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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.
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Higgs Couplings: New Physics
The Higgs boson can have more general couplings.  
the mass basis we could have:

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
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But didn’t I just tell you that the Higgs 
is automatically aligned with flavor?

How do we get FV and CPV Higgs?



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: 

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:
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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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 I’ll call these “natural” models*.

*In this era of data, considerations of
fine-tuning are not of huge importance...

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

Yij .
p
mimj

v



So,  in addition to these              ,

there are a lot more couplings the Higgs 

can have, and that we should probe.

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

Low energy experiments are crucial 

to test many of these couplings.

With NP Yukawa couplings can be:
* Flavor off-diagonal.
* complex (CP violating).
* Both.



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 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 = �6Qt

(1� 4s2W )(1� 4Qts
2

W )

16s2W c2W

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

t/m
2

Z, zWZ ⌘ m2

W/m2

Z and the loop
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mu to e gamma &  mu to 3e  (at  1 and 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
�

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.

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 µe e
e

e

e
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Z and the 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
�

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.

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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Figure 5: Diagrams contributing to µ ! e conversion in nuclei via the flavor violating HiggsYukawa couplings Yµe and Yeµ.

e↵ective Lagrangian is

L
E

D

M

= � i

2
dµ

�

µ̄�↵��5µ
�

F↵� , (24)
with the electric dipole moment given by (neglecting the terms suppressed by mµ/m⌧ orm⌧/mh)

dµ ' � Im(Yµ⌧Y⌧µ)
16⇡2

em⌧

2m2

h

⇣

2 log
m2

h

m2

⌧

� 3
⌘

. (25)
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 !!!):



Higgs couplings to µe
Outside of 
LHC reach.

Probing 
“natural” models.



Higgs couplings to τµ

RH, Kopp, Zupan 1209.1397

LHC  h→τµ  gives 
dominant bound.

(currently just a theorist’s 
re-interpretation)

“natural models” are 
within reach.



τe is similar to τµ.... but:

Higgs couplings to τe



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



Quark Flavor Violation



Meson Mixing
Meson mixing’s powerful:

h

d̄

b

b̄

dY ⇤
bdPL + YdbPR

Y ⇤
bdPL + YdbPR

t

h

h

t

ū

c

c̄

uY ⇤
ctPL + YtcPR

Y ⇤
tuPL + YutPR Y ⇤

ctPL + YtcPR

Y ⇤
tuPL + YutPR

(a) (b)

Figure 7: Two representative diagrams through which flavor violating Higgs Yukawa couplings can

contribute to neutral meson mixing.

the reach of the LHC as we shall show in Sec. V. The allowed sizes of these two decay widths

are comparable to the sizes of decay widths into nonstandard decay channels (such as the

invisible decay width) that are allowed by global fits [38]. If there is no significant negative

contribution to Higgs production through gluon fusion, one has BR(h ! invisible) . 20%,

while allowing for arbitrarily large modifications of gluon and photon couplings to the Higgs

constrain BR(h ! invisible) . 65% [38]. These two bounds apply without change also to

BR(h ! ⌧µ), BR(h ! ⌧e) and BR(h ! eµ).

In contrast to decays involving a ⌧ lepton, the branching ratio for h ! eµ is extremely

well constrained by µ ! e� and µ ! e conversion bounds, and is required to be below

BR(h ! eµ) . 2⇥ 10�8, well beyond the reach of the LHC.

IV. HADRONIC FLAVOR VIOLATING DECAYS OF THE HIGGS

We next consider flavor violating decays of the Higgs to quarks. We first discuss two-body

decays to light quarks, h ! b̄d, b̄s, s̄d, c̄u, and then turn to FV three body decays mediated

by an o↵-shell top, h ! t̄⇤c ! Wb̄c and h ! t̄⇤u ! Wb̄u as well as FV top decays to t ! ch

and t ! uh. Our limits are summarized in Table II.

16

Technique Coupling Constraint

D0 oscillations [48]
|Yuc|2, |Ycu|2 < 5.0⇥ 10�9

|YucYcu| < 7.5⇥ 10�10

B0

d oscillations [48]
|Ydb|2, |Ybd|2 < 2.3⇥ 10�8

|YdbYbd| < 3.3⇥ 10�9

B0

s oscillations [48]
|Ysb|2, |Ybs|2 < 1.8⇥ 10�6

|YsbYbs| < 2.5⇥ 10�7

K0 oscillations [48]

Re(Y 2

ds), Re(Y
2

sd) [�5.9 . . . 5.6]⇥ 10�10

Im(Y 2

ds), Im(Y 2

sd) [�2.9 . . . 1.6]⇥ 10�12

Re(Y ⇤
dsYsd) [�5.6 . . . 5.6]⇥ 10�11

Im(Y ⇤
dsYsd) [�1.4 . . . 2.8]⇥ 10�13

single-top production [49]

p

|Y 2

tc|+ |Yct|2 < 3.7
p

|Y 2

tu|+ |Yut|2 < 1.6

t ! hj [50]

p

|Y 2

tc|+ |Yct|2 < 0.34
p

|Y 2

tu|+ |Yut|2 < 0.34

D0 oscillations [48]

|YutYct|, |YtuYtc| < 7.6⇥ 10�3

|YtuYct|, |YutYtc| < 2.2⇥ 10�3

|YutYtuYctYtc|1/2 < 0.9⇥ 10�3

neutron EDM [37] Im(YutYtu) < 4.4⇥ 10�8

Table II: Constraints on flavor violating Higgs couplings to quarks. We have assumed a Higgs mass

mh = 125 GeV, and we have taken the diagonal Yukawa couplings at their SM values.

by an o↵-shell top, h ! t̄⇤c ! Wb̄c and h ! t̄⇤u ! Wb̄u as well as FV top decays to t ! ch

and t ! uh. Our limits are summarized in Table II.

A. Flavor violating Higgs decays into light quarks

Flavor violating Higgs couplings to quarks can generate flavor changing neutral currents

(FCNCs) at tree level, see Fig. 7 (a), and are thus well constrained by the measured Bd,s �
B̄d,s, K0 � K̄0 and D0 � D̄0 mixing rates. Integrating out the Higgs generates an e↵ective

18

mimj/v2

5x10-8

3x10-7

7x10-6

8x10-9

“Natural” models are constrained!



“what about Bs→τµ ?” 
“And Bs→µµ ?”

Lets do a back of the envelope estimate:
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Bs→µµ:

In the SM, BR(Bs→µµ) ~ 3 x 10-9

YbsY
⇤
µµ

1

m2
h

~

I’m not a box. I’m really a fish.  jelly-fish.

~
1
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⇤
ts
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mB
GF g2

Ybs .
�2GF g2m2

h v

16⇡2mB
~ 3 x 10-3

not as strong as mixing...

(after plugging in 1303.3820)



Bs→τµ:

1

m2
h

~ YbsY
⇤
⌧µ

use the limts:  Ybs < 5 x 10-4  and Yτµ<10-2

BR(Bs→τµ)~ 5 x 10-8

algebra
+ 1303.3820

beyond reach...



FV Couplings with top
A variety of techniques:

mimj/v2

3x10-3

7x10-6

2x10-4

7x10-6

[Craig et al. 1207.6794]

Technique Coupling Constraint
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d oscillations [48]
|Ydb|2, |Ybd|2 < 2.3⇥ 10�8
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s oscillations [48]
|Ysb|2, |Ybs|2 < 1.8⇥ 10�6
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K0 oscillations [48]

Re(Y 2
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* Improvements:
t + (h -> γγ) :  Ytj<0.17 

 (!)
(ATLAS-CONF-2013-081)

lepton + multi-b + met:  Ytj<10-3 
 (!)   

(Atwood, Gupta, Soni 1305.2427)
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Figure 3: Diagram leading to muonium–antimuonium oscillations.
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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,

�
1

s = 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
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neutron EDM:
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powerful !!!



Flavor diagonal phases

Assume diagonal Yukawas with               .|Yi| =
mi

v

What are the constraints on 
the phases of the Yi’s?
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keeping only the leading terms (so that only the first terms in (A1), (A2) contribute), the

above expressions simplify to (13) if the diagonal Yukawa couplings are real. The simplified

expressions for ⌧ ! e� and µ ! e� (with a muon running in the loop) are obtained from

(13) with trivial modifications, while the simplified expression for µ ! e� with a ⌧ running

in the loop is given in Eq. (16).

2. Two loop expressions for ⌧ ! µ�, ⌧ ! e� and µ ! e�

At two loops there are numerically important diagrams with top or W running in the

loop, attached to the Higgs. Here we translate the results of [36] into our notation and adapt

them to the case of ⌧ ! µ�. The diagrams with top and photon in the loops (see Fig. 12

top left) contributes as
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Interplay with LHC Higgs production rate!
Brod, Haisch, Zupan (in prep.)
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expressions for ⌧ ! e� and µ ! e� (with a muon running in the loop) are obtained from

(13) with trivial modifications, while the simplified expression for µ ! e� with a ⌧ running

in the loop is given in Eq. (16).
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Figure 2. Left: Present constraints on t and ̃t from the electron EDM (blue), the neutron
EDM (red), the mercury EDM (brown), and Higgs physics (gray). Right: Projected future con-
straints on t and ̃t, see text for details.

with respect to the present bound (2.14). Our forecast for the future sensitivity of the
Higgs production constraints is based on the results of the CMS study with a projection
of errors to 3000 fb�1, which assumed 1/

pL scaling of the experimental uncertainties with
luminosity L, and also anticipates that the theory errors will be halved by then [4]. In
Fig. 2 we therefore take g = 1.00 ± 0.03 and � = 1.00 ± 0.02 as the possible future fit
inputs (centered around the SM predictions).

Since the EDMs depend linearly on ̃t, the projected order-of-magnitude improve-
ments of the EDM constraints directly translate to order-of-magnitude improvements of
the bounds on ̃t. For instance, the electron EDM is projected to be sensitive to values of
̃t = O(10�4) which implies that one can probe scales up to ⇤ = O(25TeV) for models
(such as theories with top compositeness) where ̃t ⇠ v2/⇤2.

Note that the above EDM constraints rely heavily on the assumption that the Higgs
couples to electrons, up, and down quarks. For illustration we assumed that these couplings
are the same as in the SM. The possibility that the Higgs only couples to the third-generation
fermions cannot be ruled out from current Higgs data. In this case there is no constraint
from the electron EDM which is proportional to e̃t. The neutron and mercury EDM
are similarly dominated by the quark EDMs and CEDMs which scale as u,d ̃t. However,
setting u,d = 0 the constraints due to dn and dHg do not vanish, because there is also a
small contribution from the Weinberg operator which scales as t̃t. In Fig. 3 we show
the constraints for the limiting case where the Higgs only couples to the third-generation
fermions. We see that at present O(1) values of ̃t are allowed by the constraint from the
neutron EDM. Assuming that only the Higgs-top couplings are modified, the Higgs data are
then more constraining than the neutron EDM. This situation might change dramatically
in the future with the expected advances in the measurement of the neutron EDM. As
illustrated in Fig. 3 (right), a factor 300 improvement in the measurement of dn will lead
to O(10�3) constraints on ̃t, making the neutron EDM as (or even more) powerful than
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̃t = O(10�4) which implies that one can probe scales up to ⇤ = O(25TeV) for models
(such as theories with top compositeness) where ̃t ⇠ v2/⇤2.

Note that the above EDM constraints rely heavily on the assumption that the Higgs
couples to electrons, up, and down quarks. For illustration we assumed that these couplings
are the same as in the SM. The possibility that the Higgs only couples to the third-generation
fermions cannot be ruled out from current Higgs data. In this case there is no constraint
from the electron EDM which is proportional to e̃t. The neutron and mercury EDM
are similarly dominated by the quark EDMs and CEDMs which scale as u,d ̃t. However,
setting u,d = 0 the constraints due to dn and dHg do not vanish, because there is also a
small contribution from the Weinberg operator which scales as t̃t. In Fig. 3 we show
the constraints for the limiting case where the Higgs only couples to the third-generation
fermions. We see that at present O(1) values of ̃t are allowed by the constraint from the
neutron EDM. Assuming that only the Higgs-top couplings are modified, the Higgs data are
then more constraining than the neutron EDM. This situation might change dramatically
in the future with the expected advances in the measurement of the neutron EDM. As
illustrated in Fig. 3 (right), a factor 300 improvement in the measurement of dn will lead
to O(10�3) constraints on ̃t, making the neutron EDM as (or even more) powerful than
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Figure 6. Left: Present constraints on ⌧ and ̃⌧ from the electron EDM (blue) and Higgs
production (gray), assuming SM values for the remaining Higgs couplings. Right: Possible future
constraints on ⌧ and ̃⌧ , see text for details.

be possible in the future (right panel) if b is SM-like. This feature again highlights the
power of low-energy EDM measurements in probing new sources of CP violation.

Modifying the Higgs-tau couplings changes the effective h ! �� vertex. The induced
shifts are parametrized by

� ' (0.004� 0.003 i)⌧ + 0.996 + 0.003 i , ̃� ' (0.004� 0.003 i) ̃⌧ . (5.9)

Similar to the case of Higgs couplings to bottom quarks, the corrections to � and ̃� are
suppressed by the small tau Yukawa coupling, y⌧ = O(0.01). The main effect is therefore the
rescaling of the total decay widths, as in Eqs. (5.6), (5.7), but replacing b ! ⌧ . The resulting
constraints in the ⌧–̃⌧ plane are displayed in Fig. 6, with the left panel showing the current
bounds, and the right panel the extrapolation to 3000 fb�1 of integrated luminosity, using
again [4]. One observes that even the projected precision of 2% on � will not suffice to break
the symmetry between ⌧ and ̃⌧ and the ring-like bound persists, allowing for potentially
O(1) values of the CP-violating modification ̃⌧ . While at present the EDMs lead to a
bound ̃⌧ = O(10), which is not at all competitive with the direct limits, assuming a factor
of 103 improvement in the determination of the electron EDM will reverse the situation,
as it will make values ̃⌧ = O(10�2) accessible. Direct searches at the LHC using angular
correlations in the h ! ⌧ ⌧̄ channel may be capable to probe ̃⌧ values of O(0.1) [5–8], and
are thus less powerful than the indirect bounds. Unlike the constraint from the electron
EDM, direct bounds, however, do not depend on the assumption e = 1.

6 Conclusions

The LHC discovery of the Higgs boson furnishes new opportunities in the search for physics
beyond the SM. Since in the SM the Higgs couplings to both gauge bosons and fermions are
uniquely fixed in terms of the corresponding masses, finding a significant deviation from this
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measurement. Note, however, that because of the mag-

netic field, the softer ⇡± and ⇡0 could be separated at

the ECAL. Even if the two pions overlap in the ECAL,

the ⇡0 momentum can be obtained by subtracting the

track momentum from the total momentum measured

in ECAL, assuming negligible contamination from other

sources of energy deposition.

We also neglect the neutral pion combinatoric issue,

which is justified if the respective parent rho mesons are

boosted far apart as a result of the Higgs decay. In gen-

eral, the ⇡± and ⇡0 coming from the same ⇢± parent

are mostly collinear. This fact has been exploited in

the hadronic tau tagging algorithm. For example, the

HPS algorithm used by CMS requires that the charged

and neutral hadrons are contained in a cone of the size

�R = (2.8 GeV/c)/p⌧h
T

, where p⌧h
T

is the transverse mo-

mentum of the reconstructed tau [26]. Since the two

tau candidates are usually required to be well separated,

the combinatorics problem in determining the correct ⇢
±

parents can be ignored.

A. Truth level

Recall from (23) and (37) that the minimum of the ⇥

distribution is located at 2�, and so constructing the ⇥

distribution allows us to read o↵ the � phase of the un-

derlying signal model. In figure 2, we show the ⇥ distri-

bution in p p ! h j events where we have temporarily as-

sumed the neutrinos are fully reconstructed. The various

signal models with � = 0 (CP -even), � = ⇡/4 (max-

imal CP admixture), and � = ⇡/2 (CP -odd) clearly

show the large � cos(⇥ � 2�) contribution of the ma-

trix element as seen in (37). We also superimpose the ⇥

distribution from p p ! Z j event. Note that it is flat.

Clearly, observing the cosine oscillation in experimental

data will require both a favorable signal to background

ratio as well as a solution for the neutrino momenta that

preserves the inherently large amplitude of the ⇥ oscilla-

tion.

We now compare ⇥ at truth level with the �⇤ variable

proposed in Refs. [15, 16]: here, �⇤ is the acoplanarity

angle between the decay planes of ⇢+ and ⇢� in the ⇢+⇢�

rest frame. The sign of �⇤ is defined as the sign of the

product of ~p⇡� ·(~p⇡+⇥~p⇡0). Following [15, 16], the events

are divided into two classes, y
+

y� < 0 and y
+

y� > 0,

where the two classes are di↵er by a 180� phase shift. In

order to make a direct comparison with our ⇥ variable,

we combine the �⇤ distributions of the two classes with

a 180� phase shift so the phases of the two classes agree.

Note that while �⇤ does not refer to the neutrinos, this

classification into the two classes still requires the knowl-

edge of the neutrino momenta (see (21)). Assuming the

neutrinos are fully reconstructed, the ⇥ and �⇤ distri-

butions for p p ! h j events are shown in figure 3 with

� = 0. We readily see that oscillation amplitude of the ⇥
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FIG. 2: The ⇥ distributions (compare with (37)) for the

Higgs with � = 0 (CP

-even), � = ⇡

/

4 (maximal CP

admix-

ture), and � = ⇡

/

2 (CP

-odd), and the Z, assuming neutrinos

are fully reconstructed. The relative normalization of the Z

line is arbitrary.
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FIG. 3: The distributions of our ⇥ and the �

⇤ variable of

Ref. [15, 16] for � = 0. The �

⇤ distribution is aggregated

from the two y+y� >

0 and y+y� <

0 classes as explained in

the text to make the direct comparison clearer.

distribution is larger than that of the acoplanarity angle

�⇤ by about 50%. Compared to �⇤, the ⇥ variable thus

provides superior sensitivity to the CP phase �.

Having considered the case where the neutrinos from the

tau decays are fully reconstructed, we next turn to the

lepton collider environment, where we will find the neu-

trinos can be fully reconstructed up to a two-fold ambi-

guity.

B. An e

+
e

� Higgs Factory

At a lepton collider running at
p
s = 250 GeV, such as

the ILC, the main production mode for the Higgs is via

associated production with a Z boson. Our prescribed

decay mode for the Higgs, h ! ⇡+ ⇡0 ⌫̄ ⇡� ⇡0 ⌫, has two

θ:  the relative azimuthal angle 
between reconstructed polarizations
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netic field, the softer ⇡± and ⇡0 could be separated at

the ECAL. Even if the two pions overlap in the ECAL,

the ⇡0 momentum can be obtained by subtracting the

track momentum from the total momentum measured

in ECAL, assuming negligible contamination from other

sources of energy deposition.
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eral, the ⇡± and ⇡0 coming from the same ⇢± parent
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mentum of the reconstructed tau [26]. Since the two

tau candidates are usually required to be well separated,
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parents can be ignored.
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sumed the neutrinos are fully reconstructed. The various
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show the large � cos(⇥ � 2�) contribution of the ma-

trix element as seen in (37). We also superimpose the ⇥
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ratio as well as a solution for the neutrino momenta that

preserves the inherently large amplitude of the ⇥ oscilla-
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rest frame. The sign of �⇤ is defined as the sign of the
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order to make a direct comparison with our ⇥ variable,
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Note that while �⇤ does not refer to the neutrinos, this

classification into the two classes still requires the knowl-
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distribution is larger than that of the acoplanarity angle

�⇤ by about 50%. Compared to �⇤, the ⇥ variable thus

provides superior sensitivity to the CP phase �.

Having considered the case where the neutrinos from the

tau decays are fully reconstructed, we next turn to the

lepton collider environment, where we will find the neu-

trinos can be fully reconstructed up to a two-fold ambi-

guity.

B. An e

+
e

� Higgs Factory

At a lepton collider running at
p
s = 250 GeV, such as

the ILC, the main production mode for the Higgs is via

associated production with a Z boson. Our prescribed

decay mode for the Higgs, h ! ⇡+ ⇡0 ⌫̄ ⇡� ⇡0 ⌫, has two

θ:  the relative azimuthal angle 
between reconstructed polarizations

10

h

j

Z

j

Inclusive
� 2.0 pb 420 pb

Br(
⌧

+
⌧

� decay) 6.1% 3.4%
Br(

⌧

� !
⇡

�
⇡

0
⌫) 26% 26%

Cut e�ciency 18% 0.24%
Nevents 1100 1800

TABLE II: Cross sections, branching fractions, cut e�cien-cies, and expected number of events assuming 3 ab�1 and50%
⌧ tagging e�ciency for the Higgs signal and the

Z back-ground: the background number of events includes an addi-tional 10% contribution from QCD multijet background.

cross section of 2.0 pb with mh = 126 GeV and a Z jNLO inclusive cross section of 420 pb. After applyingthe appropriate Higgs, Z, and tau branching fractions,we calculate a signal cross section of 8.2 fb and Z back-ground cross section of 970 fb.8 Next, we impose hardkinematic cuts to isolate the signal. Motivated by [11],we choose the signal region to be:
• /E

T

> 40 GeV,

• p⇢
±

T

> 45 GeV,

• |⌘⇢±| < 2.1,

• m
c

o

l

l

> 120 GeV,

where m
c

o

l

l

is the reconstructed Higgs mass by using thecollinear approximation. The hard m
c

o

l

l

cut stronglysuppresses the Z + j background, but is less e↵ectiveon multijet QCD. To reduce the multijet component –and its accompanying uncertainty – to less than 10% ofthe total background we impose a high /E
T

cut. The nete�ciencies for signal and Z background after these cutsare 18% and 0.24%, respectively. Rather than simulatethe QCD contribution, we account for QCD contamina-tion in the signal region by increasing the Z backgroundrate by 10%: a complete treatment of the expected QCDbackground is beyond the scope of this study. Finally, forhadronic ⌧ tagging e�ciency, we consider a standard 50%e�ciency and a more optimistic 70% e�ciency [26]. Wetherefore expect 1100 signal events and 1800 Z+ QCDbackground events with 3 ab�
1 of luminosity from the14 TeV LHC, assuming 50% ⌧ tagging e�ciency. Theserates are summarized in table II.

We note that although we generated signal and back-ground samples independently, there is a small interfer-ence between Higgs and Z diagrams in the gq ! ⌧+⌧�q

8 These numbers were generated using CTEQ6M parton dis-tribution functions. For the signal we use a factoriza-tion/renormalization scale of µF = mH/2, while for the back-ground we use µF =
q

M2
Z + p2T,j . These scale choices are

motivated by agreement with higher order (NNLO) calculations(where they exist).

⌧h e�ciency 50% 70%
3
�

L = 550 fb�1
L = 300 fb�1

5
�

L = 1500 fb�1
L = 700 fb�1

Accuracy(
L = 3 ab�1) 11

.5� 8
.0�

TABLE III: The luminosity required for distinguishing thescalar and pseudoscalar couplings and the accuracy in mea-suring � with 3 ab�1 of luminosity at the 14 TeV LHC.

diagram. Our checks of this interference on the ⇥ distri-butions for combined signal and background events ver-sus separate signal and background events showed a neg-ligible e↵ect: we thus ignore this interference e↵ect.We now perform a likelihood analysis (38) to quantifyhow e↵ectively the ⇥ distribution distinguishes betweensignal hypotheses with di↵erent CP phases in the pres-ence of Z+ QCD background. First, we test the discrim-ination between a pure scalar and a pure pseudoscalarh–⌧–⌧ coupling. We find that these two hypotheses canbe distinguished at 3� sensitivity with 550 (300) fb�
1

assuming 50% (70%) ⌧ tagging e�ciency. We can at-tain 5� sensitivity between pure scalar and pseudoscalarcouplings with 1500 (700) fb�
1 luminosity assuming 50%(70%) e�ciency.

We also estimate the possible accuracy for the LHCexperiments to measure � with an upgraded luminosityof 3 ab�
1. We adopt the same procedure as with theILC accuracy estimate described in the previous section,modified to account for the Z+ QCD background, whichis fixed to be flat in ⇥. We find that the accuracy in mea-suring � is 11.5� (8.0�) assuming 50% (70%) hadronic ⌧tagging e�ciency. The scalar versus pseudoscalar dis-crimination and the accuracy estimates are summarizedin table III.

Again, these estimates are based only on statisticaluncertainties without performing a full detector simula-tion. The e↵ects from pileup and detector resolution areexpected to degrade these projections, but correspond-ing improvements in the analysis, such as a more pre-cise approximation for the neutrino momenta, improvedbackground understanding (from other LHC measure-ments) or multivariate techniques, could counterbalancethe decrease in sensitivity. The promising results of ourstudy strongly motivate a comprehensive analysis by theLHC experiments for the prospect of measuring the CPphase �.

V. CONCLUSIONS

Higgs decays to tau leptons provide a singular opportu-nity to measure the CP properties of the Higgs-fermioncouplings. In this paper, we have studied the decay ofh ! ⌧+⌧� followed by ⌧± ! (⇢± ! ⇡±⇡0) ⌫. A new ob-servable, ⇥, was constructed in (36) using the momentaof the tau decay products. The di↵erential cross section

Promising accuracy:

RH, Martin, Okui, Primulando, Yu 1308.1094



W phase
Up-down asymmetry is sensitive to CPV in Higgs 
coupling to W.

3

q q̄ ′

h

W

θ

θl

φ

νl

l

FIG. 1: Definition of the production and decay angles. The
W and h directions are drawn in the qq̄ ′ center-of-mass frame,
while the leptons are drawn in their parent W rest frame. φ
is the angle between the production plane and the W decay
plane.

for the transverse (Md
±) and longitudinal (Md

0) bosons.
As illustrated in Fig. 1, θl is the angle in the W rest
frame between the charged lepton momentum and the
direction of flight of the W as seen from the cmf, while
φ is the azimuthal angle between the production plane,
defined by the momenta of the incoming quark and the
outgoing Higgs boson, and the lν decay plane in the cmf.
Note that the decay amplitudes carry phases for non-zero
azimuthal angles that depend on the helicity eiλφ, where
λ = ±1, 0.
The differential cross-section for ud̄ → W+h → l+νh

reads dσ̂ = 1/(3ŝ)
∣∣M

∣∣2 dPSlνh , where
∣∣M

∣∣2 is the as-
sociated amplitude squared averaged (summed) over the
initial (final) fermion spins, the factor of 1/3 comes form
color average, and dPSlνh is the three-body relativistic
phase-space for l+νh final states. Using the NWA, the
cross section is well approximated by

dσ̂ #
π

12ŝmWΓW

∣∣∣∣∣
∑

λ

Mp
λM

d
λ

∣∣∣∣∣

2

dPSWh dPSlν , (6)

where ΓW $ mW is the W width. The amplitudes Mp,d
λ

are defined in Eqs. (2), (3), and (5), while the W helicity
sum runs over λ = ±1, 0. The phase space is expressed as
a product of dPSWh and dPSlν , which are the two-body
relativistic phase-spaces for the processes ud̄ → W+h
and W+ → l+ν, respectively. These reduce to dPSWh =
(β/16π)d cos θ in the cmf and dPSlν = (1/32π2)d cos θldφ
in the W rest frame.
The absolute value square of the helicity sum in Eq. (6)

decomposes as

∣∣∣∣∣
∑

λ

Mp
λM

d
λ

∣∣∣∣∣

2

=
∑

λ

|Mp
λ|

2 ∣∣Md
λ

∣∣2

+ 2
∑

λ>λ′

Re
[
Mp

λM
p ∗
λ′ Md

λMd ∗
λ′

]
, (7)

where the second term collects interferences between dif-
ferent helicity amplitudes. Using Eqs. (2), (3) and (5) it
is straightforward to check that interference effects vanish
when averaged over the azimuth angle φ, since helicity
is conserved, and that d2σ̂/d cos θd cos θl only depends
quadratically on CW . However, any observable probing
the azimuthal angle distribution is linearly sensitive to
CW . The simplest of such observables is the up-down
asymmetry

ÂCP ≡
σ̂φ>0 − σ̂φ<0

σ̂φ>0 + σ̂φ<0
= −

9π

16
sin γ

(
ATAL

2A2
T +A2

L

)
, (8)

where σ̂φ<0 =
∫ 0
−π dσ̂/dφ and σ̂φ>0 =

∫ π
0 dσ̂/dφ. ÂCP is

a measure of how often the charged lepton from the W
decay flies above the production plane, relative to below
that plane, where above (below) the plane is defined by
)l · ()h× )u) > 0 (< 0). We describe next how to probe and
what the expectations are for this asymmetry in both pp̄
and pp colliders.

III. UP-DOWN ASYMMETRY AT HADRON
COLLIDERS

Consider the hadronic process h1h2 → W+h → l+νbb̄
with

√
s energy in the cmf. We define the asymmetry

ACP ≡
N↑ −N↓

N↑ +N↓
, (9)

where N↑ (N↓) is the number of events satisfying )l · ()h×
)h1) > 0 (< 0), i.e with a charged lepton flying “above”
(“below”) the production plane. The differential cross-
section for the above process is 2

d2σ

dτdφ
= Lqq̄ ′(τ)

dσ̂

dφ
(τ,φ) + Lq̄ ′q(τ)

dσ̂

dφ
(τ,−φ) , (10)

where τ ≡ ŝ/s and Lij(τ) ≡
∫ 1
τ

dx
x fi/h1

(x)fj/h2
(τ/x) ,

with fi/ha
(x) is the parton distribution function (PDF)

controlling the probability of finding a parton i with a
fraction x of the hadron ha momentum. The q̄ ′q initial
state is related to the qq̄ ′ one through a parity transfor-
mation under which the triple product )l · ()h× )q ) ∝ sinφ
flips sign, hence the extra minus sign in the second term
of Eq. (10). The number of “upward” events is thus

N↑ =

∫ 1

τ0

dτ [Lqq̄ ′(τ)σ̂φ>0(τ) + Lq̄ ′q(τ)σ̂φ<0(τ)] , (11)

with τ0 = (mW + mh)2/s, while N↓, the number of
“downward” events, is obtained from N↑ through ex-
changing σ̂φ>0 and σ̂φ<0.

2 A sum over all the possible qq̄ ′ initial states is understood.
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LFV Summary
Channel Coupling Bound

µ ! e�
p|Yµe|2 + |Yeµ|2 < 3.6⇥ 10�6

µ ! 3e
p|Yµe|2 + |Yeµ|2 < 0.31

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

⌧ ! eµµ
p|Y⌧e|2 + |Ye⌧ |2 < 0.66

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 < 1.6⇥ 10�2

⌧ ! 3µ
q

|Y 2

⌧µ + |Yµ⌧ |2 < 0.52

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).

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.

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)

7

many 
processes to 
consider...



Top Flavor Violation
But, top decays are interesting:
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Figure 8: Predictions for various flavor changing neutral current (FCNC) processes mediated by the

flavor violating Yukawa couplings Yct, Ytc or Yut, Ytu of a 125 GeV Higgs boson. Where appropriate,

we have approximated the diagonal Yukawa couplings by their Standard Models values. Blue

dashed contours indicate the branching ratio for h ! t⇤q, red solid contours the one for t ! hq

(where q denotes a charm or up quark). The red dotted line is a recent limit on t ! hc (or hu)

from an LHC multi lepton search [41].

Strong constraints on Yqt and Ytq are also obtained from the non-observation of anomalous

single top production. The flavor violating chromomagnetic operators

L
single top

� gs
mh

t̄�µ⌫(tqg,LPL + tqg,RPR)
�a

2
q Ga

µ⌫ , (34)

are generated trough loop diagrams similar to Fig. 1, but with leptons replaced by quarks

and the photon replaced by a gluon. Here gs is the strong coupling constant, �a are the Gell-

Mann matrices, Ga
µ⌫ is the gluon field strength tensor, and tqg,L, tqg,R are dimensionless

e↵ective coupling constants which depend on Yqt and Ytq according to

tqg,L =
1

96⇡2

mt

mh

YttY
⇤
tq

⇣

� 4 + 3 log
m2

h

m2

t

⌘

. (35)

The analogous expression for tqg,R is obtained by replacing Y ⇤
tq ! Yqt and Ytt ! Y ⇤

tt .

Limits on tqg,L, tqg,R have been derived by the CDF and DØ collaborations [40, 42]

and most recently by ATLAS [43]. In the notation of [43], we have |tgf |/⇤ ⌘
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