq. (12) at the same loop level as y⌧µ and yµ⌧ , respectively. The two sets of matching amplitudes

will also exhibit identical dependence on the fundamental flavor parameters of the model. The

resulting expectation cL,R ⇠ 8⇡y⌧µ,µ⌧/vm⌧ is clearly in conflict with existing experimental results,

since a percent level B(h ! ⌧µ) would imply even an order of magnitude bigger B(⌧ ! µ�)!

The accidental cancelation required in the matching procedure for the radiative decay in order to

accommodate both results is thus expected to be approximately one part in 10

3 at the amplitude

level. As we demonstrate in Secs. III, IV and V, these expectations are confirmed in explicit

models.

A. h ! ⌧µ vs. h ! ⌧e

A positive experimental indication for the h ! ⌧µ decay when combined with existing strin-

gent experimental limits on µ� e LFV processes can be used to constrain LFV ⌧ � e processes. In

particular, the product of the h ! ⌧e and h ! ⌧µ branching fractions is constrained from above

by the rates of µ ! e�, and µ� e conversion on nuclei. This is due to the fact that tree level Higgs

decays to ⌧µ (⌧e) depend on yµ⌧,⌧µ (ye⌧,⌧e) while the same sets of couplings contribute at the loop

level to µ ! e� and µ� e conversion via diagrams with a virtual ⌧ .

The contributions to the µ ! e� process stemming from a virtual ⌧ are m⌧ enhanced with

respect to diagrams with intermediate µ or e states [17] leading to
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where we have neglected the effects of the light lepton masses while m⌧ dependence is retained in

its exact form. The coefficient c⌧R is obtained from Eq. (16) by replacing yij ! y⇤ji. The µ ! e�
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FIG. 3. Correlation between B(h ! ⌧µ) and B(⌧ ! µ�) in various NP scenarios. The present experimental

result for B(h ! ⌧µ) is shown in horizontal blue band [3]. Current and future projections for B(⌧ ! µ�)

experimental sensitivity are represented with vertical light [24] and dark [25] gray bands, respectively.

Superimposed are the predictions within the EFT approach (diagonal dashed orange line), in the type-III

THDM (green and black bands), in models with vector-like leptons (diagonal dotted purple line) and in

models with scalar leptoquarks (diagonal red and orange shaded band). See text for details.

G` ⌘ SU(3)L ⇥ SU(3)E 2 GF . In the SM (without neutrino masses), the charged lepton Yukawa

matrix � ⇠ (3, ¯3) is the only source of G` breaking. Consequently all lepton interactions are

flavor conserving in the charged lepton mass basis. Conversely, as also demonstrated explicitly

in Eq. (8), the generation of lepton flavor violating Higgs interactions requires at least two non-

aligned sources of lepton flavor symmetry breaking. At the tree level, there are only two possi-

bilities: (1) one can enlarge the SM scalar sector, such that more than one Higgs doublet couples

to the leptons (corresponding to the first term in Eq. (8)); (2) one can extend the leptonic sector

by vector-like fermions, whose Dirac masses and mixing terms with SM chiral fields can pro-

vide additional sources of G` breaking. This leads to the appearance of the �0 contributions after

integrating out the new heavy fermionic states. Both possibilities are explored in the following

sections. Example of an enlarged Higgs sector is given in Sec. III whereas the vector-like fermion

case is discussed in Sec. IV.
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such models predicting sizable LFV Higgs interactions necessarily suffer from a severe fine-tuning
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accommodate both results is thus expected to be approximately one part in 10

3 at the amplitude
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It	  means	  that	  an	  accidental	  cancella6on	  should	  occur	  in	  the	  amplitude	  of	  the	  	  
radia6ve	  decays	  (of	  the	  order	  10-‐3)!	  

Comment	  on	  	  LFV	  Higgs	  decay	  and	  τ	  radia6ve	  decay:	  	  	  
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µ τ e

µ ! e�

µN ! eN

h ! ⌧µ h ! ⌧e

Correlation with h→τe decay!

B(µ ! e�) ' Bµ!e�
0 (t� ,mA)

�
|✏µ⌧ ✏⌧e|2 + |✏e⌧y⌧µ|2

�
,

B(µ ! e)Au ' Bµe
0 (t� ,mA)

�
|✏e⌧ ✏µ⌧ |2 + |✏⌧e✏⌧µ|2

�

B(h ! ⌧µ)⇥ B(h ! ⌧e) ⇠ B(µ ! e�)

Bµ!e�
0 (t� ,mA)

+
B(µ ! e)Au

Bµe
0 (t� ,mA)

}
Addi6onal	  correla6on:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  and	  μ	  –	  e	  conversion	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  µ ! e�

assump6on:	  hτe	  coupling	  	  is	  nonzero!	  	  
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µ τ e

µ ! e�

µN ! eN

h ! ⌧µ h ! ⌧e

Suppose that hτe is nonzero.

}

B(µ ! e�) ' 185
�
|yµ⌧y⌧e|2 + |y⌧µye⌧ |2

�

B(µ ! e)Au ' 4.67⇥ 10�4
�
|ye⌧yµ⌧ |2 + |y⌧ey⌧µ|2

�

B(h ! ⌧µ)⇥ B(h ! ⌧e) = 7.95⇥ 10�10


B(µ ! e�)

10�13

�
+ 3.15⇥ 10�4


B(µ ! e)Au

10�13

�
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h→μτ  Vs.  h→eτ
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SINDRUM II, μe conv. on Au
< 7×10-13

[Eur.Phys.J. C47, 337 (2006)]

projected Mu2e limit on μe
< 6×10-17

τ→eγ
< 3.3×10-8

[BaBar. PRL104, 021802 (2010)]

0.19

projected	  Mu2e	  limit	  on	  μe	  <	  6	  x	  10-‐17	  

SINDRUM	  II,	  μ	  e	  conversion	  on	  
	  Au;	  EPJC	  47,337	  (2006)	  

BaBar,	  PRL104,021802,	  (2010)	  

allowed	  region	  



1)  Extend	  scalar	  sector:	  	  
	  	  	  	  	  -‐	  2HDM	  type	  III;	  
	  	  	  	  	  -‐	  Scalar	  leptoquarks;	  

2)  Extend	  fermion	  sector:	  vector-‐like	  leptons;	  

3)  LQ	  +	  vector-‐like	  up-‐quark	  (?).	  

FIG. 3. Correlation between B(h ! ⌧µ) and B(⌧ ! µ�) in various NP scenarios. The present experimental

result for B(h ! ⌧µ) is shown in horizontal blue band [3]. Current and future projections for B(⌧ ! µ�)

experimental sensitivity are represented with vertical light [24] and dark [25] gray bands, respectively.

Superimposed are the predictions within the EFT approach (diagonal dashed orange line), in the type-III

THDM (green and black bands), in models with vector-like leptons (diagonal dotted purple line) and in

models with scalar leptoquarks (diagonal red and orange shaded band). See text for details.

G` ⌘ SU(3)L ⇥ SU(3)E 2 GF . In the SM (without neutrino masses), the charged lepton Yukawa

matrix � ⇠ (3, ¯3) is the only source of G` breaking. Consequently all lepton interactions are

flavor conserving in the charged lepton mass basis. Conversely, as also demonstrated explicitly

in Eq. (8), the generation of lepton flavor violating Higgs interactions requires at least two non-

aligned sources of lepton flavor symmetry breaking. At the tree level, there are only two possi-

bilities: (1) one can enlarge the SM scalar sector, such that more than one Higgs doublet couples

to the leptons (corresponding to the first term in Eq. (8)); (2) one can extend the leptonic sector

by vector-like fermions, whose Dirac masses and mixing terms with SM chiral fields can pro-

vide additional sources of G` breaking. This leads to the appearance of the �0 contributions after

integrating out the new heavy fermionic states. Both possibilities are explored in the following

sections. Example of an enlarged Higgs sector is given in Sec. III whereas the vector-like fermion

case is discussed in Sec. IV.
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From	  symmetry	  point	  of	  view,	  LFV	  Higgs	  interac6ons:	  	  	  	  

�µ⌫ = i[�µ, �⌫ ]/2, Bµ⌫ and W a
µ⌫ are the hypercharge and weak isospin field strengths, respectively,

and ⌧a are the Pauli matrices. These operators can mediate radiative flavor violating lepton decays

as well as contribute to leptonic anomalous electric and magnetic dipole moments, all of which are

already tightly constrained by experiment. The most stringent constraint comes from the ⌧ ! µ�

decay [17], mediated by the effective Lagrangian

L
e↵. = cLQL� + cRQR� + h.c. , (12)

where QL,R� = (e/8⇡2

)m⌧ (µ̄�
↵�PL,R⌧)F↵� , PL,R = (1 ⌥ �

5

)/2 and F↵� is the electromag-

netic field strength tensor. The Wilson coefficients cL,R receive comparable one- and two-loop

contributions. In the experimentally justified approximation yµµ ⌧ y⌧⌧ (both assumed real) and

mµ ⌧ m⌧ ⌧ mh, they are given by [17, 22, 23]

c
(1�loop)

L ' 1

m2

h

y⇤⌧µy⌧⌧

✓
�1

3

+

1

4

log

m2

h

m2

⌧

◆
, c

(1�loop)

R ' 1

m2

h

yµ⌧y⌧⌧

✓
�1

3

+

1

4

log

m2

h

m2

⌧

◆
,

(13)

c
(2�loop)

L ' 1

(125GeV)

2

y⇤⌧µ(0.11� 0.082ytt) , c
(2�loop)

R ' 1

(125GeV)

2

yµ⌧ (0.11� 0.082ytt) ,

(14)

where ytt is the top quark Yukawa with the SM value of ytt = m̄t/v = 0.67 for a MS top mass of

m̄t ' 164GeV. The resulting EFT correlation between B(h ! ⌧µ) in Eq. (3), and B(⌧ ! µ�)

given by

B(⌧ ! µ�) =
⌧⌧↵EM

m5

⌧

64⇡4

�|cL|2 + |cR|2
�
, (15)

is shown in Fig. 3 (diagonal dashed orange line), assuming SM values of all Higgs boson couplings

except y⌧µ and yµ⌧ . In the same plot, the CMS preferred range of B(h ! ⌧µ) in Eq. (1) is displayed

by the horizontal blue band, while the current (B(⌧ ! µ�) < 4.4 ⇥ 10

�8 @ 90% C.L.) [24] and

projected future (B(⌧ ! µ�) < 3 ⇥ 10

�9 @ 90% C.L.) [25] indirect constraints are shaded in

light and dark gray vertical bands, respectively. We observe that within the EFT approach, the

CMS signal is well compatible with the non-observation of ⌧ ! µ� at the B factories and will

marginally remain so even at Belle II. This is in contrast with the situation in most explicit NP

models generating non-zero y⌧µ or yµ⌧ , as we demonstrate in Secs. III–V .

Before going through explicit examples, let us consider the appearance of (lepton) flavor vi-

olating Higgs interactions from a symmetry point of view. In absence of Higgs Yukawa inter-

actions, the SM possesses a large global flavor symmetry GF = SU(3)

5 (where we have omit-

ted the U(1) factors). In particular, the leptons transform as L ⇠ (3, 1), E ⇠ (1, 3) under

7

under	  

In	  SM	  (without	  neutrino	  masses)	  	  Yukawa	  matrix	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  is	  the	  	  
only	  source	  of	  	  	  	  	  	  	  	  	  breaking.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

FIG. 3. Correlation between B(h ! ⌧µ) and B(⌧ ! µ�) in various NP scenarios. The present experimental

result for B(h ! ⌧µ) is shown in horizontal blue band [3]. Current and future projections for B(⌧ ! µ�)

experimental sensitivity are represented with vertical light [24] and dark [25] gray bands, respectively.

Superimposed are the predictions within the EFT approach (diagonal dashed orange line), in the type-III

THDM (green and black bands), in models with vector-like leptons (diagonal dotted purple line) and in
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flavor conserving in the charged lepton mass basis. Conversely, as also demonstrated explicitly

in Eq. (8), the generation of lepton flavor violating Higgs interactions requires at least two non-

aligned sources of lepton flavor symmetry breaking. At the tree level, there are only two possi-

bilities: (1) one can enlarge the SM scalar sector, such that more than one Higgs doublet couples

to the leptons (corresponding to the first term in Eq. (8)); (2) one can extend the leptonic sector

by vector-like fermions, whose Dirac masses and mixing terms with SM chiral fields can pro-

vide additional sources of G` breaking. This leads to the appearance of the �0 contributions after

integrating out the new heavy fermionic states. Both possibilities are explored in the following

sections. Example of an enlarged Higgs sector is given in Sec. III whereas the vector-like fermion

case is discussed in Sec. IV.
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At	  tree	  level	  there	  are	  only	  possibili6es:	  



Two	  Higgs	  Doublet	  Model-‐Type	  III	  

Framework	  
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d
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d

◆
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✓
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u

H0
u

◆
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u =

1p
2

�
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�

H0
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1p
2

�
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H2
u = H�

sin�

tan� =
vu
vd

, tan 2↵ = tan 2�
m2

A +m2
Z

m2
A �m2

Z

,

m2
H± = m2

A +m2
W m2

H = m2
A +m2

Z �m2
h

5 physical scalars:
h, H0, H±, A

[Crivellin et al, PRD,87,094031  (2013)]

2 parameters: tan β, mA
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(e.g.	  Branco	  et	  al,	  PR	  516,1;	  
Crivellin	  et	  al,	  PRD87,	  094031)	  

5	  physical	  scalar	  states:	  
H,	  H0,	  H±,	  A	  

2	  parametrers:	  
tanβ,	  mA	  	  
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Couplings	  to	  flavors	  

•  No	  restric6on	  on	  Higgs	  couplings	  to	  fermions;	  

•  Tree	  level	  Higgs	  couplings:	  
	  	  	  	  	  	  -‐	  charged	  and	  FCN	  transi6on	  in	  the	  quark	  sector	  (K,	  D,	  B,	  mixing	  and	  	  rare	  decays)	  
	  	  	  	  	  	  -‐	  lepton	  flavor	  viola6on	  	  	  	  	  	  	  	  	  
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k
d tan� � x
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✓
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◆

L =
yHk
fip
2
Hk

¯̀
L,f `R,i +

yH
+

fip
2
H+⌫̄L,f `R,i + h.c.

Charged Higgs couplings

Neutral Higges couplings

• LFV parameters are εlij

• Type-III THDM: no restrictions on the Higgs couplings to fermions

• Tree-level Higgs couplings exhibit

➡ Charged and FCN currents in the quark sector (K, D, B meson mixing, rare decays)

➡ Lepton Flavor Violation

• Decoupling limit of MSSM
The relevant part of the Yukawa Lagrangian in the charged lepton mass eigenstate basis is [33]

L =

yHk
fip
2

Hk
¯`L,f`R,i +

yH
+

fip
2

H+⌫̄L,f`R,i + h.c. , (22)

where the Yukawa couplings can be written as

yHk
fi = xk

d

m`i

vd
�fi � ✏`fi

�
xk
d tan � � xk⇤

u

�
. (23)

The terms ✏`fi parametrize the off-diagonal charged lepton Yukawa couplings and are free param-

eters of the model. Finally, the coefficients xk
q for Hk = (H, h,A) are given by [33]

xk
u = (� sin↵,� cos↵, i cos �) ,

xk
d = (� cos↵, sin↵, i sin �) .

(24)

In addition to tree level exchanges of neutral Higgses we have loop contributions to FCNCs due

to charged Higgs, whose interactions with leptons are parameterized by the following Yukawa

couplings:

yH
±

fi =

p
2

3X

j=1

sin � V PMNS

fj

✓
m`i

vd
�ji � ✏`ji tan �

◆
. (25)

A. h ! ⌧µ

Using preceding relations, at the tree-level the type-III THDM contributes to the effective Higgs

couplings as

yµ⌧ (⌧µ) =

✏`µ⌧ (⌧µ)p
2

(sin↵ tan � + cos↵) , (26)

and we can translate Eq. (4) into a 1 � two-sided bound on the ✏` parameters

0.0027 < | sin↵ tan � + cos↵|
q
|✏`⌧µ|2 + |✏`µ⌧ |2 < 0.0045 . (27)

For reference we also give the expression for the branching fraction

B(h ! ⌧µ) =
mh

16⇡�h

(sin↵ tan � + cos↵)2
�|✏`µ⌧ |2 + |✏`⌧µ|2

�
. (28)

We show in Fig. 5 the points in the plane spanned by (|✏`⌧µ|2+ |✏`µ⌧ |2)1/2 and mA for which B(h !
⌧µ) = 0.84% when all other Higgs decay rates are held SM-like. Interestingly, the decay exhibits

small dependence on � for large values of tan �. Indeed, an expansion around the decoupling limit

in small ⇠ = m2

Z/m
2

A gives

sin↵ tan � + cos↵ ' �2 tan �(tan2 � � 1)

(tan

2 � + 1)

3/2
⇠

t�!1�! �2m2

Z

m2

A

. (29)

13

The relevant part of the Yukawa Lagrangian in the charged lepton mass eigenstate basis is [33]

L =

yHk
fip
2

Hk
¯`L,f`R,i +

yH
+

fip
2

H+⌫̄L,f`R,i + h.c. , (22)

where the Yukawa couplings can be written as

yHk
fi = xk

d

m`i

vd
�fi � ✏`fi

�
xk
d tan � � xk⇤

u

�
. (23)

The terms ✏`fi parametrize the off-diagonal charged lepton Yukawa couplings and are free param-

eters of the model. Finally, the coefficients xk
q for Hk = (H, h,A) are given by [33]

xk
u = (� sin↵,� cos↵, i cos �) ,

xk
d = (� cos↵, sin↵, i sin �) .

(24)

In addition to tree level exchanges of neutral Higgses we have loop contributions to FCNCs due

to charged Higgs, whose interactions with leptons are parameterized by the following Yukawa

couplings:

yH
±

fi =

p
2

3X

j=1

sin � V PMNS

fj

✓
m`i

vd
�ji � ✏`ji tan �

◆
. (25)

A. h ! ⌧µ

Using preceding relations, at the tree-level the type-III THDM contributes to the effective Higgs

couplings as

yµ⌧ (⌧µ) =

✏`µ⌧ (⌧µ)p
2

(sin↵ tan � + cos↵) , (26)

and we can translate Eq. (4) into a 1 � two-sided bound on the ✏` parameters

0.0027 < | sin↵ tan � + cos↵|
q
|✏`⌧µ|2 + |✏`µ⌧ |2 < 0.0045 . (27)

For reference we also give the expression for the branching fraction

B(h ! ⌧µ) =
mh

16⇡�h

(sin↵ tan � + cos↵)2
�|✏`µ⌧ |2 + |✏`⌧µ|2

�
. (28)

We show in Fig. 5 the points in the plane spanned by (|✏`⌧µ|2+ |✏`µ⌧ |2)1/2 and mA for which B(h !
⌧µ) = 0.84% when all other Higgs decay rates are held SM-like. Interestingly, the decay exhibits

small dependence on � for large values of tan �. Indeed, an expansion around the decoupling limit

in small ⇠ = m2

Z/m
2

A gives

sin↵ tan � + cos↵ ' �2 tan �(tan2 � � 1)

(tan

2 � + 1)

3/2
⇠

t�!1�! �2m2

Z

m2

A

. (29)

13



Charm ’15, WSU, Detroit, 5/19 N. Košnik (UL, JSI)

h→τμ

18

yµ⌧ (⌧µ) =
✏`µ⌧ (⌧µ)p

2

(sin↵ tan� + cos↵)

B(h ! ⌧µ) =
mh

16⇡�h
(sin↵ tan� + cos↵)2

�
|✏`µ⌧ |2 + |✏`⌧µ|2

�

sin↵ tan� + cos↵ ' �2m2
Z

m2
A

�τ/�

ℬ(�→τμ)=����%

���β=�����β=�

200 300 400 500 600 700
0.00

0.02

0.04

0.06

0.08

0.10

mA .(GeV)

(ϵ
τμℓ
� +

ϵ μ
τℓ
� )
�/
�

yµτ
h

µ

τ

Effect decouples for large mA
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We show in Fig. 5 the points in the plane spanned by (|✏`⌧µ|2+ |✏`µ⌧ |2)1/2 and mA for which B(h !
⌧µ) = 0.84% when all other Higgs decay rates are held SM-like. Interestingly, the decay exhibits
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H ! µ⌧

Charm ’15, WSU, Detroit, 5/19 N. Košnik (UL, JSI)

h→τμ

18

yµ⌧ (⌧µ) =
✏`µ⌧ (⌧µ)p

2

(sin↵ tan� + cos↵)

B(h ! ⌧µ) =
mh

16⇡�h
(sin↵ tan� + cos↵)2

�
|✏`µ⌧ |2 + |✏`⌧µ|2

�

sin↵ tan� + cos↵ ' �2m2
Z

m2
A

�τ/�

ℬ(�→τμ)=����%

���β=�����β=�

200 300 400 500 600 700
0.00

0.02

0.04

0.06

0.08

0.10

mA .(GeV)

(ϵ
τμℓ
� +

ϵ μ
τℓ
� )
�/
�

yµτ
h

µ

τ

Effect decouples for large mA

Charm ’15, WSU, Detroit, 5/19 N. Košnik (UL, JSI)

h→τμ

18

yµ⌧ (⌧µ) =
✏`µ⌧ (⌧µ)p

2

(sin↵ tan� + cos↵)

B(h ! ⌧µ) =
mh

16⇡�h
(sin↵ tan� + cos↵)2

�
|✏`µ⌧ |2 + |✏`⌧µ|2

�

sin↵ tan� + cos↵ ' �2m2
Z

m2
A

�τ/�

ℬ(�→τμ)=����%

���β=�����β=�

200 300 400 500 600 700
0.00

0.02

0.04

0.06

0.08

0.10

mA .(GeV)

(ϵ
τμℓ
� +

ϵ μ
τℓ
� )
�/
�

yµτ
h

µ

τ

Effect decouples for large mA

Charm ’15, WSU, Detroit, 5/19 N. Košnik (UL, JSI)

h→τμ

18

yµ⌧ (⌧µ) =
✏`µ⌧ (⌧µ)p

2

(sin↵ tan� + cos↵)

B(h ! ⌧µ) =
mh

16⇡�h
(sin↵ tan� + cos↵)2

�
|✏`µ⌧ |2 + |✏`⌧µ|2

�

sin↵ tan� + cos↵ ' �2m2
Z

m2
A

�τ/�

ℬ(�→τμ)=����%

���β=�����β=�

200 300 400 500 600 700
0.00

0.02

0.04

0.06

0.08

0.10

mA .(GeV)

(ϵ
τμℓ
� +

ϵ μ
τℓ
� )
�/
�

yµτ
h

µ

τ
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For	  large	  tan	  β,	  effect	  decouples	  	  
(	  large	  mA).	  

small	  dependence	  on	  large	  tan	  β	  	  



Constraints	  from	  	  ⌧ ! µ�
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Tau LFV decays
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τ

H+

ν µ

H+

τ

H0
k

τ µ

H0
k

yττ yτµ

A1-loop ~ (LFV Yukawa) * (tiny LFC Yukawa)

ABarr-Zee ~ (LFV Yukawa) * (loop suppression) [Chang et al, PRD48, 217(1993)]

*Missing contributions at 2-loops with H+ mediator

Dominant Barr-Zee contributions

At	  one	  loop	  	  level	  amplitude	  is	  propor6onal	  	  to	  product	  of	  small	  Yukawa	  
and	  LFV	  coupling.	  
	  

Barr-‐Zee	  contribu6on	  dominant!	  	  

Chang	  et	  al.,	  PRD48,	  217	  	  

Charm ’15, WSU, Detroit, 5/19 N. Košnik (UL, JSI)

Tau LFV radiative decay

12

• Constraint from τ→μγ

Comparable 1-loop and Barr-Zee contributions

τ

τ

µ

t

τ

τ

µ

y⌧µ

y⌧µ

[Harnik, Kopp, Zupan, JHEP 1303, 026]
[Goudelis, Lebedev,  Park, Phys.Lett. B707, 369 ]
[Blankenburg, Ellis, Isidori, Phys.Lett. B712, 386]



Charm ’15, WSU, Detroit, 5/19 N. Košnik (UL, JSI)

LFV correlations
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ττ 

fre
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µ
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=
1.
02
+
0.
21

�0
.2
0

[CMS ’14, ATLAS ‘15]

Works up to mA ~ 0.5 TeV

works	  up	  to	  mA~	  0.5	  TeV	  

are [33]
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The suppression of the above result by two small Yukawa couplings is relaxed at the two-loop

level, where Barr-Zee type diagrams require only a single LFV Yukawa coupling along with ytt.

Therefore the contributions of the neutral Higgses at the two-loop level can dominate over the

one-loop result. Here we employ the Barr-Zee contributions due to neutral Higgses calculated

for µ ! e� in Ref. [37] and adapted to ⌧ ! µ� in Appendix B1. The 2-loop contributions to

B(⌧ ! µ�) involve exactly the same combination of ✏` elements as B(h ! ⌧µ) in Eq. (28).

For the charged Higgs contributions to the best of our knowledge no complete calculation exists

in the literature. A partial result with the charged Higgs contribution inducing the H0

k��
⇤ or

H0

k�Z
⇤ vertices has been presented in Ref. [35]. However, the diagrams with an effective H±W⌥�

coupling via loop of t and b are still missing. In the following we use the known partial results

to estimate the order of magnitude of the constraint. The missing contributions could potentially

further strengthen the ⌧ ! µ� bound but are not expected to substantially weaken it.

In order to explore the nontrivial correlation between the B(h ! ⌧µ) and B(⌧ ! µ�) we

sample the parameter space of ✏`⌧µ, ✏`µ⌧ , ✏`⌧⌧ for a specific choice of tan � and mA. The ranges

allowed for ✏`⌧µ,µ⌧ are required to fulfill the naturalness criterium of Eq. (11)

|✏`µ⌧ ✏`⌧µ| <
mµm⌧

v2/2
(sin↵ tan � + cos↵)�2 , (32)

and that each of the effective couplings is within the perturbative range

|✏`µ⌧,⌧µ| <
p
4⇡

p
2| sin↵ tan � + cos↵|�1 . (33)

The 1-loop amplitude of the ⌧ ! µ� process further depends on the diagonal yh⌧⌧ Yukawa

coupling which is experimentally constrained by the searches for h ! ⌧⌧ decays within ATLAS

and CMS experiments. In fact both collaborations report strong evidence for the existence of

this mode with the signal strengths (normalized to SM expectations) µ⌧⌧
= 1.43+0.43

�0.37 and µ⌧⌧
=

0.78±0.27, observed by ATLAS [38] and CMS [39], respectively. In the following we use a naı̈ve

15

“naturalness”	  condi6on	  fulfilled:	  
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The suppression of the above result by two small Yukawa couplings is relaxed at the two-loop

level, where Barr-Zee type diagrams require only a single LFV Yukawa coupling along with ytt.

Therefore the contributions of the neutral Higgses at the two-loop level can dominate over the
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this mode with the signal strengths (normalized to SM expectations) µ⌧⌧
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The suppression of the above result by two small Yukawa couplings is relaxed at the two-loop

level, where Barr-Zee type diagrams require only a single LFV Yukawa coupling along with ytt.

Therefore the contributions of the neutral Higgses at the two-loop level can dominate over the

one-loop result. Here we employ the Barr-Zee contributions due to neutral Higgses calculated

for µ ! e� in Ref. [37] and adapted to ⌧ ! µ� in Appendix B1. The 2-loop contributions to

B(⌧ ! µ�) involve exactly the same combination of ✏` elements as B(h ! ⌧µ) in Eq. (28).
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15



Charm ’15, WSU, Detroit, 5/19 N. Košnik (UL, JSI)
22

B(h ! ⌧e) < 6⇥ 10�6

(taking central value for h→τμ)

h→μτ  Vs.  h→eτ

SINDRUM II, μe conv. on Au
< 7×10-13

and 
MEG μ→eγ  <5.7×10-13

[Eur.Phys.J. C47, 337 (2006)]

[PRL110, 201801 (2013)]

From	  SINDRUMII	  μ	  -‐	  e	  	  
conversion	  on	  AU	  	  
EPJC47,337;	  
and	  MEG	  	  1303.0754	  
	  
	  	  
B(µ ! e�) < 5.7⇥ 10�13

(taking	  central	  value	  of	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )	  h ! ⌧µ



Extended	  fermionic	  sector:	  vector-‐like	  leptons	  

Vector-‐like	  	  fermions	  appear	  in	  some	  GUT	  or	  in	  scenarios	  with	  compositeness	  	  	  	  

replacements. Ultimately, the observables depend on t� ⌘ tan �, mA, and the LFV parameters

✏`ij , where dependence on the first two parameters can be absorbed into an overall coefficient:

B(µ ! e�) ' Bµ!e�
0

(t�,mA)
�|✏µ⌧ ✏⌧e|2 + |✏e⌧y⌧µ|2

�
, Bµ!e�

0

(t� = 10,mA = 0.5 TeV) = 2.67 ,

B(µ ! e)
Au

' Bµe
0

(t�,mA)
�|✏e⌧ ✏µ⌧ |2 + |✏⌧e✏⌧µ|2

�
, Bµe

0

(t� = 10,mA = 0.5 TeV) = 0.037 .

(35)

Tree level LFV Higgs decays h ! ⌧µ and h ! ⌧e are still properly described in the effective

framework of Eq. (26). In contrast with what has been found in the effective framework (c.f.

Eq. (19)), the sensitivity to ✏`ij is now similar in both low energy observables. Also, the coefficients

Bµ!e�,µe
0

now have a strong dependence on tan � and mA. Finally, Higgs decays are suppressed

by a projection factor so that

B(h ! ⌧µ)⇥ B(h ! ⌧e) =


mh

16⇡�h

�
2

(sin↵ tan � + cos↵)4
✓ B(µ ! e�)

Bµ!e�
0

(t�,mA)
+

B(µ ! e)
Au

Bµe
0

(t�,mA)

◆
.

(36)

These features suppress the h ! ⌧e process very stringently in the type-III THDM model:

B(h ! ⌧e) < 6⇥ 10

�6

; mA > 0.3 TeV , tan � > 2 . (37)

The above bound is monotonically decreasing with tan � and mA as can be seen on Fig. 4. Note

that at the projected sensitivity of the Mu2e experiment, the right hand side of Eq. (36) would

start to be dominated by the µ ! e� constraint, so an improvement expected from the planned

MEG upgrade (MEGII) [41] will be essential in this context, as can be seen by comparing the two

bottom-most dashed contours in the plot.

IV. VECTOR-LIKE LEPTONS

In this section we discuss the possibility of generating sizable LFV Higgs couplings by mixing

the SM chiral leptons with new vector-like leptons (VLLs). Such states can appear in the low

energy spectra of grand unified theories [42–46] and are predicted to exist in composite Higgs

scenarios with partial compositeness [47–50]. In this setting the chiral leptons obtain additional

couplings to the Higgs by mixing with the heavy vector-like leptons.

We first consider the addition of VLLs in a single vectorial representation of the SM gauge

group SU(3)c ⇥ SU(2)L ⇥U(1)Y , i.e. (1, 2)
1/2 � (1, 2)

�1/2 or (1, 1)
1

� (1, 1)
�1

. In this case one
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• Chiral leptons get additional Higgs couplings through mixing with VL leptons:

�LV LL = �  ̄
EH(1� �5) 

L + �̃  ̄
EH(1 + �5) 

L

+M 

�
�eĒ 

E + �lL̄ 
L + CL ̄

L L + CR ̄
E E

�
+ h.c.

mass terms of VL leptonsmixings

VL Yukawas

 

L
transforms as (1, 2)1/2 � (1, 2)�1/2

 

E
transforms as (1, 1)1 � (1, 1)�1

• Yukawas with chiral leptons are obtained when VL leptons are integrated out: 

A single LFV Yukawa matrix: ✏ =
8v2

M2
 

�lC
�1
L � C

�1
R �̃ C

�1
L � C

�1
R �e

[Falkowski et al, JHEP1405, 092 (2014)]

B(h ! ⌧µ)

B(⌧ ! µ�)
=

4⇡

3↵

B(h ! ⌧+⌧�)SM
B(⌧ ! µ⌫̄⌫)SM

⇡ 2⇥ 102one-to-one correlation:

either	  weak	  doublet	  (L)	  or	  	  
singlet	  (E)	  

can prove [51] that LFV Higgs couplings are directly related to LFV Z-boson couplings

LZ
LFV

=

g

2cW

�
Xij

¯`iL�
µ`jL � Yij

¯`iR�
µ`jR

�
Zµ , (38)

where g ' 0.65 and cW ⌘ cos ✓W ' 0.88 are the weak isospin gauge coupling and the cosine of

the weak mixing angle, respectively. In particular one obtains a relation yij = (mj/v)(Xij � Yij) .

Severe constraints on X⌧µ,µ⌧ , Y⌧µ,µ⌧
<⇠ 10

�3 from searches for ⌧ ! 3µ [52] then preclude any

sizable contributions to B(h ! ⌧µ) .3 De-correlating LFV Higgs and Z boson couplings requires

the introduction of VLLs in both SM gauge representations ( E, L) mixing with chiral leptons

� LV LL = �
 

¯

 

EH(1� �
5

) 

L
+

˜�
 

¯

 

EH(1 + �
5

) 

L

+M
 

�
�e

¯E E
+ �l

¯L L
+ CL

¯

 

L
 

L
+ CR

¯

 

E
 

E
�
+ h.c. . (39)

Integrating out the vector-like states one finds the LFV Higgs and Z boson couplings can now be

completely de-correlated in the limit where the direct couplings of chiral fermions to the Higgs

vanish, and the SM leptons obtain their masses exclusively through mixing with VLLs in Eq. (39).

In particular the lepton flavor off-diagonal Higgs Yukawas in Eq. (7) are then of the form [54]

✏ =
8v2

M2

 

�lC
�1

L �
 

C�1

R
˜�
 

C�1

L �
 

C�1

R �e . (40)

All the LFV phenomena are driven by this contribution and one can derive a one-to-one correlation

between tree-level Higgs decay h ! ⌧µ and the 1-loop radiative decay ⌧ ! µ� [54]

B(h ! ⌧µ)

B(⌧ ! µ�)
=

4⇡

3↵

B(h ! ⌧+⌧�)
SM

B(⌧ ! µ⌫̄⌫)
SM

⇡ 2⇥ 10

2 . (41)

The 1-loop suppression factor of ⌧ ! µ� is not small enough to evade the experimental upper

bound and at the same time accommodate the h ! ⌧µ at the percent level, as illustrated by a

pink-dotted line in Fig. 3.

V. SCALAR LEPTOQUARKS

A scalar leptoquark state (LQ) can induce h ! ⌧µ decay via quark-LQ penguin diagrams.

This type of diagrams requires a helicity flip on one of the fermion lines. One therefore expects

suppressed amplitude when all the fermions are substantially lighter than v. It turns out that size

3 A similar conclusion can be drawn in the case of weak-isospin triplet Majorana fermions, appearing in Type-III

see-saw models of neutrino masses [53].
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Integrating out the vector-like states one finds the LFV Higgs and Z boson couplings can now be

completely de-correlated in the limit where the direct couplings of chiral fermions to the Higgs

vanish, and the SM leptons obtain their masses exclusively through mixing with VLLs in Eq. (39).

In particular the lepton flavor off-diagonal Higgs Yukawas in Eq. (7) are then of the form [54]
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All the LFV phenomena are driven by this contribution and one can derive a one-to-one correlation

between tree-level Higgs decay h ! ⌧µ and the 1-loop radiative decay ⌧ ! µ� [54]
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The 1-loop suppression factor of ⌧ ! µ� is not small enough to evade the experimental upper

bound and at the same time accommodate the h ! ⌧µ at the percent level, as illustrated by a

pink-dotted line in Fig. 3.

V. SCALAR LEPTOQUARKS

A scalar leptoquark state (LQ) can induce h ! ⌧µ decay via quark-LQ penguin diagrams.

This type of diagrams requires a helicity flip on one of the fermion lines. One therefore expects

suppressed amplitude when all the fermions are substantially lighter than v. It turns out that size

3 A similar conclusion can be drawn in the case of weak-isospin triplet Majorana fermions, appearing in Type-III

see-saw models of neutrino masses [53].
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Integrating out the vector-like states one finds the LFV Higgs and Z boson couplings can now be

completely de-correlated in the limit where the direct couplings of chiral fermions to the Higgs

vanish, and the SM leptons obtain their masses exclusively through mixing with VLLs in Eq. (39).

In particular the lepton flavor off-diagonal Higgs Yukawas in Eq. (7) are then of the form [54]
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All the LFV phenomena are driven by this contribution and one can derive a one-to-one correlation

between tree-level Higgs decay h ! ⌧µ and the 1-loop radiative decay ⌧ ! µ� [54]
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The 1-loop suppression factor of ⌧ ! µ� is not small enough to evade the experimental upper

bound and at the same time accommodate the h ! ⌧µ at the percent level, as illustrated by a

pink-dotted line in Fig. 3.

V. SCALAR LEPTOQUARKS

A scalar leptoquark state (LQ) can induce h ! ⌧µ decay via quark-LQ penguin diagrams.

This type of diagrams requires a helicity flip on one of the fermion lines. One therefore expects

suppressed amplitude when all the fermions are substantially lighter than v. It turns out that size

3 A similar conclusion can be drawn in the case of weak-isospin triplet Majorana fermions, appearing in Type-III

see-saw models of neutrino masses [53].
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A scalar leptoquark state (LQ) can induce h ! ⌧µ decay via quark-LQ penguin diagrams.
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In	  B	  physics	  there	  are	  three	  puzzles:	  
	  

RD(⇤) =
BR(B ! D(⇤)⌧⌫⌧ )

BR(B ! D(⇤)µ⌫µ)

B ! K⇤µ+µ�2)	  	  P5’	  in	  	  

1)	  

3)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  in	  the	  dilepton	  invariant	  mass	  bin	  	  

Vector leptoquark resolution of RK and RD(⇤) puzzles

Svjetlana Fajfer⇤

Department of Physics, University of Ljubljana, Jadranska 19, 1000 Ljubljana, Slovenia and
J. Stefan Institute, Jamova 39, P. O. Box 3000, 1001 Ljubljana, Slovenia

Nejc Košnik†

J. Stefan Institute, Jamova 39, P. O. Box 3000, 1001 Ljubljana, Slovenia
(Dated: November 20, 2015)

We propose that both anomalies in B meson decays, RD(⇤) and RK might be explained by only
one vector leptoquark weak triplet state. The constraints on the parameter space are obtained by
considering t ! b⌧⌫⌧ data, lepton flavor universality tests in the kaon sector, bounds on the lepton
flavor violating decay B ! Kµ⌧ , and b ! cµ⌫µ decays. The presence of such vector leptoquark
could be exposed in precise measurements of top semitauonic decays to b quark. The model predicts
that LFU ratio RK⇤ in B ! K⇤`+`� decays is larger than RK .

I. INTRODUCTION

Although LHC has not found yet any particles not present in the Standard Model (SM), low-energy precision
experiments in B physics pointed out a few puzzling results. Namely, we are witnessing persistent indications of
disagreement with the SM prediction of lepton flavor universality (LFU) ratio in the ⌧/µ and ⌧/e sector. In the case

of ratio RD(⇤) = �(B!D(⇤)⌧⌫)
�(B!D(⇤)`⌫)

[1–6], the deviation from the SM is at 3.5� level [7] and has attracted a lot of attention

recently [8, 9]. Since the denominator of these ratios are the well measured decay rates with light leptons in the final
states, ` = e, µ, the most obvious interpretation of RD(⇤) results are in terms of new physics a↵ecting semileptonic
b ! c⌧⌫ processes [10].

The second group of observables, testing rare neutral current processes with flavor structure (s̄b)(µ+µ�) also indicate
anomalous behaviour [11–21]. Decay B ! K⇤µ+µ� deviates from the SM in the by-now-famous P 0

5

angular observable
at the confidence level of above 3� [22]. If interpreted in terms of new physics, all analyses point to modifications of
the leptonic vector current, which is also subject to large uncertainties due to nonlocal QCD e↵ects. However, several
studies have shown that even with generous errors assigned to QCD systematic e↵ects, the anomaly is not washed
away [23]. Furthermore, the sizable violation of LFU in the ratio RK = �(B!Kµµ)

�(B!Kee) in the dilepton invariant mass

bin 1 GeV2  q2  6 GeV2, has been established at 2.6�. This ratio is largely free of theoretical uncertainties and
experimental systematics, deviates in the muon channel consistently with the deviation in B ! Kµ+µ�. Strikingly
enough all these disagreements were observed in the B meson decays to the leptons of the second and third generation.
As pointed out in [10] lepton flavour universality has been tested at percent level and are in the case of pion and kaon
in excellent agreement with the SM predictions. It has been already suggested that scalar leptoquark might account
for this anomalous behaviour in many works [7, 12, 14, 24–27].

Many models of New Physics (NP) [1–6, 8, 9, 11–21, 27] have been employed to explain either RK and P 0
5

anomalies
or RD(⇤) . Reference [15] suggested that RK and P 0

5

can be explained if NP couples only to the third generations of
quarks and leptons. Similarly, the authors of [9] suggested that both RD(⇤) and RK anomalies can be correlated if the
e↵ective four-fermion semileptonic operators consist of left-handed doublets. The model of [28] proposed existence
of an additional weak bosonic triplet and falls in the category of weak doublet fermions coupling to the weak triplet
bosons, which then can explain all three B meson anomalies. Among the NP proposals a number of them suggest

that one scalar leptoquark accounts for either R(⇤)
D or RK anomalies. Howerer, in the recent paper [7] both deviations

were addressed by a single scalar leptoquark with quantum numbers (3, 1,�1/3) in such a way that RD(⇤) anomalies
is explained at the tree level, while RK only at loop level. This leptoquark scalar, unfortunately can couple to diquark
state too and therefore it potentially leads to proton decay. One may impose that this dangerous coupling vanishes,
but such a scenario is not easily realised within any GUT approach.

In this paper, we extend the SM by a vector SU(2) triplet leptoquark, which accomplishes both of the above
requirements by generating purely left handed currents with quarks and leptons. Furthermore, the triplet nature
of the state connects the above mentioned anomalies with the rare decay modes of B mesons to a final states with

⇤
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could be exposed in precise measurements of top semitauonic decays to b quark. The model predicts
that LFU ratio RK⇤ in B ! K⇤`+`� decays is larger than RK .

I. INTRODUCTION

Although LHC has not found yet any particles not present in the Standard Model (SM), low-energy precision
experiments in B physics pointed out a few puzzling results. Namely, we are witnessing persistent indications of
disagreement with the SM prediction of lepton flavor universality (LFU) ratio in the ⌧/µ and ⌧/e sector. In the case

of ratio RD(⇤) = �(B!D(⇤)⌧⌫)
�(B!D(⇤)`⌫)

[1–6], the deviation from the SM is at 3.5� level [7] and has attracted a lot of attention

recently [8, 9]. Since the denominator of these ratios are the well measured decay rates with light leptons in the final
states, ` = e, µ, the most obvious interpretation of RD(⇤) results are in terms of new physics a↵ecting semileptonic
b ! c⌧⌫ processes [10].

The second group of observables, testing rare neutral current processes with flavor structure (s̄b)(µ+µ�) also indicate
anomalous behaviour [11–21]. Decay B ! K⇤µ+µ� deviates from the SM in the by-now-famous P 0

5

angular observable
at the confidence level of above 3� [22]. If interpreted in terms of new physics, all analyses point to modifications of
the leptonic vector current, which is also subject to large uncertainties due to nonlocal QCD e↵ects. However, several
studies have shown that even with generous errors assigned to QCD systematic e↵ects, the anomaly is not washed
away [23]. Furthermore, the sizable violation of LFU in the ratio RK = �(B!Kµµ)

�(B!Kee) in the dilepton invariant mass

bin 1 GeV2  q2  6 GeV2, has been established at 2.6�. This ratio is largely free of theoretical uncertainties and
experimental systematics, deviates in the muon channel consistently with the deviation in B ! Kµ+µ�. Strikingly
enough all these disagreements were observed in the B meson decays to the leptons of the second and third generation.
As pointed out in [10] lepton flavour universality has been tested at percent level and are in the case of pion and kaon
in excellent agreement with the SM predictions. It has been already suggested that scalar leptoquark might account
for this anomalous behaviour in many works [7, 12, 14, 24–27].

Many models of New Physics (NP) [1–6, 8, 9, 11–21, 27] have been employed to explain either RK and P 0
5

anomalies
or RD(⇤) . Reference [15] suggested that RK and P 0

5

can be explained if NP couples only to the third generations of
quarks and leptons. Similarly, the authors of [9] suggested that both RD(⇤) and RK anomalies can be correlated if the
e↵ective four-fermion semileptonic operators consist of left-handed doublets. The model of [28] proposed existence
of an additional weak bosonic triplet and falls in the category of weak doublet fermions coupling to the weak triplet
bosons, which then can explain all three B meson anomalies. Among the NP proposals a number of them suggest

that one scalar leptoquark accounts for either R(⇤)
D or RK anomalies. Howerer, in the recent paper [7] both deviations

were addressed by a single scalar leptoquark with quantum numbers (3, 1,�1/3) in such a way that RD(⇤) anomalies
is explained at the tree level, while RK only at loop level. This leptoquark scalar, unfortunately can couple to diquark
state too and therefore it potentially leads to proton decay. One may impose that this dangerous coupling vanishes,
but such a scenario is not easily realised within any GUT approach.

In this paper, we extend the SM by a vector SU(2) triplet leptoquark, which accomplishes both of the above
requirements by generating purely left handed currents with quarks and leptons. Furthermore, the triplet nature
of the state connects the above mentioned anomalies with the rare decay modes of B mesons to a final states with

⇤
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of LQ Yukawa couplings must then be well beyond the perturbative regime to result in B(h ! ⌧µ)

at the percent level. In this respect, only LQ states that couple to charged leptons and top quark

are suitable candidates that will be studied in what follows. Inspection of helicity structure of the

diagrams reveals that both left and right chiralities of leptons and top quark have to couple to the

LQ state.

The physical Higgs can couple to the scalar � or to the top quark as shown in the first two

diagrams in Fig. 6. While the strength of the coupling relevant for the latter process is fixed by

the top Yukawa, the former process depends on an unknown hLQLQ coupling, �v, that originates

from the marginal “Higgs portal” operator,

L 3 ��H†H�

†

� . (42)

Here � is the scalar LQ and H is the SM Higgs doublet.

A. The �

1

= (3,1,�1/3) case

The Yukawa couplings of �
1

are given by the following Lagrangian

L
�1 = yLij

¯Qi,a
�

1

✏abLC j,b
+ yRij

¯U i
�

1

EC j
+ h.c. , (43)

where Qi
= (ui

L, d
i
L)

T and U i
= ui

R are the quark weak doublets and up-type singlets, respectively.

We explicitly show flavor indices i, j = 1, 2, 3, and SU(2) indices a, b = 1, 2, with ✏
12

= 1. Also,

here yLij and yRij are elements of arbitrary complex 3⇥3 Yukawa coupling matrices. After expanding

the SU(2) indices, we obtain

L
�1 = yLijū

i
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C j
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� (V †
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yLV
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)ij
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C j
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i
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+ h.c., (44)

where V
CKM

and V
PMNS

represent Cabibbo-Kobayashi-Maskawa and Pontecorvo-Maki-Nakagawa-

Sakata mixing matrices, respectively. All fields in Eq. (44) are specified in the mass eigenstate
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Top-‐Yukawa	  coupling	  

•  	  Loop	  induced	  	  LFV;	  
•  Need	  top-‐quark	  mass	  chiral	  enhancement:	  non-‐chiral	  LQ!	  

•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  enhanced	  in	  the	  same	  way	  as	  	  ⌧ ! µ� H ! ⌧µ
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basis. The Wilson coefficients of the h ! ⌧µ effective Lagrangian (3) are obtained after summing

the diagrams in Fig. 6
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where Nc = 3 is the number of colors. The relevant loop function further depends on the portal

coupling �,
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given in terms of Passarino-Veltman functions B
0

and C
0

4. The h ! ⌧µ decay width in the �

1

LQ scenario is then given by
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The state �

1

also contributes to the ⌧ ! µ� through leptoquark Yukawas present in h ! ⌧µ.

The Wilson coefficients of effective Lagrangian introduced in Eq. (12) are
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, in agreement with [56]. The ⌧ ! µ� branching fraction in presence of �

1

depends on identical Yukawa combination as the h ! ⌧µ decay rate:
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Additional constraints on the model parameters can also come from the measurements of (g �
2)µ and the electroweak precision observables, i.e. B(Z ! b¯b). The �

1

contribution to the former

is dominated by the coupling combination yLtµy
R
tµ which can always be suppressed. For the Z ! b¯b

the presence of �
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will modify the effective coupling �gbL, defined as:
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Here g is the SU(2)L gauge coupling, ✓W is the Weinberg angle. gbL,R are the SM effective cou-

plings including the electroweak radiative corrections, while �gbL,R parameterize contributions that

originate from beyond the SM. The LQ state �
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contributes to �gbL through loops with neutrinos,
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4 We disagree with the result of Ref. [55] where the authors employed a subtraction at kinematical point mh = 0 to

render the h ! ⌧µ amplitude finite.
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FIG. 7. (Left-hand side panel) Higgs branching ratio to ⌧µ final state in the presence of scalar leptoquarks

�

1

= (3,1,�1/3) and �

2

= (3,2,7/6) with Higgs portal coupling � set to zero. (Right-hand side panel)

⌧ ! µ� constraints. The �

1

(�
2

) case is rendered in dashed (solid) line. The following transformation

needs to be applied when going from the �

1

to the �

2

case: yLij ! yLji.

Here, N
�

i is the number of �i components in the weak multiplet �. C(r
�

) is the index of color

representation r
�

of � and for the triplet (C(3) = 1/2). We consider heavy enough colored

scalars such that the loop function is in the decoupling limit. Similarly, the modified h ! ��

decay width, normalized to its SM value, is given by

�h!��

�

SM
h!��

= |ĉ�|2, where ĉ� = 1� 0.025
�v2

m2

�

d(r
�

)

X

i

Q2

�

i . (56)

The sum in Eq. (56) runs over all weak components of the SU(2)L multiplet. d(r
�

) and Q
�

i are

the dimension of the color representation of � and the electric charges of weak �

i components,

respectively. We fit the latest LHC Higgs data (including the CMS signal of h ! ⌧µ) taking �

and leptoquark Yukawa couplings as free parameters. The result for the �
1

LQ model is shown in

Fig. 8. The preferred regions at 1 � and 2 � are rendered in solid pink and dashed pink, respectively.

If besides the � and leptoquark Yukawa couplings, we also allow other Higgs couplings to vary

(see Appendix A) we instead get the dark and light grey regions at 1 � and 2 � levels, respectively.

The correlation between the h ! ⌧µ and ⌧ ! µ� branching ratios in presence of the

(3, 1,�1/3) leptoquark state for |�| < 1 and m
�1 > 600 GeV is depicted in Fig. 3 with a

pink stripe.
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(3,2,7/6)	  Leptoquark	  

Allowed values for the Higgs portal coupling � can be inferred from a global fit to the Higgs data

as has been done for the portal coupling of the (3, 1,�1/3) state. (See Fig. 8.) We do not attempt

to repeat the same procedure for the state (3, 2, 7/6) since we do not expect a drastic change in the

allowed range of �.

The Wilson coefficients for ⌧ ! µ� are again proportional to the couplings responsible for

h ! ⌧µ:
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�2
and agree with the formulas presented in [56]. Finally, the corresponding

branching fraction is given by
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As in the case of the �

1

leptoquark, contributions to the muon anomalous magnetic moment

(g�2)µ are proportional to yRtµy
L
µt and can be always suppressed. On the other hand, contributions

of �

2

enter the Z ! b¯b via positive contributions to �gbL that can actually help in easing the

tension with the experimental data [59]. Most importantly, these observables do not constrain

large possible �

1

effects in h ! ⌧µ .

In the left-hand (right-hand) side panel of Fig. 7 we show the B(h ! ⌧µ) (B(⌧ ! µ�)) de-

pendence on the leptoquark Yukawa couplings for the �

2

LQ case with the Higgs portal coupling

turned off and taking m
�2 = 650 GeV. Also in this leptoquark scenario the bound on B(⌧ ! µ�)

excludes sizable B(h ! ⌧µ) due to the strict correlation between the two observables. See the

orange stripe in Fig. 3, where the portal coupling is restricted to |�| < 1.

D. Fine-tuning solution

In this section we give an example of a phenomenologically viable model with fine-tuning.

We add to the SM a scalar leptoquark �

1

= (3,1,�1/3) and a vector-like top quark partner

T 0

L, T
0

R = (3,1,2/3). In the following, the top partner will mix with the SM top quark. In full

generality, the relevant Lagrangian is given by [51]

� L � ytq̄
0
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˜Ht0R + yT q̄
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˜HT 0

R +MT
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After EWSB, the mass eigenstate fields t and T are obtained after rotating t0 and T 0 with left- and

right-handed mixing angles, ✓L and ✓R. In the phenomenologically viable limit of a heavy top
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FIG. 8. Fit to the latest available LHC Higgs data including the CMS h ! ⌧µ measurement.

C. The �
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= (3,2,7/6) case

The Yukawa couplings of the �
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leptoquark to SM fermions are
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where we explicitly show the flavor indices i, j = 1, 2, 3, and SU(2) indices a, b = 1, 2. yL and

yR in Eq. (57) are arbitrary complex 3⇥ 3 Yukawa matrices. In the mass eigenstate basis we have
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where a superscript on �

2

denotes the electric charge of a given SU(2) doublet component. Note

that only the �

5/3
2

state couples to charged leptons and the top quark and thus contributes to

h ! ⌧µ decay via virtual top quark. Due to the weak-doublet nature, this state has an additional

Higgs portal operator of the form (H†

�) (�

†H) that does not induce �5/3
2

coupling to the physical

Higgs field. The effective h⌧µ couplings are
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where the loop function g
1

has been introduced in the previous section. The h ! ⌧µ decay rate is

then

�(h ! ⌧µ) =
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. (60)

23

FIG. 8. Fit to the latest available LHC Higgs data including the CMS h ! ⌧µ measurement.

C. The �

2

= (3,2,7/6) case

The Yukawa couplings of the �

2

leptoquark to SM fermions are

L
�2 = yLij ¯E

i
�

a ⇤
2

Qj,a � yRij ¯U
i
�

a
2

✏abLj,b
+ h.c., (57)

where we explicitly show the flavor indices i, j = 1, 2, 3, and SU(2) indices a, b = 1, 2. yL and

yR in Eq. (57) are arbitrary complex 3⇥ 3 Yukawa matrices. In the mass eigenstate basis we have

L
�2 = yLij

¯`iRd
j
L�

2/3 ⇤
2

+ (yLV †

CKM

)ij
¯`iRu

j
L�

5/3 ⇤
2

+ (yRV
PMNS

)ijū
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i
R`

j
L�

5/3
2

+ h.c.,

(58)

where a superscript on �

2

denotes the electric charge of a given SU(2) doublet component. Note

that only the �

5/3
2

state couples to charged leptons and the top quark and thus contributes to

h ! ⌧µ decay via virtual top quark. Due to the weak-doublet nature, this state has an additional

Higgs portal operator of the form (H†

�) (�

†H) that does not induce �5/3
2

coupling to the physical

Higgs field. The effective h⌧µ couplings are

y⌧µ (µ⌧) =
Nc

16⇡2

mt

v
g
1

(�,m
�2) y

L⇤
µt y

R⇤

t⌧

�
yL⇤⌧ t y

R⇤

tµ

�
, (59)

where the loop function g
1

has been introduced in the previous section. The h ! ⌧µ decay rate is

then

�(h ! ⌧µ) =
9mhm

2

t

2

13⇡5v2
|g

1

(�,m
�2)|2

�|yLµtyRt⌧ |2 + |yL⌧ tyRtµ|2
�
. (60)

23

Good	  candidate	  	  to	  explain	  RD(*)	  	  anomaly	  (Doršner,	  SF,	  Košnik,	  arXiv:1306.6493	  ),	  	  
cannot	  destabilize	  proton;	  
	  



�Δ� = �Δ� = ��� ���

Δ2Δ1

10-5 10-4 0.001 0.010 0.100 1

10-9

10-6

10-3

(����� ���� �� +����� ���� �� )�/�

ℬ
(τ
→
μγ

)

CMS 1σ

�Δ� = �Δ� = ��� ���� λ = �

Δ2
Δ1

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0.0

0.5

1.0

1.5

2.0

( ��μ� ��τ� � + ��τ� ��μ� � )�/�

ℬ
(�
→
τμ
)[
%
]





Fine-‐tuning	  solu6on	  

LQ	  (3,1-‐1/3)	  	  	  	  	  and	  vector-‐like	  top	  partner	  TL’	  and	  TR’	  (3,1,2/3)	  	  

Allowed values for the Higgs portal coupling � can be inferred from a global fit to the Higgs data

as has been done for the portal coupling of the (3, 1,�1/3) state. (See Fig. 8.) We do not attempt

to repeat the same procedure for the state (3, 2, 7/6) since we do not expect a drastic change in the

allowed range of �.

The Wilson coefficients for ⌧ ! µ� are again proportional to the couplings responsible for

h ! ⌧µ:
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As in the case of the �
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leptoquark, contributions to the muon anomalous magnetic moment

(g�2)µ are proportional to yRtµy
L
µt and can be always suppressed. On the other hand, contributions
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2

enter the Z ! b¯b via positive contributions to �gbL that can actually help in easing the

tension with the experimental data [59]. Most importantly, these observables do not constrain

large possible �

1

effects in h ! ⌧µ .

In the left-hand (right-hand) side panel of Fig. 7 we show the B(h ! ⌧µ) (B(⌧ ! µ�)) de-

pendence on the leptoquark Yukawa couplings for the �

2

LQ case with the Higgs portal coupling

turned off and taking m
�2 = 650 GeV. Also in this leptoquark scenario the bound on B(⌧ ! µ�)

excludes sizable B(h ! ⌧µ) due to the strict correlation between the two observables. See the

orange stripe in Fig. 3, where the portal coupling is restricted to |�| < 1.
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In this section we give an example of a phenomenologically viable model with fine-tuning.

We add to the SM a scalar leptoquark �

1

= (3,1,�1/3) and a vector-like top quark partner

T 0

L, T
0

R = (3,1,2/3). In the following, the top partner will mix with the SM top quark. In full

generality, the relevant Lagrangian is given by [51]
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After EWSB, the mass eigenstate fields t and T are obtained after rotating t0 and T 0 with left- and

right-handed mixing angles, ✓L and ✓R. In the phenomenologically viable limit of a heavy top
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FIG. 9. Fine-tuning ⌧ ! µ� to zero while keeping h ! ⌧µ at best fit point within the LQ model with a

vector-like top quark partner. See text for details.

partner (and small mixing), the following relations hold [51]

mt ⇡ ytv/
p
2 , mT ⇡ MT , sin ✓L ⇡ mtyT

mTyt
, sin ✓R ⇡ mt

mT

sin ✓L . (64)

More precisely, the direct LHC searches for a singlet top partner set a lower bound on mT , while

the electroweak precision observable (⇢ parameter) constraints the mixing angle. In what follows,

we set mT = 700 GeV and sin ✓L = 0.2 which are the borderline values compatible with the

constraints [51]. The relevant LQ interactions are
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After rotating to the mass basis
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Now, ⌧ ! µ� amplitude will receive contributions both from t and T at one loop level. Assuming

non-zero yL
33

, yR
32

and xR
32

, neglecting the right-handed mixing and linearising in sin ✓L, we find the

branching ratio
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where h
1

(x) is defined in Eq. (48). As a numerical example, we take m
�1 = 650GeV, mT =

700 GeV and find the condition for the complete cancellation in B(⌧ ! µ�) to be yR
32

=

�0.63 xR
32

sin ✓L.
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where h
1

(x) is defined in Eq. (48). As a numerical example, we take m
�1 = 650GeV, mT =

700 GeV and find the condition for the complete cancellation in B(⌧ ! µ�) to be yR
32

=

�0.63 xR
32

sin ✓L.
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FIG. 9. Fine-tuning ⌧ ! µ� to zero while keeping h ! ⌧µ at best fit point within the LQ model with a

vector-like top quark partner. See text for details.
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On the other hand, the interaction of the physical Higgs boson with the top quark and the top
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We compute the decay rate for h ! ⌧µ with t, T and �

1

particles running in the loops. After

properly including all the diagrams exemplified in Fig. 6 (four vertex and four leg diagrams), we

find a finite result. For the numerical benchmark, we get
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where we have linearised in sin ✓L. Finally, requiring the complete cancelation in ⌧ ! µ� (that is,

yR
32

= �0.63 xR
32

sin ✓L), we find yR
32

yL⇤
33

= 0.47 gives the best fit to h ! ⌧µ excess. In passing we

note that if mT > m
�

, the T ! �` decays can produce spectacular signatures at the LHC.

VI. CONCLUSIONS

Prompted by the recent experimental hint of h ! ⌧µ events by the CMS Collaboration, we

have carefully examined the implications of LFV Higgs decays at the percent level on possible

extensions of the SM. In particular we have shown how a tentative B(h ! ⌧µ) signal can be

combined with other Higgs measurements to yield a robust lower bound on the effective LFV

Higgs Yukawa couplings to taus and muons. Then we have reexamined the connection between

LFV Higgs decays and LFV radiative decays of charged leptons, and demonstrated using EFT

methods that the current CMS hint implies ⌧ ! µ� at rates, which could be observable at the Belle

II experiment. In explicit models, the ⌧ ! µ� constraint is generically much more severe. In fact,

an eventual observation of h ! ⌧µ at the LHC together with existing indirect constraints would

already single out an extended SM scalar sector as a required ingredient in any natural explanation,

the minimal example being THDM of type III. We have also examined purely fermionic SM

extensions and models where h ! ⌧µ is generated at loop level, only to show that without the

introduction of extra Higgs doublets, reconciling all existing indirect constraints with percent level

B(h ! ⌧µ), when at all possible, requires a high degree of fine-tuning. Finally, we have shown

how a positive signal of h ! ⌧µ can be combined with experimental searches for µ ! e� decays

and µ � e conversions in nuclei to yield robust bounds on B(h ! ⌧e). In particular, considering

only low energy Higgs EFT effects, the two LFV Higgs decay rates could still be comparable. On
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FIG. 6. Feynman diagrams for LQ contribution to h ! ⌧µ.

of LQ Yukawa couplings must then be well beyond the perturbative regime to result in B(h ! ⌧µ)

at the percent level. In this respect, only LQ states that couple to charged leptons and top quark

are suitable candidates that will be studied in what follows. Inspection of helicity structure of the

diagrams reveals that both left and right chiralities of leptons and top quark have to couple to the

LQ state.

The physical Higgs can couple to the scalar � or to the top quark as shown in the first two

diagrams in Fig. 6. While the strength of the coupling relevant for the latter process is fixed by

the top Yukawa, the former process depends on an unknown hLQLQ coupling, �v, that originates

from the marginal “Higgs portal” operator,
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Here � is the scalar LQ and H is the SM Higgs doublet.
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where V
CKM

and V
PMNS

represent Cabibbo-Kobayashi-Maskawa and Pontecorvo-Maki-Nakagawa-

Sakata mixing matrices, respectively. All fields in Eq. (44) are specified in the mass eigenstate
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T,	  t	  ,	  Δ1	  are	  running	  in	  the	  loops	  
(4	  vertex	  +	  4	  legs)	  result	  is	  finite.	  	  	  
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Higgs Yukawa couplings to taus and muons. Then we have reexamined the connection between

LFV Higgs decays and LFV radiative decays of charged leptons, and demonstrated using EFT

methods that the current CMS hint implies ⌧ ! µ� at rates, which could be observable at the Belle

II experiment. In explicit models, the ⌧ ! µ� constraint is generically much more severe. In fact,

an eventual observation of h ! ⌧µ at the LHC together with existing indirect constraints would

already single out an extended SM scalar sector as a required ingredient in any natural explanation,

the minimal example being THDM of type III. We have also examined purely fermionic SM

extensions and models where h ! ⌧µ is generated at loop level, only to show that without the

introduction of extra Higgs doublets, reconciling all existing indirect constraints with percent level

B(h ! ⌧µ), when at all possible, requires a high degree of fine-tuning. Finally, we have shown

how a positive signal of h ! ⌧µ can be combined with experimental searches for µ ! e� decays

and µ � e conversions in nuclei to yield robust bounds on B(h ! ⌧e). In particular, considering

only low energy Higgs EFT effects, the two LFV Higgs decay rates could still be comparable. On
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Summary	  	  

Ø  Signal	  on	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  implies	  lower	  bound	  on	  Higgs	  LFV	  	  couplings;	  

Ø  This	  bound	  is	  robust	  even	  acer	  allowing	  for	  a	  devia6on	  of	  other	  Higgs	  couplings	  

B(H ! ⌧µ)

Ø  	  From	  Higgs	  effec6ve	  Lagrangian	  approach:	  Belle	  II	  should	  observe	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

Ø  Future	  μe	  conversion	  measurements	  lead	  to	  	  

⌧ ! µ�

B(H ! ⌧µ)B(H ! e⌧) < 10�7

Ø  	  Specific	  models	  are	  restric6ve	  on	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  .	  	  B(⌧ ! µ�)



1.  Vector-‐like	  leptons	  	  (Leptoquarks)	  with	  loop	  induced	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  imply	  too	  	  
	  	  	  	  	  	  	  large	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ;	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  
2.  Two	  Higgs	  doublet	  model	  is	  testable	  in	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  at	  Belle	  II;	  

3.  Two	  Higgs	  doublet	  model	  is	  further	  testable	  by	  μe	  conversion.	  
	  	  	  	  	  	  	  	  Correla6on	  
	  

H ! ⌧µ

B(⌧ ! µ�)

B(⌧ ! µ�)

B(H ! ⌧µ)B(H ! e⌧) < 10�10



Thanks!	  
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