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And now, 
for something completely different:



Hiiiiiiiiiiggs!!!!

“.....for the theoretical discovery of a mechanism that contributes to our understanding of the origin of 
mass of subatomic particles, and which recently was confirmed through the discovery of the predicted 
fundamental particle, by the ATLAS and CMS experiments at CERN's Large Hadron Collider"



CLFV in the SM

CLFV beyond the SM - Effective Field Theories: 

Examples: Higgs, SUSY, ...                                                        
what will upcoming experiments probe?

Outline

µ ! e� ⌧ ! e� ⌧ ! µ�

µ ! 3e µ+N ! e+N



Isidor Rabi sums it up in less than 140 characters:

Flavor discovered: µ
1936: Anderson and Neddermeyer                                             
discover the muon.
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Rabi’s question was 
posed over 70 years ago.

It is still unanswered!

Whats with the three flavors? 
How are they related? 

How do they interact with one another?

 This, and the hope to discover new physics,
motivate searches for flavor violation.



CLFV:
µ ! e� ⌧ ! e� ⌧ ! µ�

µ ! 3e µ+N ! e+N

µ+e� ! e+µ�

...

sensitive probes 
of new physics.

Some reach where the LHC cannot 
(either too heavy or too weakly coupled)

see 1303.6154 
for a review.



Flavor in SM
The charged lepton sector (before neutrino masses):

diagonalize

U(3)2 is broken by yukawas to a U(1)3 symmetry:

U(1)e ⇥ U(1)µ ⇥ U(1)⌧

yei H̃ liLe
i
RL � yeijH̃ liLe

j
R

Lepton family 
number
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Contrast this with the quark sector:

L � yuijH qiuj + ydijH̃ qiuj
cannot diagonalize

simultaneously!

U(3)3 breaks to a U(1).

Baryon number



Flavor Change

Recall: symmetry = conservation law.

µ-number and e-number are conserved.

In this limit: no charged lepton flavor violation.

µ e
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Flavor in SM
Now, introduce neutrino masses:

L � yeijH̃ liLe
j
R + y⌫ijH liL⌫

j
R

L � yeijH̃ liLe
j
R +

�ij

⇤
(liLH)(ljLH)

m⌫
ij⌫

i
L⌫

j
L

-or-

“Majorana”:

“Dirac”:



Flavor in SM
Now, introduce neutrino masses:

L � yeijH̃ liLe
j
R + y⌫ijH liL⌫

j
R

L � yeijH̃ liLe
j
R +

�ij

⇤
(liLH)(ljLH)

m⌫
ij⌫

i
L⌫

j
L

-or-

“Majorana”:

“Dirac”:

U(1) 3 → nothing



Flavor in SM
Now, introduce neutrino masses:

L � yeijH̃ liLe
j
R + y⌫ijH liL⌫

j
R

L � yeijH̃ liLe
j
R +

�ij

⇤
(liLH)(ljLH)

m⌫
ij⌫

i
L⌫

j
L

-or-

“Majorana”:

“Dirac”:

U(1) 3 → nothing

U(1) 3 → U(1)L



Flavor in SM
Now, introduce neutrino masses:

L � yeijH̃ liLe
j
R + y⌫ijH liL⌫

j
R

L � yeijH̃ liLe
j
R +

�ij

⇤
(liLH)(ljLH)

m⌫
ij⌫

i
L⌫

j
L

-or-

“Majorana”:

“Dirac”:

U(1) 3 → nothing

U(1) 3 → U(1)L

Either way: 
the lepton flavor symmetry is broken
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(for more on neutrino oscillations: 

upcoming lectures in winter). 
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CLFV was Observed!

⌫µ

e�

µ�

nucleus

⌫

a loooong way

Neutrino Experiments
(for more on neutrino oscillations: 

upcoming lectures in winter). 

Neutrino flavor 
oscillation is CLFV.

(its tiny!)

But that’s not what 
we mean by CLFV...

 “long distance mu to e 
conversion” 
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CLFV in the SM
Lets estimate this diagram, back of the envelope:      
(an aside on lazy model builders)
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CLFV in the SM
For the record, the branching ration is:

Bad news: we will never observe this.

Good news: we will never observe this.          
No backgrounds* in the search for BSM!

BR(µ ! e�)SM ⇠ 3↵

32⇡

✓
�m2

⌫

m2
W

◆2

⇠ 10�54

*Except for the difficult experimental BG’s 
we will hear about in upcoming lectures....



LFV in BSM:
Effective Field Theories



EFT
We would like to consider heavy new physics 
that can mediate CLFV.

Heavy state propagate for a short distance ~M-1              
(e.g. the Yukawa potential).

EFT: a theory that is valid in the IR.                
Describes distance scales longer than M-1.

≃

(M~cutoff or Λ)



EFT
These interactions                 are higher-

dimensional operators.  

Suppressed by powers of the cutoff, Λ.

Also known as contact interactions. 

The strength of the interaction is set by matching 
the EFT to the full theory.

≃



EFT
The classic example: weak interactions 

GF (µ̄�
µPL⌫µ)(ē�µPL⌫e)

(µ̄�µPL⌫µ)
g2

q2 �m2
W

(ē�µPL⌫e)

q2≪mW
2

GF ⇠ g2

m2
W

with

~

~
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and a photon.

µ , e , Aµ
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EFT for µ→eγ
We need an operator with an electron, a muon, 
and a photon.

µ , e , Aµ

µ̄�µeAµHow about              ?     No! gauge invariance 
guarantees its not there.

(no “mixed charge”)

Next, lets try a mixed  EM dipole:

µ̄R�
µ⌫eLFµ⌫H

1
⇤2

“dimension six”



EFT for µ→eγ
There are only two dipole operators that 
determine the rate for µ→eγ:

Lµ!e� = CL
e

8⇡2
mµ(µ̄R�

µ⌫eL)Fµ⌫

+CR
e

8⇡2
mµ(µ̄L�

µ⌫eR)Fµ⌫

The decay rate is

�(µ ! e�) =
↵m5

µ

64⇡4
(|CL|2 + |CR|2)

note: 
the notation is not universal 

across the literature.

note: 
Similar formulea for tau to e 
gamma and tau to mu gamma.



EFT for µ→e Conversion
Now there is no photon in the final state.

Many more operators:

see Kitano, Koike, Okada, hep-ph/0203110  
for even more operators see Petrov and Zhuridov, 1308.6561

2 Formula of µ-e conversion rate

In this section, we present a method of the conversion rate calculation. We solve the

Dirac equations for the muon and electron in the initial and final states, respectively, and

obtain transition amplitudes by integrating the overlap of both wave functions.

We start with the most general LFV interaction Lagrangian which contributes to the

µ-e transition in nuclei [1]:

Lint = −
4GF√

2
(mµARµ̄σµνPLeFµν + mµALµ̄σµνPReFµν + h.c.)

−
GF√

2

∑

q=u,d,s

[

(

gLS(q)ēPRµ + gRS(q)ēPLµ
)

q̄q

+
(

gLP (q)ēPRµ + gRP (q)ēPLµ
)

q̄γ5q

+
(

gLV (q)ēγ
µPLµ + gRV (q)ēγ

µPRµ
)

q̄γµq

+
(

gLA(q)ēγ
µPLµ + gRA(q)ēγ

µPRµ
)

q̄γµγ5q

+
1

2

(

gLT (q)ēσ
µνPRµ + gRT (q)ēσ

µνPLµ
)

q̄σµνq + h.c.

]

, (1)

where GF and mµ are the Fermi constant and the muon mass, respectively, and AL,R

and g’s are all dimensionless coupling constants for the corresponding operators. Our

conventions are Fµν = ∂µAν −∂νAµ, σµν = (i/2)[γµ, γν ], PL = (1−γ5)/2, PR = (1+γ5)/2,

and the covariant derivative is defined as Dµ = ∂µ−iQeAµ, where Qe (e > 0) is the electric

charge (Q = −1 for the electron and the muon). The size of each coupling constant

depends on the interaction of the new physics in which the lepton flavor conservation is

violated. There are two types of amplitudes for photonic transition (µ-e-γ), namely the

monopole and dipole µ-e transitions. In the above expression, the monopole transition is

converted to the vector-vector interaction assuming that the momentum dependences of

the form factors are negligible.

The initial state in the µ-e conversion process is the 1s state of the muonic atom, and

the final electron state is the eigenstate with an energy of mµ − εb, where εb is the binding

energy of the 1s muonic atom. Both wave functions in the initial and final states can be

determined by solving the Dirac equations in the electric field of the nucleus. The Dirac

4

dipoles

Contact ops. 
with quarks



EFT for µ→e Conversion
Consider a muonic atom μ-N. The muon can 
scatter off the nucleus and convert to e.

The conversion rate depends on the various 
coefficients. For example:

Differences have to do with the nuclear matrix 
elements (and “atomic matrix element” for dipoles).
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Figure 10: The µ-e conversion ratios for the typical theoretical models evaluated by
the method 2 in subsection 3.1. The branching ratio is normalized by BµN→eN(Z = 13)
evaluated by the method 1.

namely

Dipole: BµN→eN(Z = 13) = 9.9
(

|AL|2 + |AR|2
)

, (35)

Scalar: BµN→eN(Z = 13) = 1.7 × 102
(

|gLS(d)|2 + |gRS(d)|2
)

, (36)

Vector: BµN→eN(Z = 13) = 2.0
(

|g̃(p)
LV |

2 + |g̃(p)
RV |

2
)

. (37)

We can see that, for all three types, the branching ratio increases as Z for Z ! 30, are

largest for 30 ! Z ! 60, and decreases for Z " 60. It is also seen that the conversion

ratios have large differences in heavy nuclei depending on the three types of interaction.

From this property we may be able to distinguish models beyond the SM through several

experiments with different targets.

In order to see improvements of the present method from older calculations, we com-

pare three different approximations for the case where the photonic dipole operators are

25

see Kitano, Koike, Okada, hep-ph/0203110  



EFT for µ→e Conversion
Strong dependence on atomic number and to the 
operator type:
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Figure 9: The µ-e conversion ratios for the typical theoretical models are plotted as func-
tions of the atomic number Z. The solid, the long dashed, and the dashed lines represent
the cases that the photonic dipole, scalar, and vector operator dominates, respectively.
Proton and neutron distribution are taken according to method 1 in subsection 3.1, and
the conversion ratios are normalized by the conversion ratio in aluminum nuclei (Z = 13).

The first case appears as a good approximation in SUSY models for many cases, especially

in SO(10) SUSY GUT models [4] and in SUSY models with right-handed neutrinos [6].

The second case is realized in some cases of SUSY models with R-parity violation [3]. The

third case corresponds to the situation where the monopole form factors give dominant

contributions in the µ-e-γ transition. The µ-e conversion branching ratio are shown for

three cases in Figs.9 (method 1), 10 (method 2), and 11 (method 3). In these figures the

branching ratios are normalized by the value for aluminum evaluated by the method 1,

24
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Measuring conversion for several 

elements can distinguish UV models!



Decay vs. Conversion
Pick just two operators, 
dipole and vector:

After integrating out heavy degrees of freedom, and after electroweak symmetry breaking, CLFV
is mediated by e↵ective operators of dimension five and higher. We first concentrate on the following
e↵ective Lagrangian6

LCLFV =
mµ

(+ 1)⇤2
µ̄R�µ⌫eLF

µ⌫ + h.c.



(1 + )⇤2
µ̄L�µeL

�
ūL�

µuL + d̄L�
µdL

�
+ h.c. . (2)

The subscripts L,R indicate the chirality of the di↵erent Standard Model fermion fields, F µ⌫ is the
photon field strength and mµ is the muon mass. The coe�cients of the two types of operators are
parameterized by two independent constants: the dimensionful ⇤ parameter (with dimensions of mass),
which is meant to represent the e↵ective mass scale of the new degrees of freedom, and the dimensionless
parameter , which governs the relative size of the two di↵erent types of operators. The magnetic-
moment type operator in the first line of Eq. (2) directly mediates µ ! e� and mediates µ ! eee and
µ ! e conversion in nuclei at order ↵. The four-fermion operators in the second line of Eq. (2), on the
other hand, mediate µ ! e conversion at the leading order and µ ! e�, µ ! eee at the one-loop level.
For  ⌧ 1, the dipole-type operator dominates CLFV phenomena, while for  � 1 the four-fermion
operators are dominant.

The sensitivity to ⇤ as a function of  for µ ! e� and µ ! e conversion e↵orts is depicted in Fig. 2.
For  ⌧ 1, an experiment sensitive to Br(µ ! e�) > 10�13 will probe ⇤ values less than 2500 TeV,
while for  � 1 an experiment sensitive to Br(µ ! e conv in 27Al) > 10�16 will probe ⇤ values less
than 7000 TeV.

Relevant information can be extracted from Fig. 2. CLFV already probes ⇤ values close to 1000 TeV
and next-generation experiments will start to probe ⇤ ⇠ 104 TeV and beyond. Furthermore, a µ !
e conversion experiment is “guaranteed” to outperform a µ ! e� experiment for any value of  as
long as it is a couple of orders of magnitude more sensitive. Since, as already discussed, it appears
very challenging to perform a µ ! e� experiment sensitive to branching ratios smaller than 10�14,
µ ! e conversion searches (not expected to hit any “wall” before normalized rates around at most
10�18), are the more e↵ective way of pursuing CLFV after the on-going MEG experiment is done
analyzing its data.

Similarly, we can ask what are the consequences for CLFV if the new physics is best captured by
the following “leptons-only” e↵ective Lagrangian:

LCLFV =
mµ

(+ 1)⇤2
µ̄R�µ⌫eLF

µ⌫ + h.c.



(1 + )⇤2
µ̄L�µeL (ē�

µe) + h.c. . (3)

Similar to the dimension-six operators in the second line of Eq. (2), the dimension-six operator in the
second line of Eq. (3) mediates µ ! eee at the tree level and µ ! e�, µ ! e conversion at the one-
loop level. Similar to Eq. (2), the dimensionless parameter  determines whether the dipole-like or the
four-fermion interaction is dominant when it comes to CLFV.

The sensitivity to ⇤ as a function of  for µ ! e� and µ ! eee e↵orts is depicted in Fig. 3. Here,
for  � 1, an experiment sensitive to Br(µ ! eee) > 10�15 will probe ⇤ values less than 1800 TeV. As
in the example depicted in Fig. 2, we note that a µ ! eee experiment is guaranteed to outperform a
µ ! e� experiment, for any value of , as long as it is a few hundred times more sensitive. Whether
this can be realistically achieved in future experiments is still under investigation [12, 19].

6The most general e↵ective Lagragian includes several other terms [14]. The subsets included in Eqs. (2,3), however,
are su�cient to illustrate all issues discussed here. Modulo extreme constructive/destructive interference e↵ects among
di↵erent e↵ective operators, the points made here remain valid.
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Figure 2: Sensitivity of a µ ! e conversion in 27Al experiment that can probe a normalized
capture rate of 10�16 and 10�18, and of a µ ! e� search that is sensitive to a branching ratio
of 10�13 and 10�14, to the new physics scale ⇤ as a function of , as defined in Eq. (2). Also
depicted is the currently excluded region of this parameter space.

A model independent comparison between the reach of µ ! eee and µ ! e conversion in nuclei is
a lot less straight forward. If the new physics is such that the dipole-type operator is dominant ( ⌧ 1
in Figures 2 and 3), it is easy to see that near-future prospects for µ ! e conversion searches are
comparable to those for µ ! eee, assuming both can reach the 10�16 level. µ ! e conversion searches
will ultimately dominate, assuming these can reach beyond 10�17, and assuming µ ! eee searches
“saturate” at the 10�16 level. Under all other theoretical circumstances, keeping in mind that  and ⇤
in Eqs. (2,3) are not the same, it is impossible to unambiguously compare the two CLFV probes.

The discussions above also serve to illustrate another “feature” of searches for CLFV violation.
In the case of a positive signal, the amount of information regarding the new physics is limited. For
example, a positive signal in a µ ! e conversion experiment does not allow one to measure either ⇤ or
 but only a function of the two. In order to learn more about the new physics, one needs to combine
information involving the rate of a particular CLFV process with other observables. These include other
CLFV observables (e.g., a positive signal in µ ! e� and µ ! eee would allow one to measure both
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conversion limit by 4 
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An order of magnitude 
in NP scale!
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EFT for µ→3e
Same interactions as 
for µ→e conversion, 
but with the quarks 
replaced by electrons.

Again, we can pick just 
two:
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to the new physics scale ⇤ as a function of , as defined in Eq. (3). Also depicted is the
currently excluded region of this parameter space.

 and ⇤ if Eq. (3) describes CLFV), studies of electromagnetic properties of charged leptons (g � 2,
electric dipole moments), precision studies of neutrino processes (including oscillations), and, of course,
“direct” searches for new, heavy degrees of freedom (Tevatron, LHC). Valuable information, including
the nature and chirality of the e↵ective operators that mediate CLFV, can be obtained by observing
µ ! e conversion in di↵erent nuclei [14, 29, 30] or by studying the kinematical distribution of the
final-state electrons in µ ! eee (see [14] and references therein).

Before moving on to specific new physics scenarios, it is illustrative to compare, as model-independently
as possible, new physics that mediates CLFV and the new physics that may have manifested itself in
precision measurements of the muon anomalous magnetic moment. In a nutshell, the world’s most
precise measurement of the g� 2 of the muon disagrees with the world’s best Standard Model estimate
for this observable at the 3.6� level (for an updated overview see [1], and references therein). New,
heavy physics contributions to the muon g � 2 are captured by the following e↵ective Lagrangian:

Lg�2 �
mµ

⇤2
µ̄R�µ⌫µLF

µ⌫ + h.c. . (4)
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After integrating out heavy degrees of freedom, and after electroweak symmetry breaking, CLFV
is mediated by e↵ective operators of dimension five and higher. We first concentrate on the following
e↵ective Lagrangian6

LCLFV =
mµ

(+ 1)⇤2
µ̄R�µ⌫eLF

µ⌫ + h.c.



(1 + )⇤2
µ̄L�µeL

�
ūL�

µuL + d̄L�
µdL

�
+ h.c. . (2)

The subscripts L,R indicate the chirality of the di↵erent Standard Model fermion fields, F µ⌫ is the
photon field strength and mµ is the muon mass. The coe�cients of the two types of operators are
parameterized by two independent constants: the dimensionful ⇤ parameter (with dimensions of mass),
which is meant to represent the e↵ective mass scale of the new degrees of freedom, and the dimensionless
parameter , which governs the relative size of the two di↵erent types of operators. The magnetic-
moment type operator in the first line of Eq. (2) directly mediates µ ! e� and mediates µ ! eee and
µ ! e conversion in nuclei at order ↵. The four-fermion operators in the second line of Eq. (2), on the
other hand, mediate µ ! e conversion at the leading order and µ ! e�, µ ! eee at the one-loop level.
For  ⌧ 1, the dipole-type operator dominates CLFV phenomena, while for  � 1 the four-fermion
operators are dominant.

The sensitivity to ⇤ as a function of  for µ ! e� and µ ! e conversion e↵orts is depicted in Fig. 2.
For  ⌧ 1, an experiment sensitive to Br(µ ! e�) > 10�13 will probe ⇤ values less than 2500 TeV,
while for  � 1 an experiment sensitive to Br(µ ! e conv in 27Al) > 10�16 will probe ⇤ values less
than 7000 TeV.

Relevant information can be extracted from Fig. 2. CLFV already probes ⇤ values close to 1000 TeV
and next-generation experiments will start to probe ⇤ ⇠ 104 TeV and beyond. Furthermore, a µ !
e conversion experiment is “guaranteed” to outperform a µ ! e� experiment for any value of  as
long as it is a couple of orders of magnitude more sensitive. Since, as already discussed, it appears
very challenging to perform a µ ! e� experiment sensitive to branching ratios smaller than 10�14,
µ ! e conversion searches (not expected to hit any “wall” before normalized rates around at most
10�18), are the more e↵ective way of pursuing CLFV after the on-going MEG experiment is done
analyzing its data.

Similarly, we can ask what are the consequences for CLFV if the new physics is best captured by
the following “leptons-only” e↵ective Lagrangian:

LCLFV =
mµ

(+ 1)⇤2
µ̄R�µ⌫eLF

µ⌫ + h.c.
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µ̄L�µeL (ē�

µe) + h.c. . (3)

Similar to the dimension-six operators in the second line of Eq. (2), the dimension-six operator in the
second line of Eq. (3) mediates µ ! eee at the tree level and µ ! e�, µ ! e conversion at the one-
loop level. Similar to Eq. (2), the dimensionless parameter  determines whether the dipole-like or the
four-fermion interaction is dominant when it comes to CLFV.

The sensitivity to ⇤ as a function of  for µ ! e� and µ ! eee e↵orts is depicted in Fig. 3. Here,
for  � 1, an experiment sensitive to Br(µ ! eee) > 10�15 will probe ⇤ values less than 1800 TeV. As
in the example depicted in Fig. 2, we note that a µ ! eee experiment is guaranteed to outperform a
µ ! e� experiment, for any value of , as long as it is a few hundred times more sensitive. Whether
this can be realistically achieved in future experiments is still under investigation [12, 19].

6The most general e↵ective Lagragian includes several other terms [14]. The subsets included in Eqs. (2,3), however,
are su�cient to illustrate all issues discussed here. Modulo extreme constructive/destructive interference e↵ects among
di↵erent e↵ective operators, the points made here remain valid.
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UV Models

1. Higgs
2. High Scale SUSY

There are many examples.  
For my personal convenience I will show those that I worked on.



Higgs Couplings
We found the Higgs.  Where’s the New Physics?

HSMσ/σBest fit -6 -4 -2 0 2 4 6 8
 ZZ→H 

 WW (VH tag)→H 
 WW (VBF tag)→H 

 WW (0/1 jet)→H 
 (VBF tag)γγ →H 

 (untagged)γγ →H 
 (VH tag)ττ →H 

 (VBF tag)ττ →H 
 (0/1 jet)ττ →H 

 bb (ttH tag)→H 
 bb (VH tag)→H 

CMS Preliminary
-1

 = 7 TeV, L = 5.1 fbs
-1

 = 8 TeV, L = 5.3 fbs

 = 125 GeV
H m

A remarkable new opportunity to find NP!

Many BSM frameworks can lead 
to modified Higgs couplings.



Higgs Couplings:  SM
The Higgs couplings in the SM are determined. 
Thats why they are so important to measure!

Yukawa couplings: 

yi =
mi

v
with

In the SM Yukawa couplings are:

* Flavor diagonal.
* Real (CP is conserved).

L � yihf
i
Lf

i
R + h.c.

HSMσ/σBest fit 

-6 -4 -2 0 2 4 6 8

 ZZ→H 

 WW (VH tag)→H 
 WW (VBF tag)→H 

 WW (0/1 jet)→H 
 (VBF tag)γγ →H 

 (untagged)γγ →H 
 (VH tag)ττ →H 

 (VBF tag)ττ →H 
 (0/1 jet)ττ →H 

 bb (ttH tag)→H 
 bb (VH tag)→H 

CMS Preliminary
-1 = 7 TeV, L = 5.1 fb

s
-1 = 8 TeV, L = 5.3 fb

s

 = 125 GeVH m



Can We violate this?
Can we have FV Higgs couplings?

times larger than in the SM can arise in many models of flavor (for instance in models with

continuous and/or discrete flavor symmetries [24], or in Randall-Sundrum models [25]) as

long as there is new physics at the electroweak scale and not just the SM. The lepton flavor

violating decay h ! ⌧µ has been studied in [11], and it was found that the branching ratio

for this decay can be up to 10% in certain Two Higgs Doublet Models (2HDMs).

In fact, there may already be experimental hints that the Higgs couplings to fermions

may not be SM-like. For instance, the BaBar collaboration recently announced a 3.4�

indication of flavor universality violation in b ! c⌧⌫ transitions [26], which can be explained

for instance by an extended Higgs sector with nontrivial flavor structure [27].

The paper is organized as follows. In Sec. II we introduce the theoretical framework we

will use to parameterize the flavor violating decays of the Higgs. In Sec. III we derive bounds

on flavor violating Higgs couplings to leptons and translate these bounds into limits on the

Higgs decay branching fractions to the various flavor violating final states. In Sec. IV we

do the same for flavor violating couplings to quarks. We shall see that decays of the Higgs

to ⌧µ and to ⌧e with sizeable branching fractions are allowed, and that also flavor violating

couplings of the Higgs to top quarks are only weakly constrained. Motivated by this we

turn to the LHC in Section V and estimate the current bounds on Higgs decays to ⌧µ and

⌧e using data from an existing h ! ⌧⌧ search. We also discuss a strategy for a dedicated

h ! ⌧µ search and comment on di↵erences with the SM h ! ⌧⌧ searches. We will see

that the LHC can make significant further progress in probing the Higgs’ flavor violating

parameters space with existing data. We conclude in Section VI. In the appendices, we give

more details on the calculation of constraints from low-energy observables.

II. THE FRAMEWORK

After electroweak symmetry breaking (EWSB) the fermionic mass terms and the cou-

plings of the Higgs boson to fermion pairs in the mass basis are in general

LY = �mif̄
i
Lf

i
R � Yij(f̄

i
Lf

j
R)h+ h.c.+ · · · , (1)

where ellipses denote nonrenormalizable couplings involving more than one Higgs field oper-

ator. In our notation, fL = qL, `L are SU(2)L doublets, fR = uR, dR, ⌫R, `R the weak singlets,

and indices run over generations and fermion flavors (quarks and leptons) with summation

3

In the mass basis, could we have

?



Flavor Violating Higgs 
UV Recipe for FV Higgs:

1. Rip a page from a paper 
that modifies Higgs 
couplings. 

2. Sprinkle flavor indices  all 
over the place.

3. Re-diagonalize mass 
matrix.
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Flavor Violating Higgs 
Writing it a bit more neatly, we get: 

implicitly understood. In the SM the Higgs couplings are diagonal, Yij = (mi/v)�ij, but

in general NP models the structure of the Yij can be very di↵erent. Note that we use the

normalization v = 246 GeV here. The goal of the paper is to set bounds on Yij and identify

interesting channels for Higgs decays at the LHC. Throughout we will assume that the Higgs

is the only additional degree of freedom with mass O(100 GeV) and that the Yij’s are the

only source of flavor violation. These assumptions are not necessarily valid in general, but

will be a good approximation in many important classes of new physics frameworks. Let

us now show how Yij 6= (mi/v)�ij can arise in two qualitatively di↵erent categories of NP

models.

a. A single Higgs theory. Let us first explore the possibility that the Higgs is the only

field that causes EWSB. For simplicity let us also assume that at energies below ⇠ 200 GeV

the spectrum consists solely of the SM particles: three generations of quarks and leptons,

the SM gauge bosons and the Higgs at 125 GeV. Additional heavy fields (e.g. scalar or

fermionic partners which address the hierarchy problem) can be integrated out, so that we

can work in e↵ective field theory (EFT)—the e↵ective Standard Model. In addition to the

SM Lagrangian

LSM = f̄ j
Li /Df j

L + f̄ j
Ri /Df j

R �
⇥

�ij(f̄
i
Lf

j
R)H + h.c.

⇤

+DµH
†DµH � �H

⇣

H†H � v2

2

⌘

2

, (2)

there are then also higher dimensional terms due to the heavy degrees of freedom that were

integrated out:

�LY = ��0
ij

⇤2

(f̄ i
Lf

j
R)H(H†H) + h.c.+ · · · , (3)

Here we have written out explicitly only the terms that modify the Yukawa interactions.

We can truncate the expansion after the terms of dimension 6, since these already su�ce to

completely decouple the values of the fermion masses from the values of fermion couplings

to the Higgs boson (see also [15]). Additional dimension 6 operators involving derivatives

include

�LD =
�ij
L

⇤2

(f̄ i
L�

µf j
L)(H

†i
 !
DµH) +

�ij
R

⇤2

(f̄ i
R�

µf j
R)(H

†i
 !
DµH) + · · · , (4)

where (H†i
 !
DµH) ⌘ H†iDµH � (iDµH†)H. The couplings �0

ij are complex in general,

while the �ij
L,R are real. The derivative couplings do not give rise to fermion-fermion-Higgs

couplings after EWSB and are irrelevant for our analysis. In Eq. (4) there are in principle
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also terms of the form (f̄ i
L,Ri /Df j

L.R)H
†H, which, however, can be shown to be equivalent to

(3) by using equations of motion.

After electroweak symmetry breaking (EWSB) and diagonalization of the mass matrices,

one obtains the Yukawa Lagrangian in Eq. (1), with

p
2m = VL



�+
v2

2⇤2

�0
�

V †
R v ,

p
2Y = VL



�+ 3
v2

2⇤2

�0
�

V †
R , (5)

where the unitary matrices VL, VR are those which diagonalize the mass matrix, and v =

246 GeV. In the mass basis we can write

Yij =
mi

v
�ij +

v2p
2⇤2

�̂ij , (6)

where �̂ = VL�0VR. In the limit ⇤ ! 1 one obtains the SM, where the Yukawa matrix Y is

diagonal, Y v = m. For ⇤ of the order of the electroweak scale, on the other hand, the mass

matrix and the couplings of the Higgs to fermions can be very di↵erent as �̂ is in principle

an arbitrary non-diagonal matrix.

Taking the o↵ diagonal Yukawa couplings nonzero can come with a theoretical price.

Consider, for instance, a two flavor mass matrix involving ⌧ and µ. If the o↵-diagonal entries

are very large the mass spectrum is generically not hierarchical. A hierarchical spectrum

would require a delicate cancellation among the various terms in Eq. (5). Tuning is avoided

if [28]

|Y⌧µYµ⌧ | . mµm⌧

v2
, (7)

with similar conditions for the other o↵ diagonal elements. Even though we will keep this

condition in the back of our minds, we will not restrict the parameter space to fulfill it.

b. Models with several sources of EWSB: Let us now discuss the case where the Higgs

at 125 GeV is not the only scalar that breaks electroweak symmetry. The modification of

the above discussion is straightforward. The additional sources of EWSB are assumed to

be heavy and can thus still be integrated out. Their EWSB e↵ects can be described by a

spurion � that formally transforms under electroweak global symmetry and then obtains

a vacuum expectation value (vev), which breaks the electroweak symmetry. If � has the

quantum numbers (2, 1/2) under SU(2)L ⇥ U(1)Y it can contribute to quark and lepton

masses.2 This allows the Yukawa interactions Y of the 125 GeV Higgs to be misaligned with

2 A spurion which transforms as a triplet can also contribute to Majorana masses for neutrinos.
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“Natural” FV
FV that’s too large comes at a tuning price:

Requiring no cancelation in the determinant
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In an era of data, considerations of fine 
tuning are not of huge importance...

But we’ll keep it in the back of our mind.



Leptonic Flavor Violation

respect to the fermion mass matrix m in Eq. (1).

The simplest example for a full theory of this class is a type III two Higgs doublet model

(2HDM) where both Higgses obtain a vev and couple to fermions. In the full theory both

of the scalars then have a Lagrangian of the form (1)

LY = �mif̄
i
Lf

i
R � Y a

ij(f̄
i
Lf

j
R)h

a + h.c.+ · · · , (8)

where the index a runs over all the scalars (with Y a
ij imaginary for pseudoscalars), and mi

receives contributions from both vevs. In addition there is also a scalar potential which

mixes the two Higgses. Diagonalizing the Higgs mass matrix then also changes Y a
ij , but

removes the Higgs mixing. For our purposes it is simplest to work in the Higgs mass basis.

All the results for a single Higgs are then trivially modified, replacing our final expressions

below by a sum over several Higgses. For a large mass gap, where only one Higgs is light, the

contributions from the heavier Higgs are power suppressed, unless its flavor violating Yukawa

couplings are parametrically larger than those of the light Higgs. The contributions from

the heavy Higgs correspond to the higher dimensional operators discussed in the previous

paragraph. This example can be trivially generalized to models with many Higgs doublets.

We next derive constraints on flavor violating Higgs couplings and work out the allowed

branching fractions for flavor violation Higgs decays. In placing the bounds we will neglect

the FV contributions of the remaining states in the full theory. Our bounds thus apply

barring cancellations with these other terms.

III. LEPTONIC FLAVOR VIOLATING HIGGS DECAYS

The FV decays h ! eµ, e⌧, µ⌧ arise at tree level from the assumed flavor violating Yukawa

interactions, Eq. (1), where the relevant terms are explicitly

LY �� YeµēLµRh� Yµeµ̄LeRh� Ye⌧ ēL⌧Rh� Y⌧e⌧̄LeRh� Yµ⌧ µ̄L⌧Rh� Y⌧µ⌧̄LµRh+ h.c. .

(9)

The bounds on the FV Yukawa couplings are collected in Table I, where for simplicity of

presentation the flavor diagonal muon and tau Yukawa couplings,

LY � �Yµµµ̄LµRh� Y⌧⌧ ⌧̄L⌧Rh+ h.c. , (10)

6

Which experiments constrain the Yij’s?



Higgs couplings to µe
Higgs coupling to µe is constrained, e.g. by:
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Figure 12: The two loop diagrams contributing to ⌧ ! µ�.
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The contributions from the 2-loop diagrams with an internal Z are smaller as they are

suppressed by 1� 4s2W ' 0.08. They are
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Figure 1: Diagrams contributing to the flavor violating decay ⌧ ! µ�, mediated by a Higgs boson

with flavor violating Yukawa couplings.

The bounds on the FV Yukawa couplings are collected in Table I, where for simplicity of

presentation the flavor diagonal muon and tau Yukawa couplings,

LY � �Yµµµ̄LµRh� Y⌧⌧ ⌧̄L⌧Rh+ h.c. , (10)

were set equal to their respective SM values
�

Yµµ

�

S

M

= mµ/v,
�

Y⌧⌧

�

S

M

= m⌧/v. Similar

bounds on FV Higgs couplings to quarks are collected in Table II. Similar constraints on

flavor violating Higgs decays have been present recently also in [24]. While our results agree

qualitatively with previous ones, small numerical di↵erences are expected because we avoid

some of the approximations made by previous authors. We also consider some constraining

processes not discussed before.

We first give more details on how the bounds in Tables I and II were obtained and then

move on to predictions for the allowed sizes of the FV Higgs decays.
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The e↵ective Lagrangian for the ⌧ ! µ� decay is given by
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with ↵, � the Lorentz indices and F↵� the electromagnetic field strength tensor. The Wilson

coe�cients cL and cR receive contributions from the two 1-loop diagrams shown in Fig. 1

(with the first one dominant), and a comparable contribution from Barr-Zee type 2-loop
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Figure 1: Diagrams contributing to the flavor violating decay ⌧ ! µ�, mediated by a Higgs boson

with flavor violating Yukawa couplings.

The bounds on the FV Yukawa couplings are collected in Table I, where for simplicity of

presentation the flavor diagonal muon and tau Yukawa couplings,

LY � �Yµµµ̄LµRh� Y⌧⌧ ⌧̄L⌧Rh+ h.c. , (10)

were set equal to their respective SM values
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= mµ/v,
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Y⌧⌧
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= m⌧/v. Similar

bounds on FV Higgs couplings to quarks are collected in Table II. Similar constraints on

flavor violating Higgs decays have been present recently also in [24]. While our results agree

qualitatively with previous ones, small numerical di↵erences are expected because we avoid

some of the approximations made by previous authors. We also consider some constraining

processes not discussed before.

We first give more details on how the bounds in Tables I and II were obtained and then

move on to predictions for the allowed sizes of the FV Higgs decays.
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where the dim-5 electromagnetic penguin operators are
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F↵� ,
(12)

with ↵, � the Lorentz indices and F↵� the electromagnetic field strength tensor. The Wilson

coe�cients cL and cR receive contributions from the two 1-loop diagrams shown in Fig. 1

(with the first one dominant), and a comparable contribution from Barr-Zee type 2-loop
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The experimental constraint �10⇥ 10�2

0 e cm < dµ < 8⇥ 10�2

0 e cm [29] translates into therather weak limit �0.8 . Im(Yµ⌧Y⌧µ) . 1.0.
A similar diagram with electrons instead of muons on the external legs also contributes tothe electron EDM, de. The experimental constraint |de| < 0.105⇥ 10�2

6e cm [29] translatesinto |Im(Ye⌧Y⌧e)| < 1.1⇥10�8 for a tau running in the loop, and into |Im(YeµYµe)| < 9.8⇥10�8for 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 ofthe FV Yukawa coupling are shown in Fig. 5. An e↵ective scalar interaction arises alreadyat tree level from the first diagram in Fig. 5, while vector and electromagnetic dipole contri-butions arise at one loop level. We give complete expressions for the tree level and one loopcontributions in Appendix A 3. There are also two-loop contributions, similar to the ones

13

mu to e conversion (will improve 4 orders of  magni tude !!!):
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The bounds on the FV Yukawa couplings are collected in Table I, where for simplicity of

presentation the flavor diagonal muon and tau Yukawa couplings,

LY � �Yµµµ̄LµRh� Y⌧⌧ ⌧̄L⌧Rh+ h.c. , (10)

were set equal to their respective SM values
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Y⌧⌧
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= m⌧/v. Similar

bounds on FV Higgs couplings to quarks are collected in Table II. Similar constraints on

flavor violating Higgs decays have been present recently also in [24]. While our results agree

qualitatively with previous ones, small numerical di↵erences are expected because we avoid

some of the approximations made by previous authors. We also consider some constraining

processes not discussed before.

We first give more details on how the bounds in Tables I and II were obtained and then

move on to predictions for the allowed sizes of the FV Higgs decays.
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The e↵ective Lagrangian for the ⌧ ! µ� decay is given by
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where the dim-5 electromagnetic penguin operators are
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with ↵, � the Lorentz indices and F↵� the electromagnetic field strength tensor. The Wilson

coe�cients cL and cR receive contributions from the two 1-loop diagrams shown in Fig. 1

(with the first one dominant), and a comparable contribution from Barr-Zee type 2-loop
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0 e cm < dµ < 8⇥ 10�2

0 e cm [29] translates into therather weak limit �0.8 . Im(Yµ⌧Y⌧µ) . 1.0.
A similar diagram with electrons instead of muons on the external legs also contributes tothe electron EDM, de. The experimental constraint |de| < 0.105⇥ 10�2

6e cm [29] translatesinto |Im(Ye⌧Y⌧e)| < 1.1⇥10�8 for a tau running in the loop, and into |Im(YeµYµe)| < 9.8⇥10�8for a muon running in the loop.
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The bounds on the FV Yukawa couplings are collected in Table I, where for simplicity of

presentation the flavor diagonal muon and tau Yukawa couplings,
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bounds on FV Higgs couplings to quarks are collected in Table II. Similar constraints on

flavor violating Higgs decays have been present recently also in [24]. While our results agree

qualitatively with previous ones, small numerical di↵erences are expected because we avoid

some of the approximations made by previous authors. We also consider some constraining

processes not discussed before.

We first give more details on how the bounds in Tables I and II were obtained and then

move on to predictions for the allowed sizes of the FV Higgs decays.
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with ↵, � the Lorentz indices and F↵� the electromagnetic field strength tensor. The Wilson

coe�cients cL and cR receive contributions from the two 1-loop diagrams shown in Fig. 1

(with the first one dominant), and a comparable contribution from Barr-Zee type 2-loop
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The bounds on the FV Yukawa couplings are collected in Table I, where for simplicity of

presentation the flavor diagonal muon and tau Yukawa couplings,
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flavor violating Higgs decays have been present recently also in [24]. While our results agree

qualitatively with previous ones, small numerical di↵erences are expected because we avoid

some of the approximations made by previous authors. We also consider some constraining

processes not discussed before.

We first give more details on how the bounds in Tables I and II were obtained and then

move on to predictions for the allowed sizes of the FV Higgs decays.
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The bounds on the FV Yukawa couplings are collected in Table I, where for simplicity of

presentation the flavor diagonal muon and tau Yukawa couplings,

LY � �Yµµµ̄LµRh� Y⌧⌧ ⌧̄L⌧Rh+ h.c. , (10)

were set equal to their respective SM values
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bounds on FV Higgs couplings to quarks are collected in Table II. Similar constraints on

flavor violating Higgs decays have been present recently also in [24]. While our results agree

qualitatively with previous ones, small numerical di↵erences are expected because we avoid

some of the approximations made by previous authors. We also consider some constraining

processes not discussed before.

We first give more details on how the bounds in Tables I and II were obtained and then
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(with the first one dominant), and a comparable contribution from Barr-Zee type 2-loop
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some of the approximations made by previous authors. We also consider some constraining

processes not discussed before.

We first give more details on how the bounds in Tables I and II were obtained and then

move on to predictions for the allowed sizes of the FV Higgs decays.

A. Constraints from ⌧ ! µ�, ⌧ ! e� and µ ! e�

The e↵ective Lagrangian for the ⌧ ! µ� decay is given by

L
e↵

= cLQL� + cRQR� + h.c. , (11)

where the dim-5 electromagnetic penguin operators are

QL�,R� =
e

8⇡2

m⌧

�

µ̄ �↵�PL,R⌧
�

F↵� , (12)

with ↵, � the Lorentz indices and F↵� the electromagnetic field strength tensor. The Wilson

coe�cients cL and cR receive contributions from the two 1-loop diagrams shown in Fig. 1

(with the first one dominant), and a comparable contribution from Barr-Zee type 2-loop

7

µµ

µ e

e ~ 1

16⇡2

e mµ

Lµ!e� = CL
e

8⇡2
mµ(µ̄R�

µ⌫eL)Fµ⌫H

Higgs couplings to µe
Lets practice more. we are aiming for:



µ

h �, Z

tt

⌧

�

µ
µ

h �, Z

WW

⌧

�

µ

µ

h �, Z

W W

⌧

�

µ

µ

h

µ

Z

µ
⌧

�

µ

Figure 12: The two loop diagrams contributing to ⌧ ! µ�.

g(z) =
1

2
z

Z

1

0

dx
1

x(1� x)� z
log

x(1� x)

z
, (A7)

h(z) = z2
@

@z

⇣g(z)

z

⌘

=
z

2

Z

1

0

dx

z � x(1� x)

h

1 +
z

z � x(1� x)
log

x(1� x)

z

i

, (A8)

the arguments are zth = m2

t/m
2

H , zWh = m2

W/m2

H , while the prefactor is

 =
↵

16⇡

g2

m2

W

v

m⌧

=
↵

2
p
2⇡

GF
v

m⌧

. (A9)

The contributions from the 2-loop diagrams with an internal Z are smaller as they are

suppressed by 1� 4s2W ' 0.08. They are

�ctZL = �6Qt
(1� 4s2W )(1� 4Qts2W )

16s2W c2W

v

mt

Y ⇤
⌧µ⇥

⇥ ⇥

Re(Ytt)f̃(zth, ztZ)� iIm(Ytt)g̃(zth, ztZ)
⇤

,

(A10)

�cWZ
L = 

1� 4s2W
4s2W

Y ⇤
⌧µ

n

1

2

(5� t2W )f̃(zth, zWZ) +
1

2

(7� 3t2W )g̃(zth, zWZ)

+ 3

4

g(zth) +
3

4

h(zth) +
1

4zth
(1� t2W )

⇥

f̃(zth, zWZ)� g̃(zth, zWZ)
⇤

o

,

(A11)

with sW ⌘ sin ✓W , cW ⌘ cos ✓W , tW ⌘ tan ✓W , ztz ⌘ m2

t/m
2

Z , zWZ ⌘ m2

W/m2

Z and the loop

32

⌧

h

⌧
⌧

�

µ
Y ⇤
⌧⌧PL + Y⌧⌧PR Y ⇤

⌧µPL + Yµ⌧PR

+
µ

h

µ
⌧

�

µ
Y ⇤
⌧µPL + Yµ⌧PR Y ⇤

µµPL + YµµPR

Figure 1: Diagrams contributing to the flavor violating decay ⌧ ! µ�, mediated by a Higgs boson

with flavor violating Yukawa couplings.

The bounds on the FV Yukawa couplings are collected in Table I, where for simplicity of

presentation the flavor diagonal muon and tau Yukawa couplings,

LY � �Yµµµ̄LµRh� Y⌧⌧ ⌧̄L⌧Rh+ h.c. , (10)

were set equal to their respective SM values
�

Yµµ

�

SM

= mµ/v,
�

Y⌧⌧

�

SM

= m⌧/v. Similar

bounds on FV Higgs couplings to quarks are collected in Table II. Similar constraints on

flavor violating Higgs decays have been present recently also in [24]. While our results agree

qualitatively with previous ones, small numerical di↵erences are expected because we avoid
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Figure 1: Diagrams contributing to the flavor violating decay ⌧ ! µ�, mediated by a Higgs boson

with flavor violating Yukawa couplings.

The bounds on the FV Yukawa couplings are collected in Table I, where for simplicity of

presentation the flavor diagonal muon and tau Yukawa couplings,

LY � �Yµµµ̄LµRh� Y⌧⌧ ⌧̄L⌧Rh+ h.c. , (10)

were set equal to their respective SM values
�

Yµµ

�

SM

= mµ/v,
�

Y⌧⌧

�

SM

= m⌧/v. Similar

bounds on FV Higgs couplings to quarks are collected in Table II. Similar constraints on

flavor violating Higgs decays have been present recently also in [24]. While our results agree

qualitatively with previous ones, small numerical di↵erences are expected because we avoid

some of the approximations made by previous authors. We also consider some constraining

processes not discussed before.

We first give more details on how the bounds in Tables I and II were obtained and then

move on to predictions for the allowed sizes of the FV Higgs decays.

A. Constraints from ⌧ ! µ�, ⌧ ! e� and µ ! e�

The e↵ective Lagrangian for the ⌧ ! µ� decay is given by

L
e↵

= cLQL� + cRQR� + h.c. , (11)

where the dim-5 electromagnetic penguin operators are

QL�,R� =
e

8⇡2

m⌧

�

µ̄ �↵�PL,R⌧
�

F↵� , (12)

with ↵, � the Lorentz indices and F↵� the electromagnetic field strength tensor. The Wilson

coe�cients cL and cR receive contributions from the two 1-loop diagrams shown in Fig. 1

(with the first one dominant), and a comparable contribution from Barr-Zee type 2-loop
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The bounds on the FV Yukawa couplings are collected in Table I, where for simplicity of

presentation the flavor diagonal muon and tau Yukawa couplings,

LY � �Yµµµ̄LµRh� Y⌧⌧ ⌧̄L⌧Rh+ h.c. , (10)

were set equal to their respective SM values
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= mµ/v,
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Y⌧⌧
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= m⌧/v. Similar

bounds on FV Higgs couplings to quarks are collected in Table II. Similar constraints on

flavor violating Higgs decays have been present recently also in [24]. While our results agree

qualitatively with previous ones, small numerical di↵erences are expected because we avoid

some of the approximations made by previous authors. We also consider some constraining

processes not discussed before.

We first give more details on how the bounds in Tables I and II were obtained and then

move on to predictions for the allowed sizes of the FV Higgs decays.

A. Constraints from ⌧ ! µ�, ⌧ ! e� and µ ! e�

The e↵ective Lagrangian for the ⌧ ! µ� decay is given by
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= cLQL� + cRQR� + h.c. , (11)

where the dim-5 electromagnetic penguin operators are

QL�,R� =
e

8⇡2
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µ̄ �↵�PL,R⌧
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F↵� , (12)

with ↵, � the Lorentz indices and F↵� the electromagnetic field strength tensor. The Wilson

coe�cients cL and cR receive contributions from the two 1-loop diagrams shown in Fig. 1

(with the first one dominant), and a comparable contribution from Barr-Zee type 2-loop
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with flavor violating Yukawa couplings.

The bounds on the FV Yukawa couplings are collected in Table I, where for simplicity of

presentation the flavor diagonal muon and tau Yukawa couplings,

LY � �Yµµµ̄LµRh� Y⌧⌧ ⌧̄L⌧Rh+ h.c. , (10)

were set equal to their respective SM values
�

Yµµ

�

SM

= mµ/v,
�

Y⌧⌧

�

SM

= m⌧/v. Similar

bounds on FV Higgs couplings to quarks are collected in Table II. Similar constraints on

flavor violating Higgs decays have been present recently also in [24]. While our results agree

qualitatively with previous ones, small numerical di↵erences are expected because we avoid

some of the approximations made by previous authors. We also consider some constraining

processes not discussed before.

We first give more details on how the bounds in Tables I and II were obtained and then

move on to predictions for the allowed sizes of the FV Higgs decays.

A. Constraints from ⌧ ! µ�, ⌧ ! e� and µ ! e�

The e↵ective Lagrangian for the ⌧ ! µ� decay is given by

L
e↵

= cLQL� + cRQR� + h.c. , (11)

where the dim-5 electromagnetic penguin operators are

QL�,R� =
e

8⇡2

m⌧

�

µ̄ �↵�PL,R⌧
�

F↵� , (12)

with ↵, � the Lorentz indices and F↵� the electromagnetic field strength tensor. The Wilson

coe�cients cL and cR receive contributions from the two 1-loop diagrams shown in Fig. 1

(with the first one dominant), and a comparable contribution from Barr-Zee type 2-loop
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The real answer is (pages of algebra)-

Channel Coupling Bound

µ ! e�
p|Yµe|2 + |Yeµ|2 < 3.6⇥ 10�6

µ ! 3e
p|Yµe|2 + |Yeµ|2 . 3.1⇥ 10�5

electron g � 2 Re(YeµYµe) �0.019 . . . 0.026

electron EDM |Im(YeµYµe)| < 9.8⇥ 10�8

µ ! e conversion
p|Yµe|2 + |Yeµ|2 < 4.6⇥ 10�5

M -M̄ oscillations |Yµe + Y ⇤
eµ| < 0.079

⌧ ! e�
p|Y⌧e|2 + |Ye⌧ |2 < 0.014

⌧ ! 3e
p|Y⌧e|2 + |Ye⌧ |2 . 0.12

electron g � 2 Re(Ye⌧Y⌧e) [�2.1 . . . 2.9]⇥ 10�3

electron EDM |Im(Ye⌧Y⌧e)| < 1.1⇥ 10�8

⌧ ! µ�
p|Y⌧µ|2 + |Yµ⌧ |2 0.016

⌧ ! 3µ
q

|Y 2

⌧µ + |Yµ⌧ |2 . 0.25

muon g � 2 Re(Yµ⌧Y⌧µ) (2.7± 0.75)⇥ 10�3

muon EDM Im(Yµ⌧Y⌧µ) �0.8 . . . 1.0

µ ! e�
�|Y⌧µY⌧e|2 + |Yµ⌧Ye⌧ |2

�

1/4
< 3.4⇥ 10�4

Table I: Constraints on flavor violating Higgs couplings to e, µ, ⌧ for a Higgs mass mh = 125 GeV

and assuming that the flavor diagonal Yukawa couplings equal the SM values (see text for details).

For the muon magnetic dipole moment we show the value of the couplings required to explain the

observed �aµ (if this is used only as an upper bound one has
p

Re(Yµ⌧Y⌧µ) < 0.065 at 95%CL).

diagrams, see Fig. 12 in Appendix A. The complete one loop and two loop expressions are

given in Appendix A.

In the approximation Yµµ ⌧ Y⌧⌧ , only the first of the one-loop diagrams in Fig. 1 is

relevant (in addition to the 2-loop diagrams). Using also mµ ⌧ m⌧ ⌧ mh and assuming

Yµµ, Y⌧⌧ to be real, the expressions for the one-loop Wilson coe�cients cL and cR simplify

to (this agrees with [24])

c1loopL ' 1

12m2

h
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⇤
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✓

� 4 + 3 log
m2

h

m2
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◆

, c1loopR ' 1

12m2

h

Yµ⌧Y⌧⌧

✓

� 4 + 3 log
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h

m2

⌧

◆

. (13)
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(swap tau with mu and mu with e)
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Figure 6: Constraints on the flavor violating Yukawa couplings |Ye⌧ |, |Y⌧e| (upper left panel), |Yeµ|,
|Yµe| (upper right panel) and |Yµ⌧ |, |Y⌧µ| (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 ! ⌧e, h ! µe and h ! ⌧µ, 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(Y↵�Y�↵) [Im(Y↵�Y�↵)]. 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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constant BR for h ! ⌧e, h ! µe and h ! ⌧µ, 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(Y↵�Y�↵) [Im(Y↵�Y�↵)]. 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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Yukawa couplings are approximated by their SM values. Thin blue dashed lines are contours of

constant BR for h ! ⌧e, h ! µe and h ! ⌧µ, 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(Y↵�Y�↵) [Im(Y↵�Y�↵)]. 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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τe is similar to τµ.... but:

Electron EDM is 
interesting here!

h

µ+

e�

e+

µ�

Y ⇤
eµPL + YµePR

Y ⇤
eµPL + YµePR

Figure 3: Diagram leading to muonium–antimuonium oscillations.

⌧

h

⌧µ

�

µ
Y ⇤
µ⌧PL + Y⌧µPR Y ⇤

⌧µPL + Yµ⌧PR

Figure 4: A diagram contributing to the anomalous magnetic moment g � 2 of the muon through

FV couplings of the Higgs to ⌧µ.

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,

�
1s = exp(�r/aM)/[⇡a3M ]1/2 only needs to be evaluated at the origin. (Here r is the

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

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

is [34],

�M = 2 |M
¯MM | = |Yµe + Y ⇤

eµ|2
2⇡a3m2

h

, (19)

and the time-integrated conversion probability is

P (M ! M̄) =

Z 1

0

dt�µ sin2(�M t) e��µt =
2

�2

µ/(�M)2 + 4
. (20)

The bound from the MACS experiment [33] 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

11

electron EDM:

ee

Higgs couplings to τe



Higgs Summary:

Leptons Probe

µ-e muons

τ-e eEDM*

τ-µ LHC

d-quarks Probe

s-d K-K

b-d B-B

b-s Bs-Bs

d-quarks Probe

c-u D-D

t-u nEDM*

t-c LHC / D-D

Phase Probe

e e-EDM

u,d nEDM

γ eEDM

Flavor violation:

*LHC, if CP is conserved.

CP violation:
Phase Probe

t EDMs

τ LHC / 
Higgs factory

Z LHC

Multiple probes 
across frontiers!

Almost all channels 
are sensitive at well 

motivated levels!
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Split SUSY



Split SUSY
SUSY has a “missing superpartner problem”.

Maybe SUSY addresses most, but not all of the tuning.

The Higgs mass provides a hint:
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Figure 5: Assuming the existence of supersymmetry we compute, as function of tan �, the

preferred value of the SUSY scale m̃ implied by the Higgs mass mh = 124GeV (upper) and

126GeV (lower) at 68, 90, 99% C.L. in the cases of High-Scale Supersymmetry (left, assuming

a degenerate sparticle spectrum at the SUSY breaking scale with arbitrary stop mixing) and Split

Supersymmetry (right, assuming the spectrum of light fermions in eq. (28) and a degenerate

sparticle spectrum at the SUSY breaking scale).
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SUSY at such high 
scales is likely to include 
flavor and CP violation.
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SUSY at such high 
scales is likely to include 
flavor and CP violation.
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Goal: try to reach 
O(PeV) with as many 
probes as possible.



The Spectrum
Lepton superpatners at 100-1000 TeV.

Gauginos at a few TeV

Assume large FV at the high scale. 
Can we probe it?



The Spectrum
Lepton superpatners at 100-1000 TeV.

Gauginos at a few TeV

Higgsinos can be either here or here.

Assume large FV at the high scale. 
Can we probe it?



LFV form PeV Sleptons
Flavor violation processes:
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FIG. 8: Example contributions to the µ ! e� amplitude. Left: flav
or enhanced bino contribution.

Middle and right: wino-higgsi
no contributions.

In mini-split SUSY, the most important contributions to the µ ! e� amplitude arise

from bino and wino loops [76–78]. Higgs mediated contributions to µ ! e� can be very

important in TeV scale SUSY with large tan � [79], but are negligible in mini-split SUSY.

The dominant bino contribution arises at second order in mass insertions, O(�R�L), and

involves mixing into the third generation which leads to an enhancement factor of m⌧

/m
µ

over the contributi
ons linear in the mass insertions. The

relevant Feynman diagram is shown

in Fig. 8 (left-most diagram) and gives
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The expressions hold in the limit |m
B̃

| ⌧ m ˜̀. The bino contributions (16), (17) grow

linearly with |µ| tan � and are thus important for large values of |µ| tan �. They are also

proportional to the bino mass |m
B̃

|, which in mini-split SUSY is much smaller than the

slepton mass, roughly by a loop factor. E↵ectively, the above contribution is thus of two

loop size, compared to the case where all
mass parameters are at the sa

me scale (as in TeV

scale SUSY).

Wino loops can only contribute to AL and are necessarily proportional to the muon mass.

Compared to the bino contributions (16)
, (17) they arise at linear order in

mass insertion,

O(�L), are not suppressed by a small gaugino mass and are typically dominant for small

|µ|. The general form of the wino contributions to leading order in the mass insertion

approximation reads
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mu to e gamma:
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q q

FIG. 10: Example contributions to the amplitude of µ ! e transition in nuclei. Left: wino boxcontribution. Middle: Z penguin contribution. Right: photon penguin contribution.

not contribute to Cq

R

V

. For the contributions to Cq

L

V

we find in the limit |m
W̃

| ⌧ m˜̀,m˜qand to first order in the mass insertions
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with the loop function

f(x) =
1

8(1� x)
+

x log x
8(1� x)2

, so that f(1) =
1

16
, f(0) =

1

8
. (25)

The wino boxes decouple if either the squark mass m˜q or slepton mass m˜̀ become large.They do not contain large logs, are largely independent of the gaugino masses and alsoindependent of the µ parameter.
The photon penguins are also dominated by wino loops, see Fig. 10 (right), which generateonly the left-handed coe�cients Cq
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The ratio between the photon penguin contributions to Cu

L

V

and Cd

L

V

is set by the quarkcharges. Note that the photon penguin is enhanced by a large logarithm, log(|m
W̃

|2/m2
˜̀),which arises from diagrams where the photon couples to the light charged wino (as in theright diagram of Fig. 10).

Finally, Z penguins arise dominantly from diagrams that involve higgsino-wino mixing.The general form of the Z penguin contributions to Cq

L

V

reads
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mu to e conversion and mu to 3e:



LFV form PeV Sleptons
LFV is sensitive to sleptons 100’s of TeV!
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FIG. 9: Bounds from µ ! e� in the m˜̀ vs. |m
B̃

| = |m
W̃

| plane (top row) and the m˜̀ vs. tan�

plane (bottom row). The higgsino mass is at the scale of the slepton masses (left column) or at the

scale of the gaugino masses (right column). All relevant mass insertions are set to |�L
ij

| = |�R
ij

| = 0.3.

The dark (light) shaded regions are excluded at the 95% (90%) C.L. by the current measurement

assuming constructive interference between the respective dominant NP amplitudes. The white

dotted lines show the case of destructive interference. The dashed lines show the sensitivity of the

proposed MEG upgrade.
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FIG. 11: Predicted µ ! e conversion rates in Al in the m˜̀ vs. |m
B̃

| = |m
W̃

| plane (top row) and

the m˜̀ vs. tan� plane (bottom row). The higgsino mass is set either equal to the slepton masses

(left column) or to the gaugino masses (right column). All relevant mass insertions are fixed to

|�L
ij

| = |�R
ij

| = 0.3. The dark (light) shaded regions show 95% (90%) C.L. exclusions by the current

limits on µ ! e conversion in Au, while the sensitivity of the planned Mu2e experiment is given

by the dashed lines.
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Other Probes
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FIG. 1: Summary of various low energy constraints (left of the lines are the excluded regions) in

the sfermion mass vs. tan� plane for the example of 3 TeV bino and wino and 10 TeV gluino,

while fixing the mass insertion parameters to be (�
A

)
ij

= 0.3 when using the super-CKM basis.

The dark (light) blue shaded band is the parameter space compatible with a Higgs mass of m
h

=

125.5±1 GeV within 1� (2�). The upper (lower) plot gives the reach of current (projected future)

experimental results collected in Tab. I.

electric dipole moments (EDMs). In this work we investigate the limits that these searches

place on flavor violation at the PeV scale. We will see that in many cases the diagrams

which constrain the split SUSY case are di↵erent than those which place constraints in the

well studied low scale SUSY case. Our results are summarized in Fig. 1 in which current

bounds and future sensitivity to the scalar masses is shown in a slice of parameter space

(see the next section for more details of assumptions made). Our conclusion is that the

0.1-1 PeV scale will be probed by a host of experiments in the near future. Constraints

from Kaon oscillations are already probing squark masses of a PeV. Bounds on neutron and

nuclear EDMs are likely to improve by several orders of magnitude and can also probe PeV

scale quarks. Searches for muon lepton flavor violation as well as precision measurements of

D0-D̄0 oscillations will also reach this interesting range.

In Fig. 1 we have assumed that the squark and slepton mass matrices are anarchic in

3

limits today

future limits

LFV is not alone!



Conclusions
What’s the deal with flavor? we still don’t know!

CLFV is a sensitive probe of many NP scenarios. 
(EFT’s are a simple way to parametrize them).

For the LHC, new physics probed by LFV is often:

either too heavy (as in Split SUSY).

or too weakly couples (as for the Higgs).

The mu2e experiment will move the limit by four 
orders of magnitude! A decade in NP scale!




