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Main goals of this talk

Ambitious: Prove Yuval wrong
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Main goals of this talk

Ambitious: Prove Yuval wrong

Realistic: answer few basic questions about LFV Higgs 
interactions

• What are the interesting/bottom line TH benchmarks?

• How do we probe it directly & indirectly?
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For detailed discussion of dedicated search strategies see talk by S. Bressler 



Outline

Recapitulation of Higgs (L)FV in EFT

• expectations within flavor models

• indirect constraints in EFT

Explicit model predictions (SM, MHDM, SUSY, 
compositeness)

• impact of constraints beyond EFT



Higgs (L)FV in EFT

Treat SM as EFT valid below NP scale Λ

In EW vacuum
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Higgs (L)FV in models of flavor

MFV:

• almost universal relative shift in Yii

Froggatt-Nielsen models:

• hierarchical Yi≠j 

λ� = aλ+ bλλ†λ+O(λ5) Yij =
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v
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(neglecting neutrino masses)
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2-gen example: most general Yukawa  matrices 

Obtaining hierarchical fermion masses

requiring no intricate cancelations in m1

Stability of Yukawa sector

λ ∼
�

a b
c d

�

m2 � m1

|Yij ||Yji| �
mimj

v2

λ� = O(1)× λ

⇒

⇒

|ad− bc| � a2 + b2 + c2 + d2

(Cheng-Sher bound) PhysRevD.35.3484



leptonic (g-2)

electron EDM

Higgs data

Constraints on Yii  (in EFT)

|�(Yµ)
2| � 0.05

|�(Ye)
2| � 2× 10−5

|�(Yτ )| � 0.02

|Yµ| � 3× 10−3

|Yτ | ∼ (1± 0.3)× 10−2

τ

e e

e, µ e, µ

1310.1385
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l→l’γ

l→3l’

leptonic (g-2)

leptonic & nuclear EDMs

muonium oscillations

mu-e conversion in nuclei

...

Indirect constraints on Yij  (in EFT)

h

µ+

e−

e+

µ−

Y ∗
eµPL + YµePR

Y ∗
eµPL + YµePR

Figure 3: Diagram leading to muonium–antimuonium oscillations.

purposes.

The theoretical prediction for the M → M̄ conversion rate is governed by the mixing

matrix element (see, e.g., [42])

MM̄M =
�
↑µ↓ē − ↓µ↑ē

��
�
µ̄(Y ∗

eµPL + YµePR)e
��
µ̄(Y ∗

eµPL + YµePR)e
�

2m2
h

�� ↑e↓µ̄ − ↓e↑µ̄
�
, (18)

where ↑X and ↓X are the spin orientations of particle X. We can work in the non-

relativistic limit here. For a contact interaction, the spatial wave function of muonium,

φ1s = exp(−r/aM)/[πa3M ]
1/2

, only needs to be evaluated at the origin. (Here r is the

electron–antimuon distance and aM = (me +mµ)/(memµα) is the muonium Bohr radius.)

The resulting mass splitting between the two mass eigenstates of the mixed M–M̄ system

is [42],

∆M = 2 |MM̄M | =
|Yµe + Y ∗

eµ|2

2πa3m2
h

, (19)

and the time-integrated conversion probability is

P (M → M̄) =

� ∞

0

dtΓµ sin
2
(∆M t) e−Γµt =

2

Γ2
µ/(∆M)2 + 4

. (20)

The bound from the MACS experiment [41] then translates into |Yµe + Y ∗
eµ| < 0.079.

D. Constraints from magnetic dipole moments

The CP conserving and CP violating parts of the diagram in Fig. 4 generate magnetic

and electric dipole moments of the muon, respectively. Since the experimental value of the

magnetic dipole moment, gµ − 2, is above the SM prediction at more than 3σ, also the

preferred value for the flavor violating Higgs couplings will be nonzero.
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Figure 5: Diagrams contributing to µ → e conversion in nuclei via the flavor violating Higgs

Yukawa couplings Yµe and Yeµ.

E. Constraints from electric dipole moments

If the flavor violating Yukawa couplings in Fig. 4 are complex, the diagram shown there

generates also an electric dipole moment (EDM) for the muon. The relevant term in the

effective Lagrangian is

LEDM = − i

2
dµ

�
µ̄σαβγ5µ

�
Fαβ , (24)

with the electric dipole moment given by (neglecting the terms suppressed by mµ/mτ or

mτ/mh)

dµ � −Im(YµτYτµ)

16π2

emτ

2m2
h

�
2 log

m2
h

m2
τ

− 3
�
, (25)

in agreement with [24]. The experimental constraint −10 × 10−20 e cm < dµ < 8 ×

10−20 e cm [37] translates into the rather weak limit −0.8 � Im(YµτYτµ) � 1.0.

A similar diagram with electrons instead of muons on the external legs also contributes to

the electron EDM, de. The experimental constraint |de| < 0.105× 10−26e cm [37] translates

into |Im(YeτYτe)| < 1.1×10−8 for a tau running in the loop, and into |Im(YeµYµe)| < 9.8×10−8

for a muon running in the loop.

F. Constraints from µ → e conversion in nuclei

Very stringent constraints on the FV Yukawa couplings Yµe and Yeµ come from experi-

mental searches for µ → e conversion in nuclei. The relevant diagrams with one insertion of

the FV Yukawa coupling are shown in Fig. 5. An effective scalar interaction arises already
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Figure 6: Constraints on the flavor violating Yukawa couplings |Yeτ |, |Yτe| (upper left panel), |Yeµ|,

|Yµe| (upper right panel) and |Yµτ |, |Yτµ| (lower panel) of a 125 GeV Higgs boson. The diagonal

Yukawa couplings are approximated by their SM values. Thin blue dashed lines are contours of

constant BR for h → τe, h → µe and h → τµ, respectively, whereas thick blue lines are the

LHC limits derived in Sec. VA. (These limits could be greatly improved with dedicated searches

on existing LHC data, see Sec. VC.) Shaded regions show the constraints discussed in Sec. III

as indicated in the plots. Note that g − 2 [EDM] searches (diagonal black dotted lines) are only

sensitive to parameter combinations of the form Re(YαβYβα) [Im(YαβYβα)]. We also show limits

from a combination of g − 2 and EDM searches with marginalization over the complex phases

of the Yukawa couplings (green shaded regions). Note that (g − 2)µ provides upper and lower

limits (as indicated by the double-sided arrows in the lower panel) if the discrepancy between the

measurement and the SM prediction [38, 43] is taken into account. The thin red dotted lines show

rough naturalness limits YijYji � mimj/v2 (see Sec. II).
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Figure 6: Constraints on the flavor violating Yukawa couplings |Yeτ |, |Yτe| (upper left panel), |Yeµ|,

|Yµe| (upper right panel) and |Yµτ |, |Yτµ| (lower panel) of a 125 GeV Higgs boson. The diagonal

Yukawa couplings are approximated by their SM values. Thin blue dashed lines are contours of

constant BR for h → τe, h → µe and h → τµ, respectively, whereas thick blue lines are the

LHC limits derived in Sec. VA. (These limits could be greatly improved with dedicated searches

on existing LHC data, see Sec. VC.) Shaded regions show the constraints discussed in Sec. III

as indicated in the plots. Note that g − 2 [EDM] searches (diagonal black dotted lines) are only

sensitive to parameter combinations of the form Re(YαβYβα) [Im(YαβYβα)]. We also show limits

from a combination of g − 2 and EDM searches with marginalization over the complex phases

of the Yukawa couplings (green shaded regions). Note that (g − 2)µ provides upper and lower

limits (as indicated by the double-sided arrows in the lower panel) if the discrepancy between the

measurement and the SM prediction [38, 43] is taken into account. The thin red dotted lines show

rough naturalness limits YijYji � mimj/v2 (see Sec. II).
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mu-e LFV already probed beyond Cheng-Sher bound
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Figure 6: Constraints on the flavor violating Yukawa couplings |Yeτ |, |Yτe| (upper left panel), |Yeµ|,

|Yµe| (upper right panel) and |Yµτ |, |Yτµ| (lower panel) of a 125 GeV Higgs boson. The diagonal

Yukawa couplings are approximated by their SM values. Thin blue dashed lines are contours of

constant BR for h → τe, h → µe and h → τµ, respectively, whereas thick blue lines are the

LHC limits derived in Sec. VA. (These limits could be greatly improved with dedicated searches

on existing LHC data, see Sec. VC.) Shaded regions show the constraints discussed in Sec. III

as indicated in the plots. Note that g − 2 [EDM] searches (diagonal black dotted lines) are only

sensitive to parameter combinations of the form Re(YαβYβα) [Im(YαβYβα)]. We also show limits

from a combination of g − 2 and EDM searches with marginalization over the complex phases

of the Yukawa couplings (green shaded regions). Note that (g − 2)µ provides upper and lower

limits (as indicated by the double-sided arrows in the lower panel) if the discrepancy between the

measurement and the SM prediction [38, 43] is taken into account. The thin red dotted lines show

rough naturalness limits YijYji � mimj/v2 (see Sec. II).
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Figure 6: Constraints on the flavor violating Yukawa couplings |Yeτ |, |Yτe| (upper left panel), |Yeµ|,

|Yµe| (upper right panel) and |Yµτ |, |Yτµ| (lower panel) of a 125 GeV Higgs boson. The diagonal

Yukawa couplings are approximated by their SM values. Thin blue dashed lines are contours of

constant BR for h → τe, h → µe and h → τµ, respectively, whereas thick blue lines are the

LHC limits derived in Sec. VA. (These limits could be greatly improved with dedicated searches

on existing LHC data, see Sec. VC.) Shaded regions show the constraints discussed in Sec. III

as indicated in the plots. Note that g − 2 [EDM] searches (diagonal black dotted lines) are only

sensitive to parameter combinations of the form Re(YαβYβα) [Im(YαβYβα)]. We also show limits

from a combination of g − 2 and EDM searches with marginalization over the complex phases

of the Yukawa couplings (green shaded regions). Note that (g − 2)µ provides upper and lower

limits (as indicated by the double-sided arrows in the lower panel) if the discrepancy between the

measurement and the SM prediction [38, 43] is taken into account. The thin red dotted lines show

rough naturalness limits YijYji � mimj/v2 (see Sec. II).
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Br(h→τμ/e) ~ O(10%)  allowed!
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Higgs LFV expectations within models

SM:

weak radiative corrections: 

Y SM
τ ∼ 1% Y SM

µ ∼ 6× 10−4 Y SM
e ∼ 3× 10−6

(v,Zh renormalization)

Ȳi �=j ∼ α2
w
mj

v
Vik

m2
k

m2
W

V ∗
jk (zero in absence of mν)

Y SM
ij =

mi

v
δij (tree level)

Ȳii ∼
mi

v16π2
O(

m2
W

v2
,
m2

Z

v2
,
m2

t

v2
, . . .)



Higgs LFV expectations within models

Type III see-saw

tree-level mixing of Majorana triplets T~(1,3,0) with leptons

deviations in weak gauge & Higgs couplings 
(universality & FCNCs)

⇒

LZ = − g

2cW
(Lij ē

iγµPLe
j +Rij ē

iγµPRe
j − 2s2WJµ

EM)Zµ

now have 3 complex angles which specify the 3 by 3 orthogonal matrix O,

altogether 18 parameters.

Although there are more free parameters in this case, correlations be-

tween different channels are generically preserved. This can easily be seen

by considering the non-universal coupling,

L
Z
eµ � v2

2

nT�

α=1

y
∗
αeyαµ/m

2
α

=

nT�

α=1

3�

i,j=1

��
mν

im
ν
j /mα

�
OαiOαjUeiUµj,

(16)

where we sum over all the elements of the orthogonal matrix O, regardless

of the flavor. Therefore one cannot easily enlarge the τ�Z couplings by

enhancing a single element of O without affecting the µe channel and running

in contradiction with the µ−e conversion experiment unless one aligns (fine-

tunes) the available phases. This result holds for an arbitrary number of

additional triplets and shows that the overall rate of the flavor processes is

naturally dictated by the most constraining channel.

On the other hand, there is a potential gain in considering non-minimal

models with three extra triplets. Namely, one can use the freedom of setting

the overall scale of neutrinos at will and a positive signal is possible even for

natural values of the Yukawas. For example, if light neutrinos are degenerate

with the sum of their masses close to the upper limit from β decay and

cosmology (say
�

mν � eV [29]), present µ − e conversion bounds already

probe values of Im(zi) � 3− 5.

6 Conclusions and outlook

The µ− e conversion limits will be further improved in the future by several

orders of magnitude. According to proposals [30] and [31, 32], one can expect

a sensitivity of 10−16 or even 10−18 by the PRISM/PRIME experiment. Such

a sensitivity would constrain Im(z) to 5.0 (4.6) in case of the minimal I + III

model and to 4.6 (4.2) for the minimal type III, again for normal (inverted)

hierarchy. For non-minimal models with degenerate eV scale neutrinos, these

experiments would already probe Im(zi) � 1− 2. Since the imaginary values

of zi are free parameters of the model and setting any of them to zero does not

enhance the symmetry of the Lagrangian, we consider such values natural.

We plot both projections in figure 2 against the maximum value of Im(zi) in

non-minimal models.
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where we sum over all the elements of the orthogonal matrix O, regardless

of the flavor. Therefore one cannot easily enlarge the τ�Z couplings by

enhancing a single element of O without affecting the µe channel and running

in contradiction with the µ−e conversion experiment unless one aligns (fine-

tunes) the available phases. This result holds for an arbitrary number of

additional triplets and shows that the overall rate of the flavor processes is

naturally dictated by the most constraining channel.

On the other hand, there is a potential gain in considering non-minimal

models with three extra triplets. Namely, one can use the freedom of setting

the overall scale of neutrinos at will and a positive signal is possible even for

natural values of the Yukawas. For example, if light neutrinos are degenerate

with the sum of their masses close to the upper limit from β decay and

cosmology (say
�

mν � eV [29]), present µ − e conversion bounds already

probe values of Im(zi) � 3− 5.

6 Conclusions and outlook

The µ− e conversion limits will be further improved in the future by several

orders of magnitude. According to proposals [30] and [31, 32], one can expect

a sensitivity of 10−16 or even 10−18 by the PRISM/PRIME experiment. Such

a sensitivity would constrain Im(z) to 5.0 (4.6) in case of the minimal I + III

model and to 4.6 (4.2) for the minimal type III, again for normal (inverted)

hierarchy. For non-minimal models with degenerate eV scale neutrinos, these

experiments would already probe Im(zi) � 1− 2. Since the imaginary values

of zi are free parameters of the model and setting any of them to zero does not

enhance the symmetry of the Lagrangian, we consider such values natural.

We plot both projections in figure 2 against the maximum value of Im(zi) in

non-minimal models.

11

param. enhancement (fine-tune.)

0908.3451



Higgs LFV expectations within models
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where h is the physical Higgs boson. Deviations from the SM predictions Ȳ SM

ij =
δijmi/v are expected generically whenever there is more than one source of SM
fermion masses in the theory. Examples of such scenarios include models with mul-
tiple Higgs doublets,52,53 where

−LMHD

Y =
�

n

Y (n)

ij ψi
Lψj

Rφ(n) + h.c. , (9)

and v =
�

n�φ(n)�. Eq. (8) is obtained after integrating out all the φ(n) except the
linear combination forming the condensate v. Similarly in scenarios of partial com-
positeness, where the SM chiral fermions obtain their masses through linear mixing
(parametrized by matrices mLR, mRL) with their vector-like see-saw partners (Ψi

with Dirac masses Mi),

−LPC

Y = MiΨi
LΨi

R+mLR
ij ψi

LΨj
R+mRL

ij ψi
RΨj

L+YijΨi
LΨj

Rφ+Y �
ijΨ

i
RΨj

Lφ+h.c. , (10)

Q(6)

Y is generated after integrating out Ψi in presence of both helicity Yukawa in-
teractions (Y and Y �) among the Ψi and the Higgs.49 Theoretically, the stability
of the observed fermionic mass hierarchies implies |Ȳij Ȳji| � mimj/v2 .52 On the
other hand, a pattern of prospective observed deviations could very well help to
discriminate among different NP flavor models.51

Phenomenologically, Ȳij would induce new flavor diagonal as well as flavor vio-
lating neutral currents, which can be probed at the flavor factories and the LHC.
For example, flavor violating Higgs interactions among the first two generations are
severely constrained by precision flavor observables in both the lepton and quark
sectors.50 Interestingly however, in the lepton sector direct Higgs searches for flavor
violating h → τµ, τe decays are already more sensitive to Ȳτµ, Ȳτe, Ȳµτ , Ȳeτ than in-
direct bounds coming from rare FCNC τ decays.50 Conversely in the quark sector,
Ȳtq, Ȳqt, where q = u, c, and Ȳqq, where q �= b, t are in general still relatively poorly
constrained.b Also here the most stringent bounds are already coming from high-pT

Higgs boson physics, such as searches for flavor violating t → hc(u) decays56–59 or
direct measurements of Higgs boson production and decay modes at the LHC.60,61

It is perhaps interesting to note that all current measurements still allow Ȳqq, where
q = d, u, s, c, to be comparable to the SM value of Ȳ SM

bb ≡ Yb ≡ mb/v ∼ 0.02 .

5. Flavour Probes of EW and Higgs Sectors

The example at the end of Sec. 2 demonstrates how flavor measurements can be
reinterpreted as competitive constraints on the EW and scalar (Higgs) sectors of the
theory. In this context the rare leptonic decays Bs,d → µ+µ− represent new power-
ful probes. These modes are theoretically very clean, with negligible long distance

bNote however that some CPV products of Ȳtq , Ȳqt are severely bounded by nuclear and leptonic
EDMs.54,55
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ij =
δijmi/v are expected generically whenever there is more than one source of SM
fermion masses in the theory. Examples of such scenarios include models with mul-
tiple Higgs doublets,52,53 where

−LMHD

Y =
�

n

Y (n)

ij ψi
Lψj

Rφ(n) + h.c. , (9)

and v =
�

n�φ(n)�. Eq. (8) is obtained after integrating out all the φ(n) except the
linear combination forming the condensate v. Similarly in scenarios of partial com-
positeness, where the SM chiral fermions obtain their masses through linear mixing
(parametrized by matrices mLR, mRL) with their vector-like see-saw partners (Ψi

with Dirac masses Mi),

−LPC

Y = MiΨi
LΨi

R+mLR
ij ψi

LΨj
R+mRL

ij ψi
RΨj

L+YijΨi
LΨj

Rφ+Y �
ijΨ

i
RΨj

Lφ+h.c. , (10)

Q(6)

Y is generated after integrating out Ψi in presence of both helicity Yukawa in-
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direct bounds coming from rare FCNC τ decays.50 Conversely in the quark sector,
Ȳtq, Ȳqt, where q = u, c, and Ȳqq, where q �= b, t are in general still relatively poorly
constrained.b Also here the most stringent bounds are already coming from high-pT

Higgs boson physics, such as searches for flavor violating t → hc(u) decays56–59 or
direct measurements of Higgs boson production and decay modes at the LHC.60,61

It is perhaps interesting to note that all current measurements still allow Ȳqq, where
q = d, u, s, c, to be comparable to the SM value of Ȳ SM
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5. Flavour Probes of EW and Higgs Sectors

The example at the end of Sec. 2 demonstrates how flavor measurements can be
reinterpreted as competitive constraints on the EW and scalar (Higgs) sectors of the
theory. In this context the rare leptonic decays Bs,d → µ+µ− represent new power-
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flavor hierarchies from hierarchical mixing
Higgs (L)FV can saturate Cheng-Sher bound

⇒
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Pseudo-Goldstone Higgs:

non-linear realization of a global symmetry group

flavor alignment of leading Yukawa contributions

Higgs LFV expectations within models
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Multi Higgs doublet models:

Natural flavor conservation: only single Higgs couples to 
any combination of fermion gauge reps.

Higgs LFV expectations within models
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Multi Higgs doublet models:

Natural flavor conservation: only single Higgs couples to 
any combination of fermion gauge reps.

Example: NFC THDM

Higgs LFV expectations within models
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Higgs data already constrain such effects
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For suitable choices of parameters, these interactions allow for large enough DM annihilation cross

section and as a result can accommodate the observed relic abundance.

After electroweak symmetry breaking three out of eight real degrees of freedom in H1 and H2

are absorbed as longitudinal components of W
±
and Z bosons (for reviews see e.g. [38, 39]). The

remaining 5 degrees of freedom consist of two CP-even scalars h and H,
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a CP-odd scalar A ≡ −χ1 sinβ+χ2 cosβ, and a pair of charged scalarsH
± ≡ −H

±
1 sinβ+H

±
2 cosβ.

Here tanβ ≡ v2/v1 is the ratio of H2,1 condensates with vEW ≡
�
v
2
1 + v

2
2. It is h that we identify

as the newly discovered particle with 125 GeV mass. The interactions of the CP-even scalars, h,H,

with the SM fermions and gauge bosons are given by
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with ru = cosα cscβ, rd = r� = − sinα secβ, Ru = sinα cscβ, Rd = R� = cosα secβ. After

electroweak symmetry breaking there are also trilinear couplings of h,H with the DM,

L ⊃ gSSh
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2
, (27)

where

gSSh = λS1 sinα cosβ − λS2 cosα sinβ,

gSSH = −λS1 cosα cosβ − λS2 sinα sinβ. (28)

DM annihilation into a pair of SM fermions, SS → f̄f , is mediated by both CP-even scalars, h

and H and is proportional to σann ∝ (gSSh/m
2
h
+gSSH/m

2
H
)
2
. For light DM the gSSh coupling also

leads to B(h → SS). As we show below the bounds on invisible decay width of the Higgs require

gSSh < 0.01. Correct relic abundance then requires gSSH ∼ O(1), see Fig. 6.

Similarly, DM–nucleon scattering cross section also receives contributions from both h and H

exchanges,
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p
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, (29)
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THDM III & MSSM:

after EWSB

low energy observables receive contributions from all Hk

in MSSM-like potential

non-holomorphic ε corrections  - non-decoupling

Higgs LFV expectations within models
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FIG. 2: Upper panel: bounds on LFV SM Higgs couplings
from µ → e conversion in gold nuclei, as a function of the
pion–nucleon σ-term. The blue band corresponds to the tra-
ditional way of assessing hadronic uncertainties, the red band
to our approach where fN

s is determined by lattice QCD.
Lower panel: predicted ratio of µ → e conversion in gold
nuclei and µ → eγ for the two different approaches.

conclusions can be drawn from an analysis of the ratio
of µ → e conversion and µ → eγ branching fractions, see
Fig. 2.9

The bound on (|Γµe|2 + |Γeµ|2)1/2 from µ → e conver-
sion is compared directly to the bound from µ → eγ in
Fig. 3. In view of the upcoming experiments µ → e con-
version is likely to eventually provide the most stringent
limits on Higgs-induced µ → e transitions in the SM with
dimension-6 operators.

B. 2HDM with generic Yukawa couplings

In the 2HDM with generic Yukawa couplings (the
2HDM of type III) one has tree-level flavor-changing neu-
tral Higgs couplings at tree level which can contribute to

9 Our conclusions hold true also for the case of an aluminum target,
as chosen for both the Mu2e and COMET experiments.
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FIG. 3: Bound on (|Γµe|2 + |Γeµ|2)1/2 as a function of the
upper limit on µ → e conversion in aluminum (blue band),
compared to limits from µ → eγ (horizontal lines). The red
line refers to the present limit Br [µ → eγ] < 5.7 × 10−13 [3],
the yellow and green lines to future projections 1.6 × 10−14

and 6× 10−15 [75].

LFV processes, see e.g. [60–63]. In this case the general
Higgs–fermion couplings of (13) are given by
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2
δfi − ε"fi tanβ

)

+ xk!
u ε"fi . (20)

Here, H0
k = (H0, h0, A0)k refers to the heavy CP-even

Higgs, the SM-like Higgs, and the CP-odd Higgs, respec-
tively. The coefficients xk

q are given by

xk
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(

−
1√
2
sinα, −

1√
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)
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xk
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)

k

. (21)

Assuming an MSSM-like Higgs potential the following
relations among the parameters hold

tanβ =
vu
vd

, tan 2α = tan 2β
m2

A0 +m2
Z

m2
A0 −m2

Z

,

m2
H± = m2

A0 +m2
W , m2

H0 = m2
A0 +m2

Z −m2
h0 . (22)

The quantities εq,"ij are the non-holomorphic Higgs–
fermion couplings in the physical basis (see [63] for de-
tails on the conventions). This means that εd,"ij (εuij)
parametrize the coupling of down (up) quarks and lep-
tons to the up- (down-)type Higgs doublet in the basis
in which the fermion mass matrices are diagonal. In the
limit v $ mA0 all three non-SM Higgs masses in (22)
become equal mA0 ≈ mH± ≈ mH0 ≡ mH .

Y (k)
fi =
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FIG. 2: Upper panel: bounds on LFV SM Higgs couplings
from µ → e conversion in gold nuclei, as a function of the
pion–nucleon σ-term. The blue band corresponds to the tra-
ditional way of assessing hadronic uncertainties, the red band
to our approach where fN

s is determined by lattice QCD.
Lower panel: predicted ratio of µ → e conversion in gold
nuclei and µ → eγ for the two different approaches.

conclusions can be drawn from an analysis of the ratio
of µ → e conversion and µ → eγ branching fractions, see
Fig. 2.9

The bound on (|Γµe|2 + |Γeµ|2)1/2 from µ → e conver-
sion is compared directly to the bound from µ → eγ in
Fig. 3. In view of the upcoming experiments µ → e con-
version is likely to eventually provide the most stringent
limits on Higgs-induced µ → e transitions in the SM with
dimension-6 operators.

B. 2HDM with generic Yukawa couplings

In the 2HDM with generic Yukawa couplings (the
2HDM of type III) one has tree-level flavor-changing neu-
tral Higgs couplings at tree level which can contribute to

9 Our conclusions hold true also for the case of an aluminum target,
as chosen for both the Mu2e and COMET experiments.
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FIG. 3: Bound on (|Γµe|2 + |Γeµ|2)1/2 as a function of the
upper limit on µ → e conversion in aluminum (blue band),
compared to limits from µ → eγ (horizontal lines). The red
line refers to the present limit Br [µ → eγ] < 5.7 × 10−13 [3],
the yellow and green lines to future projections 1.6 × 10−14

and 6× 10−15 [75].

LFV processes, see e.g. [60–63]. In this case the general
Higgs–fermion couplings of (13) are given by
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Here, H0
k = (H0, h0, A0)k refers to the heavy CP-even

Higgs, the SM-like Higgs, and the CP-odd Higgs, respec-
tively. The coefficients xk

q are given by
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Assuming an MSSM-like Higgs potential the following
relations among the parameters hold

tanβ =
vu
vd

, tan 2α = tan 2β
m2

A0 +m2
Z

m2
A0 −m2

Z

,

m2
H± = m2

A0 +m2
W , m2

H0 = m2
A0 +m2

Z −m2
h0 . (22)

The quantities εq,"ij are the non-holomorphic Higgs–
fermion couplings in the physical basis (see [63] for de-
tails on the conventions). This means that εd,"ij (εuij)
parametrize the coupling of down (up) quarks and lep-
tons to the up- (down-)type Higgs doublet in the basis
in which the fermion mass matrices are diagonal. In the
limit v $ mA0 all three non-SM Higgs masses in (22)
become equal mA0 ≈ mH± ≈ mH0 ≡ mH .
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FIG. 2: Upper panel: bounds on LFV SM Higgs couplings
from µ → e conversion in gold nuclei, as a function of the
pion–nucleon σ-term. The blue band corresponds to the tra-
ditional way of assessing hadronic uncertainties, the red band
to our approach where fN

s is determined by lattice QCD.
Lower panel: predicted ratio of µ → e conversion in gold
nuclei and µ → eγ for the two different approaches.

conclusions can be drawn from an analysis of the ratio
of µ → e conversion and µ → eγ branching fractions, see
Fig. 2.9

The bound on (|Γµe|2 + |Γeµ|2)1/2 from µ → e conver-
sion is compared directly to the bound from µ → eγ in
Fig. 3. In view of the upcoming experiments µ → e con-
version is likely to eventually provide the most stringent
limits on Higgs-induced µ → e transitions in the SM with
dimension-6 operators.

B. 2HDM with generic Yukawa couplings

In the 2HDM with generic Yukawa couplings (the
2HDM of type III) one has tree-level flavor-changing neu-
tral Higgs couplings at tree level which can contribute to

9 Our conclusions hold true also for the case of an aluminum target,
as chosen for both the Mu2e and COMET experiments.
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FIG. 3: Bound on (|Γµe|2 + |Γeµ|2)1/2 as a function of the
upper limit on µ → e conversion in aluminum (blue band),
compared to limits from µ → eγ (horizontal lines). The red
line refers to the present limit Br [µ → eγ] < 5.7 × 10−13 [3],
the yellow and green lines to future projections 1.6 × 10−14

and 6× 10−15 [75].

LFV processes, see e.g. [60–63]. In this case the general
Higgs–fermion couplings of (13) are given by
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Here, H0
k = (H0, h0, A0)k refers to the heavy CP-even

Higgs, the SM-like Higgs, and the CP-odd Higgs, respec-
tively. The coefficients xk

q are given by
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Assuming an MSSM-like Higgs potential the following
relations among the parameters hold

tanβ =
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, tan 2α = tan 2β
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,
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h0 . (22)

The quantities εq,"ij are the non-holomorphic Higgs–
fermion couplings in the physical basis (see [63] for de-
tails on the conventions). This means that εd,"ij (εuij)
parametrize the coupling of down (up) quarks and lep-
tons to the up- (down-)type Higgs doublet in the basis
in which the fermion mass matrices are diagonal. In the
limit v $ mA0 all three non-SM Higgs masses in (22)
become equal mA0 ≈ mH± ≈ mH0 ≡ mH .
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FIG. 2: Upper panel: bounds on LFV SM Higgs couplings
from µ → e conversion in gold nuclei, as a function of the
pion–nucleon σ-term. The blue band corresponds to the tra-
ditional way of assessing hadronic uncertainties, the red band
to our approach where fN

s is determined by lattice QCD.
Lower panel: predicted ratio of µ → e conversion in gold
nuclei and µ → eγ for the two different approaches.

conclusions can be drawn from an analysis of the ratio
of µ → e conversion and µ → eγ branching fractions, see
Fig. 2.9

The bound on (|Γµe|2 + |Γeµ|2)1/2 from µ → e conver-
sion is compared directly to the bound from µ → eγ in
Fig. 3. In view of the upcoming experiments µ → e con-
version is likely to eventually provide the most stringent
limits on Higgs-induced µ → e transitions in the SM with
dimension-6 operators.

B. 2HDM with generic Yukawa couplings

In the 2HDM with generic Yukawa couplings (the
2HDM of type III) one has tree-level flavor-changing neu-
tral Higgs couplings at tree level which can contribute to

9 Our conclusions hold true also for the case of an aluminum target,
as chosen for both the Mu2e and COMET experiments.
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FIG. 3: Bound on (|Γµe|2 + |Γeµ|2)1/2 as a function of the
upper limit on µ → e conversion in aluminum (blue band),
compared to limits from µ → eγ (horizontal lines). The red
line refers to the present limit Br [µ → eγ] < 5.7 × 10−13 [3],
the yellow and green lines to future projections 1.6 × 10−14

and 6× 10−15 [75].

LFV processes, see e.g. [60–63]. In this case the general
Higgs–fermion couplings of (13) are given by
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Here, H0
k = (H0, h0, A0)k refers to the heavy CP-even

Higgs, the SM-like Higgs, and the CP-odd Higgs, respec-
tively. The coefficients xk

q are given by
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−
1√
2
sinα, −
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)
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Assuming an MSSM-like Higgs potential the following
relations among the parameters hold

tanβ =
vu
vd

, tan 2α = tan 2β
m2

A0 +m2
Z
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,
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A0 +m2
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h0 . (22)

The quantities εq,"ij are the non-holomorphic Higgs–
fermion couplings in the physical basis (see [63] for de-
tails on the conventions). This means that εd,"ij (εuij)
parametrize the coupling of down (up) quarks and lep-
tons to the up- (down-)type Higgs doublet in the basis
in which the fermion mass matrices are diagonal. In the
limit v $ mA0 all three non-SM Higgs masses in (22)
become equal mA0 ≈ mH± ≈ mH0 ≡ mH .
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FIG. 2: Upper panel: bounds on LFV SM Higgs couplings
from µ → e conversion in gold nuclei, as a function of the
pion–nucleon σ-term. The blue band corresponds to the tra-
ditional way of assessing hadronic uncertainties, the red band
to our approach where fN

s is determined by lattice QCD.
Lower panel: predicted ratio of µ → e conversion in gold
nuclei and µ → eγ for the two different approaches.

conclusions can be drawn from an analysis of the ratio
of µ → e conversion and µ → eγ branching fractions, see
Fig. 2.9

The bound on (|Γµe|2 + |Γeµ|2)1/2 from µ → e conver-
sion is compared directly to the bound from µ → eγ in
Fig. 3. In view of the upcoming experiments µ → e con-
version is likely to eventually provide the most stringent
limits on Higgs-induced µ → e transitions in the SM with
dimension-6 operators.

B. 2HDM with generic Yukawa couplings

In the 2HDM with generic Yukawa couplings (the
2HDM of type III) one has tree-level flavor-changing neu-
tral Higgs couplings at tree level which can contribute to

9 Our conclusions hold true also for the case of an aluminum target,
as chosen for both the Mu2e and COMET experiments.
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FIG. 3: Bound on (|Γµe|2 + |Γeµ|2)1/2 as a function of the
upper limit on µ → e conversion in aluminum (blue band),
compared to limits from µ → eγ (horizontal lines). The red
line refers to the present limit Br [µ → eγ] < 5.7 × 10−13 [3],
the yellow and green lines to future projections 1.6 × 10−14

and 6× 10−15 [75].

LFV processes, see e.g. [60–63]. In this case the general
Higgs–fermion couplings of (13) are given by
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Here, H0
k = (H0, h0, A0)k refers to the heavy CP-even

Higgs, the SM-like Higgs, and the CP-odd Higgs, respec-
tively. The coefficients xk

q are given by
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Assuming an MSSM-like Higgs potential the following
relations among the parameters hold

tanβ =
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, tan 2α = tan 2β
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Z
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,
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Z −m2
h0 . (22)

The quantities εq,"ij are the non-holomorphic Higgs–
fermion couplings in the physical basis (see [63] for de-
tails on the conventions). This means that εd,"ij (εuij)
parametrize the coupling of down (up) quarks and lep-
tons to the up- (down-)type Higgs doublet in the basis
in which the fermion mass matrices are diagonal. In the
limit v $ mA0 all three non-SM Higgs masses in (22)
become equal mA0 ≈ mH± ≈ mH0 ≡ mH .
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FIG. 2: Upper panel: bounds on LFV SM Higgs couplings
from µ → e conversion in gold nuclei, as a function of the
pion–nucleon σ-term. The blue band corresponds to the tra-
ditional way of assessing hadronic uncertainties, the red band
to our approach where fN

s is determined by lattice QCD.
Lower panel: predicted ratio of µ → e conversion in gold
nuclei and µ → eγ for the two different approaches.

conclusions can be drawn from an analysis of the ratio
of µ → e conversion and µ → eγ branching fractions, see
Fig. 2.9

The bound on (|Γµe|2 + |Γeµ|2)1/2 from µ → e conver-
sion is compared directly to the bound from µ → eγ in
Fig. 3. In view of the upcoming experiments µ → e con-
version is likely to eventually provide the most stringent
limits on Higgs-induced µ → e transitions in the SM with
dimension-6 operators.

B. 2HDM with generic Yukawa couplings

In the 2HDM with generic Yukawa couplings (the
2HDM of type III) one has tree-level flavor-changing neu-
tral Higgs couplings at tree level which can contribute to

9 Our conclusions hold true also for the case of an aluminum target,
as chosen for both the Mu2e and COMET experiments.
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FIG. 3: Bound on (|Γµe|2 + |Γeµ|2)1/2 as a function of the
upper limit on µ → e conversion in aluminum (blue band),
compared to limits from µ → eγ (horizontal lines). The red
line refers to the present limit Br [µ → eγ] < 5.7 × 10−13 [3],
the yellow and green lines to future projections 1.6 × 10−14

and 6× 10−15 [75].

LFV processes, see e.g. [60–63]. In this case the general
Higgs–fermion couplings of (13) are given by
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Here, H0
k = (H0, h0, A0)k refers to the heavy CP-even

Higgs, the SM-like Higgs, and the CP-odd Higgs, respec-
tively. The coefficients xk

q are given by
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Assuming an MSSM-like Higgs potential the following
relations among the parameters hold

tanβ =
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, tan 2α = tan 2β
m2

A0 +m2
Z
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,
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W , m2

H0 = m2
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Z −m2
h0 . (22)

The quantities εq,"ij are the non-holomorphic Higgs–
fermion couplings in the physical basis (see [63] for de-
tails on the conventions). This means that εd,"ij (εuij)
parametrize the coupling of down (up) quarks and lep-
tons to the up- (down-)type Higgs doublet in the basis
in which the fermion mass matrices are diagonal. In the
limit v $ mA0 all three non-SM Higgs masses in (22)
become equal mA0 ≈ mH± ≈ mH0 ≡ mH .
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FIG. 2: Upper panel: bounds on LFV SM Higgs couplings
from µ → e conversion in gold nuclei, as a function of the
pion–nucleon σ-term. The blue band corresponds to the tra-
ditional way of assessing hadronic uncertainties, the red band
to our approach where fN

s is determined by lattice QCD.
Lower panel: predicted ratio of µ → e conversion in gold
nuclei and µ → eγ for the two different approaches.

conclusions can be drawn from an analysis of the ratio
of µ → e conversion and µ → eγ branching fractions, see
Fig. 2.9

The bound on (|Γµe|2 + |Γeµ|2)1/2 from µ → e conver-
sion is compared directly to the bound from µ → eγ in
Fig. 3. In view of the upcoming experiments µ → e con-
version is likely to eventually provide the most stringent
limits on Higgs-induced µ → e transitions in the SM with
dimension-6 operators.

B. 2HDM with generic Yukawa couplings

In the 2HDM with generic Yukawa couplings (the
2HDM of type III) one has tree-level flavor-changing neu-
tral Higgs couplings at tree level which can contribute to

9 Our conclusions hold true also for the case of an aluminum target,
as chosen for both the Mu2e and COMET experiments.
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FIG. 3: Bound on (|Γµe|2 + |Γeµ|2)1/2 as a function of the
upper limit on µ → e conversion in aluminum (blue band),
compared to limits from µ → eγ (horizontal lines). The red
line refers to the present limit Br [µ → eγ] < 5.7 × 10−13 [3],
the yellow and green lines to future projections 1.6 × 10−14

and 6× 10−15 [75].

LFV processes, see e.g. [60–63]. In this case the general
Higgs–fermion couplings of (13) are given by
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Here, H0
k = (H0, h0, A0)k refers to the heavy CP-even

Higgs, the SM-like Higgs, and the CP-odd Higgs, respec-
tively. The coefficients xk

q are given by
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Assuming an MSSM-like Higgs potential the following
relations among the parameters hold

tanβ =
vu
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, tan 2α = tan 2β
m2

A0 +m2
Z

m2
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,

m2
H± = m2

A0 +m2
W , m2
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Z −m2
h0 . (22)

The quantities εq,"ij are the non-holomorphic Higgs–
fermion couplings in the physical basis (see [63] for de-
tails on the conventions). This means that εd,"ij (εuij)
parametrize the coupling of down (up) quarks and lep-
tons to the up- (down-)type Higgs doublet in the basis
in which the fermion mass matrices are diagonal. In the
limit v $ mA0 all three non-SM Higgs masses in (22)
become equal mA0 ≈ mH± ≈ mH0 ≡ mH .
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FIG. 2: Upper panel: bounds on LFV SM Higgs couplings
from µ → e conversion in gold nuclei, as a function of the
pion–nucleon σ-term. The blue band corresponds to the tra-
ditional way of assessing hadronic uncertainties, the red band
to our approach where fN

s is determined by lattice QCD.
Lower panel: predicted ratio of µ → e conversion in gold
nuclei and µ → eγ for the two different approaches.

conclusions can be drawn from an analysis of the ratio
of µ → e conversion and µ → eγ branching fractions, see
Fig. 2.9

The bound on (|Γµe|2 + |Γeµ|2)1/2 from µ → e conver-
sion is compared directly to the bound from µ → eγ in
Fig. 3. In view of the upcoming experiments µ → e con-
version is likely to eventually provide the most stringent
limits on Higgs-induced µ → e transitions in the SM with
dimension-6 operators.

B. 2HDM with generic Yukawa couplings

In the 2HDM with generic Yukawa couplings (the
2HDM of type III) one has tree-level flavor-changing neu-
tral Higgs couplings at tree level which can contribute to

9 Our conclusions hold true also for the case of an aluminum target,
as chosen for both the Mu2e and COMET experiments.
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FIG. 3: Bound on (|Γµe|2 + |Γeµ|2)1/2 as a function of the
upper limit on µ → e conversion in aluminum (blue band),
compared to limits from µ → eγ (horizontal lines). The red
line refers to the present limit Br [µ → eγ] < 5.7 × 10−13 [3],
the yellow and green lines to future projections 1.6 × 10−14

and 6× 10−15 [75].

LFV processes, see e.g. [60–63]. In this case the general
Higgs–fermion couplings of (13) are given by

Γ
LRH0

k
ufui = xk

u

(

mui

vu/
√
2
δfi − εufi cotβ

)

+ xk!
d εufi ,

Γ
LRH0

k

dfdi
= xk

d

(

mdi

vd/
√
2
δfi − εdfi tanβ

)

+ xk!
u εdfi ,

Γ
LRH0

k

"f "i
= xk

d

(

m"i

vd/
√
2
δfi − ε"fi tanβ

)

+ xk!
u ε"fi . (20)

Here, H0
k = (H0, h0, A0)k refers to the heavy CP-even

Higgs, the SM-like Higgs, and the CP-odd Higgs, respec-
tively. The coefficients xk

q are given by

xk
u =

(

−
1√
2
sinα, −

1√
2
cosα,

i√
2
cosβ

)

k

,

xk
d =

(

−
1√
2
cosα,

1√
2
sinα,

i√
2
sinβ

)

k

. (21)

Assuming an MSSM-like Higgs potential the following
relations among the parameters hold

tanβ =
vu
vd

, tan 2α = tan 2β
m2

A0 +m2
Z

m2
A0 −m2

Z

,

m2
H± = m2

A0 +m2
W , m2

H0 = m2
A0 +m2

Z −m2
h0 . (22)

The quantities εq,"ij are the non-holomorphic Higgs–
fermion couplings in the physical basis (see [63] for de-
tails on the conventions). This means that εd,"ij (εuij)
parametrize the coupling of down (up) quarks and lep-
tons to the up- (down-)type Higgs doublet in the basis
in which the fermion mass matrices are diagonal. In the
limit v $ mA0 all three non-SM Higgs masses in (22)
become equal mA0 ≈ mH± ≈ mH0 ≡ mH .

in practice, ε from weak SUSY loops - small
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FIG. 5: ε!eµ normalized by the dimensionless parameter δLL !
12

quantifying the amount of flavor violation in the slepton sector
as a function of tan β and the Wino mass M2.

while δRR !
12 enters only at a sub-leading level (suppressed

by the ratio of gauge couplings g21/g
2
2). δRR !

ij and δLL !
ij

are the dimensionless off-diagonal elements of the slepton
mass matrices normalized by the average squark mass.
In the end, the dominant contribution to µ → e conver-

sion is due to down-quark operators and scales like tan6 β
leading to stringent constraints [43, 80, 95] on the MSSM
parameters. We show in Fig. 5 the size of ε!eµ ≡ ε!12 as
a function of tanβ and the mass M2 of the Wino, which
occurs together with a slepton in the loop that generates
ε!eµ. Combining this with the constraints on the 2HDM
parameter space (see Fig. 4), and taking into account the
partially correlated effects in the Higgs–quark–quark cou-
plings, one can obtain bounds on the MSSM parameter
space.

IV. CONCLUSIONS

µ → e conversion is particularly sensitive to Higgs-
mediated LFV because it is not suppressed by small
Yukawa couplings as µ → eγ and µ → eee (and neither
by a cancellation between the CP-odd and the CP-even

Higgs contribution). In this article we carefully investi-
gated the impact of theoretical uncertainties induced by
couplings of the nucleon to quark scalar operators in the
context of µ → e conversion in nuclei.

The analysis relies on a clean separation of two- and
three-flavor effects, with the u- and d-couplings expressed
in terms of σπN and isospin-breaking corrections derived
in the rigorous framework of SU(2) ChPT [20]. This ap-
proach allows for a reliable assessment of uncertainties
and thus a clarification of the role of hadronic uncertain-
ties in µ → e conversion. We find that isospin-breaking
effects largely cancel, since only the sum of u- and d-
quark enters, and that altogether the result is remarkably
insensitive to variations of the u-, d-, and s-couplings,
which can be traced back to a large constant term gen-
erated when integrating out the heavy quarks. We point
out that taking the strangeness coupling fN

s from lat-
tice calculations instead of determining fN

s from σπN by
means of an SU(3) relation as often done in the litera-
ture, not only reduces hadronic uncertainties appreciably,
but also removes a large artificial dependence on σπN .

We applied our results for the hadronic quantities to
the case where flavor-changing SM-Higgs couplings are
induced by a dimension-6 operator. Our bounds for
the LFV couplings are stronger than previously thought.
We further investigated the constraining power of fu-
ture Mu2e and COMET experiments concerning flavor-
changing parameters in the 2HDM, which can be trans-
lated into bounds on the MSSM parameter space. In
view of the forthcoming experiments, µ → e conversion
is likely to eventually provide the most stringent bounds
on Higgs-mediated µ → e transitions.
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Conclusions (on the positive note)

Higgs LFV powerful null-test of SM (and many BSMs)

Intrinsically related to mechanism behind generation of 
lepton masses (both charged and neutrinos)

Complimentarily of indirect and direct probes                   
(e/mu vs tau sectors, CPC vs CPV)

Viable sizes of LFV Higgs couplings can be probed in all 
sectors (except Ye?)
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