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LFV and CPV in h fermion couplings

• LHC is testing the higgs couplings to fermions in 
detail, looking for deviations from the SM!

• deviations can take the form!
–Yukawa couplings not matching SM prediction (mass)!
–new couplings not present in SM!

• beyond SM it is very common to get!
–tree level FCNC!
– lepton flavor violation!
–CP violation (multiple scalars/pseudoscalars)!

• correlate different observables including B physics



higgs couplings at LHC

ATLAS and CMS  
Collaborations (Georges Aad 
et al.). JHEP 1608 (2016) 045  
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Figure 18. Best fit values of parameters for the combination of ATLAS and CMS data, and
separately for each experiment, for the parameterisation assuming the absence of BSM particles in
the loops, BBSM = 0. The hatched area indicates the non-allowed region for the parameter that is
assumed to be positive without loss of generality. The error bars indicate the 1σ (thick lines) and
2σ (thin lines) intervals. When a parameter is constrained and reaches a boundary, namely |κµ| = 0,
the uncertainty is not defined beyond this boundary. For those parameters with no sensitivity to
the sign, only the absolute values are shown.

6.3.1 Probing the up- and down-type fermion symmetry

The free parameters for this test are: λdu = κd/κu, λV u = κV /κu, and κuu = κu · κu/κH ,

where this latter term is positive definite since κH is always assumed to be positive. The

up-type fermion couplings are mainly probed by the ggF production process, the H → γγ

decay channel, and to a certain extent the ttH production process. The down-type fermion

couplings are mainly probed by the H → bb and H → ττ decays. A small sensitivity to

the relative sign arises from the interference between top and bottom quarks in the gluon

fusion loop.

The results of the fit are reported in table 19 and figure 20. The p-value of the

compatibility between the data and the SM predictions is 72%. The likelihood scan for

the λdu parameter is shown in figure 21 for the combination of ATLAS and CMS. Negative

values for the parameter λV u are excluded by more than 4σ.

– 47 –

CMS Collaboration (Vardan Khachatryan et al.). 
Phys.Lett. B744 (2015) 184-207  

B(h ! e+e�) < 0.0019(95%c.l.)

= 3.7⇥ 105 ⇥B(h ! e+e�)SM

http://inspirehep.net/search?p=collaboration:%27ATLAS%27&ln=en
http://inspirehep.net/search?p=collaboration:%27CMS%27&ln=en
https://inspirehep.net/search?p=collaboration:%27CMS%27&ln=en


higgs LFV: h � !"?

• two years ago CMS-HIG-14-005: !

• very exciting for theorists!
–about half of possible operators ruled out by Z LFV!
–CMS Phys.Lett. B749 (2015) 337-362, ATLAS arXiv 1508.03372
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Figure 4: Left: 95% CL Upper limits by category for the LFV H ! µt decays. Right: best fit
branching fractions by category.
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too good to last?

• this year:!
- CMS PAS HIG-16-005 (seems to have disappeared, of course)!

- but still B(H � ��) < 1.2 % at 95%cl
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Yukawa’s in SM: no LFV no CP violation
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Yukawa’s beyond SM: LFV and CP violation

beyond SM:
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h � !" and CP violation in h � !!

h
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h⌧̄ (1 + ✏⌧ + ir̃⌧�5) ⌧

✏⌧ ⇠ r̃⌧ . 0.5

how can we relate them?

B(h ! µ⌧) < 1.2%
q
g2h⌧µ + g2hµ⌧ < 3.16⇥ 10�3
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also have:



texture of mass matrix corrections
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democratic corrections

����
r⌧ r̃⌧

r2⌧ + r̃2⌧

����  0.15.

Region of parameter space allowed at the 95% c.l. The blue region is from

the h ! ⌧⌧ rate, the green region from the h ! µµ limit, the red region is from

the h ! ee limit and the purple region is from the CMS h ! ⌧µ upper bound.
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hierarchical corrections

����
r⌧ r̃⌧

r2⌧ + r̃2⌧

����  0.5.

Region of parameter space allowed at the 95% c.l. The blue region is from

the h ! ⌧⌧ rate, the green region from the h ! µµ limit, the red region is from

the h ! ee limit and the purple region is from the CMS h ! ⌧µ upper bound.
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An explicit model with more scalars

fLi f’Rj

h

mf + gij ei�

H
×

• LFV  possible if H has LFV 
couplings!

• not in type I, II 2HDM!
• possible in type III!

• Look at two models that 
single out the third 
generation introduced to 
address other anomalies!

• CP violation is not 
automatic



• a separate SU(2) for the third generation `top-flavor’!
• much phenomenology, here we only care about Yukawas!
• fermions:!

• SB:!

• SM and fermion  masses!
• choose !

– reduce hierarchy of Yukawa matrix

A. The SU(2)l ⇥ SU(2)h ⇥ U(1)Y model

The SU(2)l ⇥ SU(2)h ⇥ U(1)Y model treats the first two and the third gener-
ations di↵erently, by assuming that the usual SU(2)L for the first two generations
is replaced by SU(2)l and for the third generation it is replaced by SU(2)h. The
left-handed quark doublets QL, the right-handed quark singlets UR and DR, the
left-handed lepton doublets LL, and the right-handed charged leptons ER transform
under the gauge group as

Q1,2
L : (3, 2, 1, 1/3) , Q3

L : (3, 1, 2, 1/3) ,

U1,2,3
R : (3, 1, 1, 4/3) , D1,2,3

R : (3, 1, 1,�2/3) ,

L1,2
L : (1, 2, 1,�1) , L3

L : (1, 1, 2,�1) , E1,2,3
R : (1, 1, 1,�2) , (11)

where the numbers in each bracket are the quantum numbers of the corresponding
field under SU(3)C , SU(2)l, SU(2)h and U(1)Y , respectively. The superscript on
each field labels the generation of the fermion. The model and most of its associ-
ated phenomenology have been described in the literature before [19–22], here we
concentrate on the scalar sector which will be responsible for the e↵ects we want.

Symmetry breaking of SU(2)l ⇥ SU(2)h down to the usual SU(2)L is achieved
by the vacuum expectation value (vev) u, of order O(TeV), of a bi-doublet scalar ⌘ :
(1, 2, 2, 0). The fermion masses are provided by the subsequent symmetry breaking
achieved by two Higgs doublets �1 : (1, 2, 1, 1) and �2 : (1, 1, 2, 1) with respective
vevs v1,2 such that v21+v22 = v2. �1 and �2 only couple to the first two and the third
left-handed fermions, respectively. In general this extension of the SM produces
FCNC at tree level by exchanging physical neutral Higgs scalars. It also produces
FCNC due to the exchange of Z and Z 0 as discussed in the literature but this e↵ect
will not concern us here. The Yukawa Lagrangian, including leptons, is given by

LY = fu
ijūiR�̃

†

1QjL + gui3ūiR�̃
†

2Q3L + fd
ij d̄iR�

†

1QjL + gdi3d̄iR�
†

2Q3L

+ f e
ijĒiR�

†

1LjL + gei3ĒiR�
†

2L3L + h.c. , (12)

where �̃ = i�2�. In the above, j takes values of 1 and 2, and i takes values of 1, 2,
and 3. Depending on whether neutrinos are Dirac or Majorana particles, neutrino
masses can be generated by introducing right handed neutrinos ⌫R to give neutrino
Dirac masses. If one also allows ⌫R to have a Majorana mass, then the type-I seesaw
mechanism is used to give neutrino masses. Since �1 and �2 give masses to the
first two and the third generations, v1 should be much smaller than v2 so that the
hierarchy in Yukawa couplings can be reduced.

It is convenient to work in a rotated basis for the scalar doublets  1,2 where
only one Higgs boson develops a non-zero vev, with tan � = v1/v2,

✓
 1

 2

◆
=

✓
c� s�

�s� c�

◆✓
�1

�2

◆
. (13)

5

SU(2)l ⇥ SU(2)h ⇥ U(1)Y}
SU(2)L ⌘ : (1, 2, 2, 0), < ⌘ >= u ⇠ TeV

�1 : (1, 2, 1, 1), �2 : (1, 1, 2, 1)

< �i >= vi, v21 + v22 = v2

Model I: SU(2)lxSU(2)hxU(1)Y

v2 >> v1



Yukawas
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where G† and G0 are the Goldstone bosons.

One can write the neutral Higgs boson couplings to charged leptons as
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Note that the structure of the model with two vevs, of which v1 enters the first
two diagonal elements of �e

1,2 and v2 enters the third one allows one to significantly
reduce the hierarchy in f11, f22 and g33 as compared to the SM case by selecting
v2 >> v1. However, since v1 contributes to both the first and the second generation
masses, a (reduced) hierarchical structure in fij and gij is still needed.

Eq.(15) becomes in the fermion mass eigenstate basis,
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The scalar h is approximately the SM Higgs like particle, but it is not yet a
mass eigenstate of the Higgs potential because in general, h and H mix with each
other. On the other hand, the Higgs potential for this model is constructed with
the fields ⌘, �1, and �2 which are the only ones needed for symmetry breaking, and
does not have mixing between the A0 and the h or H0 states [21]. The scalar mass
eigenstates hm1,m2 can then be written in terms of h and H with a mixing angle ↵

as usual
✓
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which leads to:

It is convenient to work in a rotated basis for the scalar doublets  1,2 where
only one Higgs boson develops a non-zero vev. With tan � = v1/v2, this is
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where G+ and G0 are the Goldstone bosons.
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Note that the structure of the model with two vevs, of which v1 enters the first
two diagonal elements of �e

1,2 and v2 enters the third one allows one to significantly
reduce the hierarchy in f11, f22 and g33 as compared to the SM case by selecting
v2 >> v1. However, since v1 contributes to both the first and the second generation
masses, a (reduced) hierarchical structure in fij and gij is still needed.

The Yukawa Lagrangian in the fermion mass eigenstate basis becomes,
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The scalar h is approximately the SM Higgs like particle, but it is not yet a
mass eigenstate of the Higgs potential because in general, h and H mix with each
other. On the other hand, the Higgs potential for this model is constructed with
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with a possible pattern of `suppressed’ LFV 
couplings
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f e⇤
12 f e⇤

22 f e⇤
32

0 0 0

1

A , �e
2 =

0

@
0 0 0
0 0 0
ge⇤13 ge⇤23 ge⇤33

1

A . (9)

Note that the structure of the model with two vevs, of which v1 enters the first
two diagonal elements of �e

1,2 and v2 enters the third one allows one to significantly
reduce the hierarchy in f11, f22 and g33 as compared to the SM case by selecting
v2 >> v1. However, since v1 contributes to both the first and the second generation
masses, a (reduced) hierarchical structure in fij and gij is still needed.

The Yukawa Lagrangian in the fermion mass eigenstate basis becomes,

LY = �ēL

✓
M̂ e(1 +

h

v
) + �e(H0 � iA0)

◆
eR + h.c. (10)

where M e = SeM̂
eT †

e with Se and Te being unitary matrices and M̂ e the lepton
mass eigenstate matrix. �e is given by

�e = S†

e(�
e
1 � �e

2)Te

= �
p
2

vc�
M̂ e + (1 +

s�
c�

)S†

e�
e
1Te

=

p
2

vs�
M̂ e � (1 +

c�
s�

)S†

e�
e
2Te . (11)

The scalar h is approximately the SM Higgs like particle, but it is not yet a
mass eigenstate of the Higgs potential because in general, h and H mix with each
other. On the other hand, the Higgs potential for this model is constructed with

5



couplings of lightest scalar

If we now identify hm1 with the 125 GeV state observed by the LHC collider,
the Yukawa coupling between charged leptons and hm1 takes the form

Lhee = �ēL

 
M̂ e

v
cos↵ + �e sin↵

!
eRh

m1 + h.c. (19)

Inspecting the above equation, one sees that the 23 and 32 entries are non-zero
in general, and thus allow h ! µ⌧ to occur. Naively, one may also expect that the
33 entry which contributes to h ! ⌧ ⌧̄ can be complex indicating a CP violating
coupling of the type in Eq.(4). This is, however, not true. When diagonalizing the
mass matrix above, the phase of the 33 entry in �e is automatically removed leading
to a CP conserving h⌧ ⌧̄ coupling. To prove this, it is su�cient to show that in the
mass eigenstate basis, the 33 entry of (S†

e�2Te)33 is real.

From M e = SeM̂
eT †

e , we have (S†

eM)33 = (M̂eT
†)33 which leads to

c�
vp
2
(T13g

e⇤
13 + T23g

e⇤
23 + T33g

e⇤
33) = m⌧S33 . (20)

At the same time, expanding (S†

e�2Te)33, we obtain

(S†

e�2Te)33 = (T13g
e⇤
13 + T23g

e⇤
23 + T33g

e⇤
33)S

⇤

33 =

p
2

vc�
m⌧ |S33|2 . (21)

Since m⌧ is normalized to be real, so is (S†

e�2Te)33.

To also have CP violation in h ! ⌧⌧ decay, one needs to modify the Yukawa
structure of the model in such a way that the couplings responsible for flavor chang-
ing h ! eiēj decays can not be written in the form given in Eq.(17). This can be
achieved by introducing one more Higgs doublet transforming as either (1, 2, 1, 1)
or (1, 1, 2, 1). The additional fields introduce additional couplings in the Yukawa
and Higgs potentials which allow the mixing of A0 with h and H0, for example.
They can also allow the resulting h⌧⌧ coupling to be complex from the structure
of the Yukawa couplings alone. We will not pursue this avenue here, but instead
we provide a di↵erent model with the latter feature, the non-universal Left-Right
model, in the next subsection.

B. The Non-universal SU(3)C ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L Model

The gauge group of the non-universal Left-Right model is SU(3)C ⇥ SU(2)L ⇥
SU(2)R⇥U(1)B�L. The quantum numbers for the first two and the third generations
are chosen to be di↵erent in such a way that right handed interactions are enhanced
for third generation fermions and suppressed for the first two generations. This
is motivated by the large top-quark mass, the possible anomalies that have been
observed in t, b and ⌧ couplings [23–26], and the stringent constraints that exist
on the couplings of the lighter fermions. The left-handed quark doublets QL, the
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with mixing (potential is CP conserving)

In this basis, we have

 1 =

✓
G†

1
p

2
(v + h+ iG0)

◆
,  2 =

✓
H†

1
p

2
(H0 + iA0)

◆
, (14)

where G† and G0 are the Goldstone bosons.

One can write the neutral Higgs boson couplings to charged leptons as

LY = �ēL

✓
M e(1 +

h

v
) + (�e

1 � �e
2)(H

0 � iA0)

◆
eR + h.c.

where

M e =
1p
2
(v1�

e
1 + v2�

e
2) =

vp
2
(s��

e
1 + c��

e
2) ,

�e
1 =

0

@
f e⇤
11 f e⇤

21 f e⇤
31

f e⇤
12 f e⇤

22 f e⇤
32

0 0 0

1

A , �e
2 =

0

@
0 0 0
0 0 0
ge⇤13 ge⇤23 ge⇤33

1

A . (15)

Note that the structure of the model with two vevs, of which v1 enters the first
two diagonal elements of �e

1,2 and v2 enters the third one allows one to significantly
reduce the hierarchy in f11, f22 and g33 as compared to the SM case by selecting
v2 >> v1. However, since v1 contributes to both the first and the second generation
masses, a (reduced) hierarchical structure in fij and gij is still needed.

Eq.(15) becomes in the fermion mass eigenstate basis,

LY = �ēL

✓
M̂ e(1 +

h

v
) + �e(H0 � iA0)

◆
eR + h.c. (16)

where M e = SeM̂
eT †

e with Se and Te being unitary matrices and M̂ e the lepton
mass eigenstate matrix. �e is given by

�e = S†

e(�
e
1 � �e

2)Te

= �
p
2

vc�
M̂ e + (1 +

s�
c�

)S†

e�
e
1Te

=

p
2

vs�
M̂ e � (1 +

c�
s�

)S†

e�
e
2Te . (17)

The scalar h is approximately the SM Higgs like particle, but it is not yet a
mass eigenstate of the Higgs potential because in general, h and H mix with each
other. On the other hand, the Higgs potential for this model is constructed with
the fields ⌘, �1, and �2 which are the only ones needed for symmetry breaking, and
does not have mixing between the A0 and the h or H0 states [21]. The scalar mass
eigenstates hm1,m2 can then be written in terms of h and H with a mixing angle ↵
as usual

✓
h
H

◆
=

✓
cos↵ � sin↵
sin↵ cos↵

◆✓
hm1

hm2

◆
. (18)
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If we now identify hm1 with the 125 GeV state observed by the LHC collider,
the Yukawa coupling between charged leptons and hm1 takes the form
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m1 + h.c. (13)

Inspecting the above equation, one sees that the 23 and 32 entries are non-zero
in general, and thus allow h ! µ⌧ to occur. Naively, one may also expect that the
33 entry which contributes to h ! ⌧ ⌧̄ can be complex indicating a CP violating
coupling of the type in Eq.(3). This is, however, not true. When diagonalizing the
mass matrix above, the phase of the 33 entry in �e is automatically removed leading
to a CP conserving h⌧ ⌧̄ coupling. To prove this, it is su�cient to show that in the
mass eigenstate basis, the 33 entry of (S†

e�
e
2Te)33 is real.

From M e = SeM̂
eT †

e , we have (M eTe)33 = (SeM̂
e)33 which leads to

c�
vp
2
(Te13g
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13 + Te23g

e⇤
23 + Te33g

e⇤
33) = m⌧Se33 . (14)

At the same time, expanding (S†
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2Te)33, we obtain
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p
2

vc�
m⌧ |Se33|2 . (15)

Since m⌧ is normalized to be real, so is (S†

e�
e
2Te)33.

To also have CP violation in h ! ⌧⌧ decay, one needs to modify the Yukawa
structure of the model in such a way that the couplings responsible for flavor chang-
ing h ! eiēj decays can not be written in the form given in Eq.(11). This can be
achieved by introducing one more Higgs doublet transforming as either (1, 2, 1, 1)
or (1, 1, 2, 1). The additional fields introduce additional couplings in the Yukawa
and Higgs potentials which allow the mixing of A0 with h and H0, for example.
They can also allow the resulting h⌧⌧ coupling to be complex from the structure of
the Yukawa couplings alone. We will not pursue this avenue here, but instead we
provide a di↵erent model with the latter feature, the non-universal left-right model,
in the next subsection.

B. The non-universal SU(3)C ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L Model

The gauge group of the non-universal left-right model is SU(3)C ⇥ SU(2)L ⇥
SU(2)R⇥U(1)B�L. The quantum numbers for the first two and the third generations
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Lepton universality in neutral currents ?

13	Conference	on	New	Physics	at	the	
Large	Hadron	Collider	

George	Lafferty																							
Manchester	and	CERN	

Lepton	universality:	RK = BF(B+ → K+µ+µ-) / BF(B+ → K+e+e-) 
PRL	113	(2014)	151601	

•  LHCb	has	measured	the	ra>o	of	branching	frac>ons   

•  RK = BF(B+ → K+ µ+ µ-) / BF(B+ → K+ e+ e-) 

•  Loop-level	process	highly	sensi>ve	to	new	physics	contribu>ons	in	the	loops,	e.g.	

•  New	scalar	or	pseudoscalar	interac>ons	

•  Z’	bosons	that	couple	differently	to	muons	and	electrons	

•  Large	theore>cal	uncertain>es	in	absolute	BFs	largely	cancel	in	the	ra>o	

•  SM	predic>on	RK	=	1.0003	±	0.0001	(Bobeth	et.	al.,	JHEP	0712,	040	(2007))	
	
•  LHCb	measures	RK	in	the	range	1	<	q2	<	6	GeV2/c4,	so	excluding	the	charmonium	

resonance	region 
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Conference	on	New	Physics	at	the	

Large	Hadron	Collider	

George	Lafferty																							

Manchester	and	CERN	

Lepton	universality:	RK = BF(B+ → K+µ+µ-) / BF(B+ → K+e+e-) 
PRL	113	(2014)	151601	

•  Charmonium	(e.g.	J/Ã	→	µ	µ)	region	corresponds	to	tree-level	processes,	excluded	in	
this	and	other	FCNC	analyses	by	selec>ng	1	<	q2	<	6	(GeV/c2)2	

•  Electron	channel	poses	par>cular	experimental	problems	owing	to	bremsstrahlung	

•  Unbinned	extended	maximum-likelihood	fits	to	get	the	event	yields	

•  Separate	fits	for	three	independent	configura>ons	of	the	trigger	

Fived	mass	distribu>on	for	case	where	the	

event	is	triggered	by	one	of	the	electrons	

•  The	LHCb	measurements	is	2.6¾ from	the	SM	predic>on	

RK = 0.745 )
( B(B!K⌧⌧̄)

B(B!Kµµ̄) = 1.36
B(B!K(e⌧̄ ,⌧ ē))

B(B!Kµµ̄) = 0.037
New Z’



Other anomalies in the same modes

17	
Conference	on	New	Physics	at	the	

Large	Hadron	Collider	

George	Lafferty																							

Manchester	and	CERN	

Angular	analysis	of	B0 → K*0µ+µ-  decays 
JHEP	02	(2016)	104	

•  Distribu>ons	of	the	observables	are	

largely	compa>ble	with	the	SM	

predic>ons,	apart	from	P5’	

•  Local	devia>ons	of	2.8¾	and	3.0¾ 

•  Can	be	accommodated	by	modifying	the	

real	part	of	the	vector	coupling	strength	

of	the	decays,	<(C9)	
	

•  Requires	a	shiw	from	SM	value	

corresponding	to	3.4¾ 
•  A	lot	of	theory	work	ongoing	to	

bever	understand	this	effect	

•  Is	it	new	physics	(e.g.	a	new	vector	

par>cle)	or	an	unexpectedly	large	

hadronic	effect?	

“DHMV”	SM	predic>ons	from		

S.	Descotes-Genon	et	al.,	JHEP	12,	125	(2014)	



top-flavour vs b�s�� anomalies

The region allowed by the electroweak precision data fit and Bs  mixing is 
shown in blue.  The region allowed by a global analysis of b�s��!

observables by Descotes-Genon, Hofer, Matias, Virto JHEP 1606 (2016) 092 is 
shown in red

Cheng-Wei Chiang, Xiao-Gang He, G. V., Phys.Rev. D93 (2016) no.7, 074003 



Model 2: SU(3)cxSU(2)LxSU(2)RxU(1)B-L

• the third generation has an additional SU(2)R !

• fermion content!

• scalar content: HR breaks SU(2)R, HL or # breaks SU(2) 
to SM … both needed to give all fermions mass

Q1,2,3
L : (3, 2, 1, 1/3) , Q3

R : (3, 1, 2, 1/3) ,

U1,2
R : (3, 1, 1, 4/3) , D1,2

R : (3, 1, 1,�2/3) ,

L1,2,3
L : (1, 2, 1,�1) , L3

R : (1, 1, 2,�1) ,

E1,2
R : (1, 1, 1,�2) , ⌫1,2R : (1, 1, 1, 0) .

HL =

✓ 1p
2
(vL + hL + iAL)

h�
L

◆
: (1, 2, 1,�1) ,

HR =

✓ 1p
2
(vR + hR + iAR)

h�
R

◆
: (1, 1, 2,�1) ,

� =

 
1p
2
(v1 + h1 + ia1) h+

2

h�
1

1p
2
(v2 + h2 + ia2)

!
: (1, 2, 2, 0) . (1)



Yukawas

LY =�
⇣
Q̄1,2,3

L �u
LHLU

1,2
R + Q̄1,2,3

L �d
LH̃LD

1,2
R + Q̄1,2,3

L (�q�+ �̃q�̃)Q3
R

⌘
+

�
⇣
L̄1,2,3
L �⌫

LHL⌫
1,2
R + L̄1,2,3

L �e
LH̃LE

1,2
R + L̄1,2,3

L (�l�+ �̃l�̃)L3
R

⌘
+ h.c. ,

in basis with diagonal neutrino mass matrix

right-handed quark singlets UR and DR, the left-handed lepton doublets LL, and
the right-handed charged leptons ER transform under the original gauge group as

Q1,2,3
L : (3, 2, 1, 1/3) , Q3

R : (3, 1, 2, 1/3) ,

U1,2
R : (3, 1, 1, 4/3) , D1,2

R : (3, 1, 1,�2/3) ,

L1,2,3
L : (1, 2, 1,�1) , L3

R : (1, 1, 2,�1) ,

E1,2
R : (1, 1, 1,�2) , ⌫1,2

R : (1, 1, 1, 0) . (22)

The model and many aspects of its phenomenology have been discussed before in the
literature [27–31]. Here we concentrate on the relevant scalar-lepton interactions.
There are three scalar fields a↵ecting Yukawa couplings which we list below together
with their transformation properties under the gauge group,

HL =

✓ 1
p

2
(vL + hL + iAL)

h�

L

◆
: (1, 2, 1,�1) ,

HR =

✓ 1
p

2
(vR + hR + iAR)

h�

R

◆
: (1, 1, 2,�1) ,

� =

✓ 1
p

2
(v1 + h1 + ia1) h+

2

h�

1
1
p

2
(v2 + h2 + ia2)

◆
: (1, 2, 2, 0) . (23)

The Yukawa couplings that can be constructed with these fields are

LY = �
⇣
Q̄1,2,3

L �u
LHLU

1,2
R + Q̄1,2,3

L �d
LH̃LD

1,2
R + Q̄1,2,3

L (�q�+ �̃q�̃)Q3
R

⌘
+

�
⇣
L̄1,2,3
L �⌫

LHL⌫
1,2
R + L̄1,2,3

L �e
LH̃LE

1,2
R + L̄1,2,3

L (�l�+ �̃l�̃)L3
R

⌘
+ h.c. , (24)

where H̃L = �i�2H
⇤

L and �̃ = �2�
⇤�2.

As in the previous example, the Higgs potential in this model does not allow
mixing between the scalars and pseudo-scalars, therefore the 125 GeV Higgs boson
will be a linear combination of hL, h1 and h2. To find the Yukawa coupling of the
125 GeV Higgs boson to the charged leptons, one needs to understand how hL,1,2

couple to the charged leptons in the basis where the neutrino mass matrix has been
diagonalized. One can write the lepton Yukawa couplings as follows

LY = � 1p
2
ēL[�

e
L(vL + hL) + �̃l(v1 + h1) + �l(v2 + h2)]eR + h.c. . (25)

From this we can read the charged lepton mass matrix,

M e =
1p
2
(�e

LvL + �̃lv1 + �lv2),

�e
L =

0

@
f l
11 f l

12 0
f l
21 f l

22 0
f l
31 f l

32 0

1

A , �̃l =

0

@
0 0 g̃l13
0 0 g̃l23
0 0 g̃l33

1

A . �l =

0

@
0 0 gl13
0 0 gl23
0 0 gl33

1

A . (26)
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similar structure to previous model but 2 column matrices



scalar mixing

• without mixing with pseudo scalars in the potential!

• diagonalizing the charged lepton mass matrix!

• with!

• enough to get CP violation
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v
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1H1 + �e
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!
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1 =

S†
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2v0

, �e
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S†
e(�

e
Lv

0 � �̃l v1vL
v0 � �l v2vL

v0 )Tep
2v
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recall the precision tests
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Figure 2: Distribution of the �2
min value obtained from pseudo Monte Carlo simulations (a). Shown are

distributions obtained by including (hatched) and excluding (green) the theory uncertainties �th, com-
pared with the idealized �2 distribution assuming Gaussian distributed errors with 14 degrees of freedom.
The arrows indicate the �2

min value obtained from the fit to data. The result from a determination of
MH using only the given observable is shown in (b).

is found. The result from the fit to data is indicated as red arrow and the obtained p-value is
consistent between the MC simulation and the idealized �2 distribution. The influence of the
theoretical uncertainties on the p-value of the full SM fit amounts to about 0.01.

Except for the value of MH itself, the largest change in the result due to the inclusion of MH

is the prediction of MW . For this observable the pull value changes from �0.3 to �1.2, due to the
small value of MH preferred by the MW measurement. This e↵ect is shown in Fig. 2(b), where
indirect determinations of MH are displayed, obtained by removing all sensitive observables
from the fit except the given one. For comparison, also the indirect fit result using all input
parameters except for MH (grey band) and the direct measurement (green line) are shown. The
values obtained from the fit including the measurements of the leptonic asymmetries A`, as
measured by the LEP and SLD collaborations, and MW show good agreement. The value of
MH obtained from the hadronic forward-backward asymmetry A0,b

FB shows a tendency towards
large values of MH , with a discrepancy of 2.5�.

4 Predictions for key observables

The inclusion of MH in the fit results in a large improvement in precision for the indirect deter-
mination of several SM parameters. Without the inclusion of MH , the indirect determination
of the top mass gives mt = 171.5+8.9

�5.3 GeV. Including the knowledge about MH , the fit value
obtained is

mt = 175.8+2.7
�2.4 GeV, (1)

where the uncertainty is reduced by a factor of 2–3. The value of mt agrees well with the direct
determination [25] and the cross-section based determination under the assumption that there
is no new physics contributing to the cross section measurement [27].

The ��2 profiles versus MW and sin2✓`
e↵

without using the corresponding measurements
are shown in Fig. 3. For the indirect determination of sin2✓`

e↵

all observables directly sensitive
to sin2✓`

e↵

, like asymmetry parameters and the full and partial decay widths, are excluded
from the fit. Solid blue lines show the result of the fit including MH , where the e↵ect of
the theory uncertainty is shown as blue band. The same fit, without information on MH is
shown in grey. An improvement in precision of more than a factor of two can be observed
for the indirect determination of MW and sin2✓`

e↵

. Also shown are the direct measurements
of the aforementioned W mass and the LEP/SLD average of the e↵ective weak mixing angle
sin2✓`

e↵

= 0.23153± 0.00016 [22], which show good agreement with the obtained values.

Baak, Kogler http://arxiv.org/pdf/1306.0571v2.pdf

3 The SM fit
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Figure 1: Di↵erences between the SM
prediction and the measured parameter, in
units of the uncertainty for the fit includ-
ing MH (color) and without MH (grey).

The SM electroweak fit is performed in three scenar-
ios [11]. In the first scenario all input parameters are
used, allowing to test the validity of the SM. The re-
sults are compared to the second scenario, where the fit
is performed without the inclusion of MH to assess the
e↵ect of knowingMH in the electroweak fit. In the third
scenario individual observables are removed one by one
from the fit which allows for an indirect determination
of these with an accurate uncertainty calculation.

The SM fit including all input data converges with a
minimum value of the test statistics of �2

min

= 21.8, ob-
tained for 14 degrees of freedom. Calculating the näıve
p-value gives Prob(21.8, 14) = 0.08. The smallness of
the p-value with respect to previous results [5] is not
due to the inclusion of MH , but rather due to the new
calculation of R0

b which has a very small dependence on
MH , as described below.

Performing the fit without MH as input parame-
ter, the fit converges at a minimum of �2

min

= 20.3
for 13 degrees of freedom, corresponding to a p-value
of 0.09. In this case the fit converges for a value of
MH = 94+25

�22

GeV, in good agreement with the direct
measurement.

The result of the fit is shown in Fig. 1 in terms of the
pull value, which is defined as deviation between the SM
prediction and the measured parameter in units of the
measurement uncertainty. The fit results are shown for
both scenarios, including theMH measurement (colored
bars) and without MH (grey bars), where in general the
result of the fit does not change significantly between
the two scenarios. Very small pull values, as for example
observed for the light quark masses but also for MH , indicate that the input accuracy exceeds
the fit requirements. No single pull value exceeds 3�, showing an overall satisfying consistency
of the SM.

The largest deviations between the SM prediction and the measurements are observed in
the b-sector. Both observables directly sensitive to Z ! bb, the forward-backward asymmetry
A0,b

FB and the partial width R0

b , show large deviations of 2.5� and �2.4�, respectively. While

the e↵ect in A0,b
FB has been known for a long time, the large deviation in R0

b is new, owing to
the improved two-loop calculation which exhibits an unexpected large negative correction [17].
Using the one-loop result for R0

b only, the pull value is �0.8�. Both parameters show only very
little dependence on the inclusion of MH , with deviations of 2.7� and �2.3� in the fit scenario
without including MH .b

In order to assess the validity of the fit we use Monte Carlo simulation to generate pseudo
experiments. For each simulation we generate SM parameters according to Gaussian distributed
values around their expected values with standard deviations equal to the full experimental
uncertainty. The obtained �2

min

distribution for all toy datasets is shown in Fig. 2(a). Good
agreement between the MC simulation and the idealized distribution for 14 degrees of freedom

b It is intriguing to observe that an increase of the right-handed coupling of the Z ! bb vertex of 25%, while
leaving the left-handed coupling unchanged, can resolve both deviations.

almost!

all looks great for the SM, !
implying any NP must appear !
above ∿ 10 TeV

http://arxiv.org/pdf/1306.0571v2.pdf


Lepton universality ?
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B decays with ! leptons in nonuniversal left-right models
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Recent measurements of semileptonic B-meson decays into ! leptons are somewhat higher than

expected in the standard model. Although the deviations are less than 3", they suggest the possibility

of new physics affecting primarily the ! lepton. In this paper we examine these results within the context

of nonuniversal left-right models. We find that strong constraints from b ! s# on W-W 0 mixing lead to a

prediction of approximately equal enhancements for the B ! D!$ and the B ! D?!$ modes. The model

predicts approximately the same enhancement for the inclusive semileptonic rate !B ! Xc!$ as well as for

the leptonic decay B!
c ! !!$. An enhancement in the leptonic decay B! ! !!$ is also possible but is

not uniquely correlated with the other modes. For this explanation to be viable, the mass of the

nonuniversal W0 would be below 1 TeV, within LHC reach.

DOI: 10.1103/PhysRevD.87.014014 PACS numbers: 13.20.He, 12.60.Cn

I. INTRODUCTION

Recent measurements of B decay modes involving !
leptons have shown hints of deviations from the standard
model (SM). In particular, for the semileptonic b ! c!$
modes, for which BABAR has reported recently that [1]

RðDÞ ¼ Bð !B ! D!! !$!Þ
Bð !B ! D‘! !$‘Þ

¼ 0:440% 0:072

RðD?Þ ¼ Bð !B ! D?!! !$!Þ
Bð !B ! D?‘! !$‘Þ

¼ 0:332% 0:030:

(1)

The corresponding numbers from Belle are [2]

RðDÞ ¼ 0:35% 0:11 RðD?Þ ¼ 0:43% 0:08: (2)

Both the BABAR and Belle results are a bit high compared
to the SM expectation [3,4],

RðDÞ ¼ 0:297% 0:017 RðD?Þ ¼ 0:252% 0:003: (3)

At the same time the discrepancy between theory and
experiment for the leptonic B ! !$ rate appears to be
getting smaller, with the latest Belle result with hadronic
tags being ð0:72þ0:27

!0:25 % 0:11Þ ' 10!4 [5]. Below we quote
Belle’s combination of this result with their result based on
semileptonic tags [5], as well as BABAR’s number [6] and a
recent SM prediction by the CKMfitter group [7],

BðB ! !$ÞBelle ¼ ð0:96% 0:26Þ ' 10!4

BðB ! !$ÞBABAR ¼ ð1:79% 0:48Þ ' 10!4

BðB ! !$ÞSM ¼ ð0:719þ0:115
!0:076Þ ' 10!4:

(4)

The apparent discrepancy in the semileptonic modes has
inspired their examination within two Higgs doublet mod-
els. The data disfavors type II models [8], where it is not
possible to simultaneously accommodate the enhance-
ments in RðDÞ and RðD?Þ [1]. Type III two Higgs doublet
models have also been studied and are consistent with the
data [9]. Two Higgs doublet models are also discussed in
this context in Ref. [10]. The results have also been dis-
cussed in the context of R-parity violation [11] and more
generally with the aim of making further predictions [12].
They have also inspired new calculations of the form
factors [13].
In this paper we consider another new physics possibility

to address this enhancement. In the context of nonuniversal
left-right (LR) models [14,15], these modes receive addi-
tional contributions from the right-handed charged currents
that are suppressed or absent for modes involving the first
two generation leptons. The model contains one light right-
handed neutrino that would ultimately be responsible for the
enhancements in the semileptonic B-meson decays by add-
ing the channel !$R to the possible final states.

II. NONUNIVERSAL LR MODEL

The model we consider is a variation of LR models [16],
and we have detailed it previously [14,15]. Here we review
the salient features relevant for our discussion. The gauge
group is the usual SUð3ÞC'SUð2ÞL'SUð2ÞR'Uð1ÞB!L.
With this gauge group there are two charged gauge bosons,

*hexg@phys.ntu.edu.tw
†valencia@iastate.edu
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•  HFAG	compila>on	of	BaBar,	Belle	and	LHCb	measurements,	including	BaBar	
and	Belle	measurements	of	R(D*)	and	R(D) 
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•  Combina>on	of	measurements	is	3.9¾	from	the	SM	predic>on	
•  This	is	now	the	largest	experimental	discrepancy	with	the	SM	

our model with other!
constraints b � s�



can this model do this? - yes

• New SUR(2) for third generation (X.G. He and G.V)!

• can be made to satisfy all other constraints!
• predicts !

–R(D) and R(D*) approximately same enhancement!
–MW’ < 1 TeV    (not ruled out in Run I, not looked at yet in Run II)!
–additional modes also enhanced

Z �
⌧

⌧

W 0
⌧

⌫⌧

b ! c⌧⌫

B�
c ! ⌧�⌫{



cp violation

• is the Higgs a scalar or a pseudo-scalar? !
• if it doesn’t have definite parity it violates CP!
• this can be tested with:!

–fermion pair decay!
–spin analysed!

–top-quark, only with a heavy H!
–tau-lepton



CP violation in h � !!

p⌧�p⌧+

p⇡+

p⇡�p⌫

p⌫

�

O⇡ = ~p⌧ · (~p⇡+ ⇥ ~p⇡�)

A⇡ =
N(O⇡ > 0)�N(O⇡ < 0)

N(O⇡ > 0) +N(O⇡ < 0)
=

⇡

4
�⌧

(r⌧ r̃⌧ )

�2
⌧r

2
⌧ + r̃2⌧

. 0.4

higgs rest frame

h

democratic
hierarchical

0.11

e+e� ! Zh ! µ+µ�h



Other correlations

Mode Jets ci
1 (⌧� ! ⌫⌧µ�⌫̄µ), (⌧+ ! ⌫̄⌧⇡+) j = ⇡+ -0.27

2 (⌧� ! ⌫⌧µ�⌫̄µ), (⌧+ ! ⌫̄⌧⇡+⇡0) j = ⇡+ + ⇡0 -0.11

3 (⌧� ! ⌫⌧µ�⌫̄µ), (⌧+ ! ⌫̄⌧⇡+⇡0⇡0) j = ⇡+ + ⇡0 + ⇡0 -0.017

4 (⌧� ! ⌫⌧µ�⌫̄µ), (⌧+ ! ⌫̄⌧⇡+⇡+⇡�) j = ⇡+ + ⇡+ + ⇡� 0.0005

TABLE I: Semi-leptonic modes with tau-jet producing the largest asymmetry and their
respective coe�cients ci for Eq.(58)

the Higgs boson decay in its rest frame with 200000 events with no kinematic cuts
for a su�cient number of values r⌧ , r̃⌧ to obtain a good fit to the asymmetry. For
modes with more than one pion we measured di↵erent T-odd correlations using the
di↵erent pion momenta available, but in all cases studied found that the largest
sensitivity was obtained by using a ‘tau-jet’ momenta defined as the sum of all the
pion momenta in the corresponding decay.

Table I shows the semi-leptonic modes h ! ⌧+⌧� ! ⌧`⌧h, noting that at the
level of our study electrons are indistinguishable from muons. We write for each
mode a T-odd operator

Oi = ~p⌧� · (~p` ⇥ ~pj) (57)

and construct a corresponding integrated asymmetry

Ai = ci
r⌧ r̃⌧

|r⌧ |2 + |r̃⌧ |2 (58)

where the coe�cient ci is estimated numerically as described above and tabulated
in the fourth column. The table shows only leptonic decays on the ⌧� side, but
we also checked that the conjugated modes have the same asymmetries. If used on
charge specific modes as the ones on the table, the asymmetries are T-odd but not
CP odd. True CP odd observables are constructed as in Eq.(57) where leptons (and
corresponding hadronic modes) and anti-leptons are included in the sum.

The table indicates that the one and two pion modes have the largest asym-
metries by far, so that one loses sensitivity by including higher multiplicity modes
in the tau-jet. Of course, the higher multiplicity may actually facilitate the experi-
mental reconstruction of the events or the asymmetries so a full study is needed to
reach definitive conclusions.

Table II shows the modes with two hadronic tau decays h ! ⌧+⌧� ! ⌧h⌧h cover-
ing one, two and three pion modes. As with the semi-leptonic case we studied several
possibilities for the definition of the tau-jet, and found the largest asymmetries for
the ones shown in the table. We write for each mode a T-odd operator

Oi = ~p⌧� · (~pj1 ⇥ ~pj2) (59)

and construct a corresponding integrated asymmetry Eq.(58).
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Mode Jets ci
1 (⌧� ! ⌫⌧⇡�)(⌧+ ! ⌫̄⌧⇡+) j1 = ⇡� , j2 = ⇡+ 0.79

2 (⌧� ! ⌫⌧⇡�), (⌧+ ! ⌫̄⌧⇡+⇡0) j1 = ⇡� , j2 = ⇡+ + ⇡0 0.33

3 (⌧� ! ⌫⌧⇡�⇡0), (⌧+ ! ⌫̄⌧⇡+⇡0) j1 = ⇡� + ⇡0 , j2 = ⇡+ + ⇡0 0.13

4 (⌧� ! ⌫⌧⇡�), (⌧+ ! ⌫̄⌧⇡+⇡0⇡0) j1 = ⇡� , j2 = ⇡+ + ⇡0 + ⇡0 0.06

5 (⌧� ! ⌫⌧⇡�), (⌧+ ! ⌫̄⌧⇡+⇡+⇡�) j1 = ⇡� , j2 = ⇡+ + ⇡+ + ⇡� 0.06

6 (⌧� ! ⌫⌧⇡�⇡0), (⌧+ ! ⌫̄⌧⇡+⇡0⇡0) j1 = ⇡� + ⇡0 , j2 = ⇡+ + ⇡0 + ⇡0 0.02

7 (⌧� ! ⌫⌧⇡�⇡0), (⌧+ ! ⌫̄⌧⇡+⇡+⇡�) j1 = ⇡� + ⇡0 , j2 = ⇡+ + ⇡+ + ⇡� 0.02

8 (⌧� ! ⌫⌧⇡�⇡0⇡0), (⌧+ ! ⌫̄⌧⇡+⇡0⇡0) j1 = ⇡� + ⇡0 + ⇡0 , j2 = ⇡+ + ⇡0 + ⇡0 0.004

9 (⌧� ! ⌫⌧⇡�⇡0⇡0), (⌧+ ! ⌫̄⌧⇡+⇡+⇡�) j1 = ⇡� + ⇡0 + ⇡0 , j2 = ⇡+ + ⇡+ + ⇡� 0.003

10 (⌧� ! ⌫⌧⇡�⇡+⇡�), (⌧+ ! ⌫̄⌧⇡+⇡+⇡�) j1 = ⇡� + ⇡+ + ⇡� , j2 = ⇡+ + ⇡+ + ⇡� 0.003

TABLE II: Double hadronic tau decays with tau-jets producing the largest asymmetry
and their respective coe�cients ci for Eq.(58).

As with the semi-leptonic case, we have not listed all the conjugate modes. If
the counting asymmetry is constructed for a particular (not self-conjugate) mode,
the result is T-odd but not necessarily CP odd. However, if sums over conjugate
modes are considered, then any non-zero asymmetry signals CP violation. We find
here also that the most sensitive modes are those with only one or two pions.

V. CONCLUSIONS

In the SM the higgs boson does not have LFV decays and its decays conserve CP.
We have argued generically that if one goes BSM to allow LFV decays of the Higgs
such as the one suggested by a recent CMS result, one also introduces CP violation.
The only channel where it is in principle possible to study this CP violation at
LHC is h ! ⌧⌧ and we have studied the relative sensitivity of di↵erent tau-lepton
decay modes to CP violating couplings. We have constructed to specific multi-Higgs
models in which the 125 GeV Higgs can have LFV decays and argued that only one
of them exhibits CP violation as well. These two examples illustrate the di↵erent
ingredients that are needed for both e↵ects to appear BSM.

The correlation between LFV and CPV couplings depends on the details of the
flavour sector BSM and we have considered two benchmark scenarios. In the first
one, the lepton flavor sector has a dominant hierarchical structure that produces the
charged lepton masses, but the deviations from this are democratic. We found that
in this case the tightest constraint on possible new physics arises from bounds on
h ! µµ and h ! ee. Within factors of two, this constraint is consistent with the
upper bound on LFV from CMS, and allows for a CP violating asymmetry as large
as 11%.

In the second benchmark scenario we assumed the corrections to the SM lepton
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Table II shows the modes with two hadronic tau decays h ! ⌧+⌧� ! ⌧h⌧h cover-
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Summary - Conclusion

• LFV is very common BSM and LFV decays of the Higgs are correlated 
with CP violation Higgs to di-leptons!

• We have constructed two multi-Higgs models in which the Higgs has 
LFV decays but only one of them exhibits CP violation as well. !

• These illustrate some nontrivial details of mass matrix textures 
necessary to predict correlations between results from flavor physics.!

• dominant hierarchical structure that produces the charged lepton 
masses, but the deviations are democratic. The tightest constraint 
arises from bounds on h � �� consistent with LFV from CMS, CP 
violating asymmetry < 11%. !

• corrections to the SM lepton mass matrices are also hierarchical 
as in the Cheng-Sher ansatz. Tightest constraints on new physics 
arise from h � !!, consistent with LFV from CMS, CP violating 
asymmetry < 40%.  


