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Standard  Model  and  Flavor  Physics

Standard  Model  is  based  on  SU(3)CxSU(2)LxU(1)Y  gauge  interaction.

In  SM  mis-­match  of  weak  and  mass  
eigen-­bases,  leads  to  flavor  mixing  
and  CP  violation,  the  core  of  the  of  
flavor  physics.  

When  going  beyond  SM,  
more  possibilities!
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Number  of  SM  generations

In  the  SM,  only  3  generations  of  quarks  and  leptons  are  allowed.

gg  -­>  Higgs  ~  (number  of  heavy  quarks)2,  if  fourth  generation  
exist,  their  mass  should  be  large,  9  times  bigger  production  of  
Higgs.  LHC  data  ruled  out  more  than  3  generations  of  quarks.

LEP  already  ruled  out  more  than  3  neutrinos  with  mass  less  than  mZ/2.

Cosmology  and  astrophysics,  number  of  light  neutrinos  also  less  than  4.

SM,  triangle  anomaly  cancellation:  equal  number  of  quarks  and  leptons!

There  are  only  three  generations  of  sequential  quarks  and  leptons!

Why  3  generations?  How  do  they  mix  with  each  other?
Beyond  SM,  conclusions  may  change,  X-­G  He  and  G.  Valencia,  PPLB707  (2012)   3
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Dark matter cannot be the 
particle in the standard 
model, which has to be:

Dark Matter: 26.8%

Massive

WIMP

Non baryonic

No charge (electric or color)

Stable (τ > 1026 s, τuniverse ~ 1017 s)

Axion
Sterile neutrino
. . . . . .
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Quark  and  Lepton  mixing  patterns  
The  mis-­match  of  weak  and  mass  eigen-­state  bases  lead  quark  and        
lepton  mix  within  generations.                                            
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Status  of  Quark  and  Lepton  
Quark  Mixing                                                                                        Neutrino  MixingPDGPDG

Why  they  mix  the  pattern  shown  above?  Some  understanding.



The  125  GeV  Higgs  is  consistent  with  SM  one!
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1.  Flavor  Physics  with  Leptons
(g-­2)µ, B  and  lepton  anomalies,  8Be*  -­>  8Be  e  e  and  a  17  MeV  X-­boson

2.  Flavor  Physics  with  Higgs
General  Yukawa  coupling,  precision  test  from  Bs -­>  µ µ, CP  violation  in  h  -­>  τ τ

3.  Flavor  Physics  with  Neutrino  Mixing
Model  for  δCP=  -­π/2  and  θ23=  π/4?  Grand  Unification  prediction?  
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1.  Flavor  Physics  with  Leptons

8

PDG

arXiv:1705.00263

The  longstanding  problem  of  (g-­2)µ



The  RK*  Anomaly S.  Bifani,  CERN  Seminar,  18th April,  2017

LHCb arXiv:  1705.05802
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B  and  lepton  physics  anomalies

All  these  processes  are  induced  by  b  -­>  s  ll interaction.  Consistently   lower  than  SM  predictions.  

Combined  effects  are  now  about  4σ !

The  RD(*) anomalies

RD(*) =B(B-­>D(*)τν)/B(B-­>D(*)lν) Again,  a  4σ effects!



Models  for  R(D(*))  and  b-­>sµ+µ− anomalies    

A  lot  of  model  building  activities  trying  to  provide  solutions  to  
R(D(*))  and  b-­>s  µ+µ− induced  anomalies.

Making  b-­>s  µ+µ− smaller  or  b-­>s  e+e-­ larger  than  SM  predictions.

Z’  and  W’  models,  Multi-­Higgs  models,  leptoquark models,  
Susy,  R-­parity  violating  models,  …
Hundreds  of  papers  written  on  related  subjects!

Since  the  new  LHCb RK*  data,  just  to  the  end  of  April  17  papers:  
arXiv:  1703.09189,   1703.09627,   1704.05340,  1704.05435,   1704.05438,   1704.05444,  1704.05446,  
1704.05447,   1704.05672,  1704.05835,   1704.06005,   1704.06188,  1704.06200,   1704.06240,  
1704.07347,   1704.07397,  1704.08168,  …
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Model  independent   analysis  for  flavor  physics

Too  many  ways  to  build  theoretical  models.  Effective  operator  analysis  
provides  a  model  independent  method.

Operator  analysis,  more  complicated  than  our  collider  friends,  they  
usually  just  take  flavor  conserving  interactions.

For  flavor  physics,  this  is  obviously  not  enough!  The  flavor  changing  
interaction  is  at  the  core  of  the  study.  More  complicated.

Some  guideline  to  parameterize  flavour  changing  interactions  needed!

Minimal  Flavor  violation  provides  a  very  economic  and  efficient  way  for  
guide  flavor  physics  when  using  effective  operators:

All  flavor  and  CP  violations  have  their  origin  in  the  known  structure  of  
Yukawa  couplings.
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Construct  Δq,l so  that  O61,2 are  
invariant  of  the  flavor  global  
groups.  Building  blocks:  

D’Ambrosio,  Giudice,  Isidori, Strumia,  arXiv:  0207036

Cirigliano,  Grinstein,  Isidori,  arXiv:0507001

Similarly  for  quarks



Practically  for  B  anomalies,  the  first  two  terms  are  sufficient.

The  anomalies  discussed  earlier  can  be  carried  out  in  this  framework.
(Lee,  Tandean,  arXiv:1505.04692)
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Colangelo, etal., Eur, Phys. J. C59, 75(2009); Mercolli et al., Nucl. Phys. B817, 1(2009)
X-G He, etal., PRD89, 091901(2014); JHEP 1408, 019(2014).

More  restrictive  way  of  generating  O_i,  by  Z’

Able  to  solve  b  -­>  s  µµ anomalies?

C-­W.  Cheng,  He,  Tandean,  Yuan,  aXrXiv:  1706.02696
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Constraints  on  Δl

Wrong  sign  to  solve    aµ anomaly

15

Real  O  disfavored.  Complex  O  can  do  the  job!



Complex  O

IO

NO
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In  the  Z’  MFV  framework,  not  possible  
to  solve  RK(*)  and  RD(*)   simultaneously!
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Bring  R(D(*))  and  b  -­>  s  µµ anomalies  together
A  role  of  a  leptoquark  scalar

One  loop  contributions  for  b  -­>  s  µµ 

19

Significant  contribution  needed  from                                  coupling!  Can  also  solve  (g-­2)µ anomaly!

K-­>  π νν, B-­>  K(*) νν D-­>µµ, πµµ

R(D(*)),  B-­>D(*) (ρ,π) lν, Bc -­>  τ ν

D-­>µµ, π µµ R(D(*)),  B-­>D(*) (ρ,π) lν, Bc -­>  τ ν

Bauer&Neubert,  arXiv:  1511.01900,   N.  Deshpande&X-­G He,  
arXiv:1608.04817,   D.  Becirevic et  al.,  Y.  Cai et  al,  arXiv:  1704.05849.                                                                                                                         



The  protophobic  fifth  force  by  a  17  MeV  X  boson  

20

(Rev.  Lett.116,  042501  (2016))

J.  Feng  et  al.,  PRL117,071803;;  PRD95,  035017



A  realistic  renormalizable  model

21

(Pei-­Hong  Gu,  Xiao-­Gang  He,  Nucl.  Phys.  B919,  209  [arXiv:  1605.05171]
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2.  Flavor  Physics  with  Higgs

Flavor  Physics  with  Higgs  is  largely  related  to  the  Yukawa  couplings.
26



Higgs  to  µ τ anomaly   is  going  away!

2016  CMS  result:  Br(h  -­>  tua  mu)  
=  (-­0.76+-­0.81)%  in  May

27

Cepeda,	
  Higgs	
  Tasting,2016,Benasque,Spain	
  



Going  back  to  the  normal
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Bs -­>  µ+µ− as  a  precision  test  for  Higgs  Yukawa  couplings  

29

Chiang,  He,  Ye  and  Yuan,  arXiv:  1703.06289                    See  Xingbo Yuan’s  talk  Friday

LHCb arXiv:1705.03274



CP  violation   in  h  -­>  ττ

(He,  Ma,  McKellar,  Mod.  Phys  Lett.  A9,  205(1994);;  Berge,  Bereuther,  Kirchner,  PRD92,096012(2015)) 30

Models  beyond  SM usually  generate  correction  to  h  -­>  ττ coupling.  If  the  
corrections  is  CP  violating,  effects  can  show  up  in  h  -­>  ττ decay.  
(Hayreter,  He,  Valencia,  arXiv:1603.06326,  arXiv:1606.00951)

Br(h  -­>ττ)  ~  5x10-­2   ,   Br(τ −> π ν)  ~  0.1  

106 Higgs  bosons,  sensitivity  to  Aπ can  
be  10%  at  CEPC.

Data  still  allow  A  to  be  as  large  as  π/8
Experiments  should  look  such  CPV.



3.  Flavor  Physics  with  Neutrino  Mixing
Model  for  δCP=  -­π/2  and  θ23=  π/4?  Grand  Unification  prediction?  

n 未命名拷貝
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Neutrino  mixing  ata  summary

Leading  approximation:    δCP =-­π/2  and  θ23 =π/4. Models???
33



Model  has  only  11  real  parameters  plus  7  phases
Babu,  Mohapatra  (1993)
Fukuyama,  Okada  (2002)
Bajc,  Melfo,  Senjanovic,  Vissani  (2004)
Fukuyama,  Ilakovac,  Kikuchi,  Meljanac,  
Okada  (2004)
Aulakh  et  al  (2004)

Bertolini,  Frigerio,  Malinsky  (2004)
Babu,  Macesanu  (2005)
Bertolini,  Malinsky,  Schwetz  (2006)
Dutta,  Mimura,  Mohapatra  (2007)
Bajc,  Dorsner,  Nemevsek    (2009)
Jushipura,  Patel  (2011)

SO(10)  Predictions

Minimal  SO(10)  Model  without  120  

Good  prediction  for    θ13

δ Away  from   −π/2!!! Tobe  tested!!



Neutrino  models  for  δCP=−π/2 and θ23=π/4

How  to  obtain  such  an  mixing  pattern?
µ−τ conjugate  symmetry
(Grimus,  Lavoura,  Phys.  Lett.  B579,  113(2004))
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Equavilent forms

m
⌫

=

0

@
eip1 0 0
0 eip2 0
0 0 eip3

1

A

0

@
a c+ i� �(c� i�)

c+ i� d+ i� b̃

�(c� i�) b̃ d� i�

1

A

0

@
eip1 0 0
0 eip2 0
0 0 eip3

1

A , (2)

where the phases p
i

are arbitrary.

For p1 = p2 = 0 and p3 = ⇡,

m
⌫

=

0

@
a c+ i� (c� i�)

c+ i� d+ i� b
(c� i�) b d� i�

1

A , (3)

where b = �b̃.

If neutrinos do not have non-trivial Majorana phases,

m
⌫

=

0

@
A C C⇤

C D⇤ B
C⇤ B D

1

A . (4)

Replacing � = �⇡/2 by � = ⇡/2, the neutrino mass matrix is given in a similar form as that
in eq.(3), but � and � need to be multiplied by a “-” sign. This implies that without further
information given, a general mass matrix in the form given by eq.(3) can give � = ±⇡/2 and
✓23 = ⇡/4. Whether they predict +⇡/2 or �⇡/2, additional information need to be provided[11].
It has been pointed out that the general form in eq.(3) is a necessary condition for � = ±⇡/2 and
✓23 = ⇡/4, but not su�cient condition. In our later discussions, unless specified, the mass matrix
of the form in eq.(3) is always referred to a general form whose elements are not necessarily given
by those in eq.(2). While the mass matrix in the form of eq.(4) provide su�cient condition for
� = ±⇡/2 and ✓23 = ⇡/4 when s13 and sin � are not zero. The simplicity of the above mass matrix
may serve as a good starting point to understand possible underlying theory. In fact it has been
shown that the above neutrino mass matrix is a consequence of imposing a symmetry of the form
e ! e, µ and ⌧ exchange with CP conjugation discussed by Grimus and Lavoura in Ref.[8], which
we will refer to as the Grimus-Lavoura symmetry (GLS).

In this work, we study realizations of � = ±⇡/2 and ✓23 = ⇡/4 in type II seesaw model with
A4 flavor symmetry. Models based on A4 symmetry has been shown to be able to provide a good
scenario to achieve this[11, 12]. In A4 models, the charged lepton mass matrix M

l

is diagonalized
from left (rotation on left-handed charged leptons) by the characteristic matrix U

l

for A4 symmetry
model buildings[7],

M
l

= U
l

m̂
l

U
r

, U
l

=
1p
3

0

@
1 1 1
1 ! !2

1 !2 !

1

A , (5)

where ! = exp(i2⇡/3) and !2 = exp(i4⇡/3). U
r

is a unitary matrix, but does not play a role in
determining V

PMNS

. We will not specify its form here.

If neutrinos are Majorana particles, the most general mass matrix is of the form

M
⌫

=

0

@
w1 x y
x w2 z
y z w3

1

A , (6)

3

A4 models
(X-­G  He,  Chin.  J.  Phys 53,  100101(2015);;  
X-­G  He  and  G-­N  Li,  Phys.  Lett.  B750,620(2015);;  
E  Ma,  Phys.  Rev.  D92,  051301(2015))

Assuming that the charged lepton mass matrix M
l

is diagonalized from left by U
l

,

M
l

= U
l

m̂
l

U
r

, U
l

=
1p
3

0

@
1 1 1
1 ! !2

1 !2 !

1

A , (7)

where ! = exp(i2⇡/3) and !2 = exp(i4⇡/3).

A4 models usually have the above characteristic U
i

.

U
r

is a unitary matrix, but does not play a role in determining V
PMNS

.

If neutrinos are Majorana particles, the most general mass matrix is

M
⌫

=

0

@
w1 x y
x w2 z
y z w3

1

A , (8)

In the basis where charged lepton is digonalized,

the neutrino mass matrix is of the form given by U †
l

M
⌫

U⇤
l

with

A11 =
1

3
(w1 + w2 + w3 + 2(x+ y + z)) ,

A22 =
1

3
(w1 + !w2 + !2w3 + 2(!2x+ !y + z)) ,

A33 =
1

3
(w1 + !2w2 + !w3 + 2(!x+ !2y + z)) , (9)

A12 =
1

3
(w1 + !2w2 + !w3 � !x� !2y � z) ,

A13 =
1

3
(w1 + !w2 + !2w3 � !2x� !y � z) ,

A23 =
1

3
(w1 + w2 + w3 � (x+ y + z)) .

If the parameter set P = (w1, w2, w3, x, y, z) is real, then

A11 = A⇤
11 A23 = A⇤

23

A22 = A⇤
33 A12 = A⇤

13

(10)

The mass matrix is of the form given by eq B, ✓23 = ⇡/4 and �
CP

= ±⇡/2

which can be diagonlized by unitary matrix V
⌫

, M
⌫

= V
⌫

m̂
⌫

V T

⌫

.

The mixing matrix V
PMNS

is given by

V
PMNS

= U †
l

V
⌫

. (11)

If one imposes the GLS on the neutrino mass matrix, all parameters in the set P = (w
i

, x, y, z)
are dictated to be real, and will predict[11, 12] � = ±⇡/2 and ✓23 = ⇡/4. Therefore in A4 model
building for neutrino masses with � = ±⇡/2 and ✓23 = ⇡/4, it is essentially to make sure that U

l

5
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A  model  with  Type  II  seesaw

Particle contents and their transformation properties under

standard SU(3)
C

⇥ SU(2)
L

⇥ U(1)
Y

gauge

and A4 family symmetry properties

l
L

: (1, 2,�1)(3) , l
R

: (1, 1,�2)(1 + 100 + 10) ,

� : (1, 2,�1)(1) , � : (1, 2,�1)(3) ,

�0,0,00 : (1, 3,�2)(1 + 10 + 100) , � : (1, 3,�2)(3) . (12)

The Lagrangian responsible for the lepton mass matrix is

L = y
e

l̄
L

�̃l1
R

+ y
µ

l̄
L

�̃l2
R

+ y
⌧

l̄
L

�̃l3
R

+Y 0
⌫

l̄
L

�0lc
L

+ Y
0

⌫

l̄
L

�
0
lc
L

+ Y
00

⌫

l̄
L

�
00
lc
L

+ y
⌫

l̄
L

�lc
L

+H.C. (13)

If the structure of the vacuum expectation value (vev) is of the form

< �1,2,3 >= v�1,2,3 = v�, < �
i

>= v�
i

, < � >= v
�

, and < �0,0,00 >= v0,
0
,

00

� ,

M
l

= U
l

0

@
m

e

0 0
0 m

µ

0
0 0 m

⌧

1

A , M
⌫

=

0

@
w1 x y
x w2 z
y z w3

1

A , (14)

In general w
i

, x, y, z are complex!

where m
e,µ,⌧

=
p
3y

e,µ,⌧

v� and

w1 = Y 0
⌫

v0� + Y
0

⌫

v
0

� + Y
00

⌫

v
00

� ,

w2 = Y 0
⌫

v0� + !2Y
0

⌫

v
0

� + !Y
00

⌫

v
00

� ,

w3 = Y 0
⌫

v0� + !Y
0

⌫

v
0

� + !2Y
00

⌫

v
00

� ,

x = y
⌫

v�3 , y = y
⌫

v�2 , z = y
⌫

v�1 . (15)

In general w
i

, x, y, z are complex!
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If  wi,  x,  y  and  z  are  real  δCP  =  –π/2  and  θ23 = π/4!

Complex  ones,  a  natural  way  to  be  away  from  the  real  limit  value.



Diagonalizing the mass matrices, we have

V
PMNS

=
1p
3

0

@
c+ sei⇢ 1 cei⇢ � s
c+ !sei⇢ !2 !cei⇢ � s
c+ !2sei⇢ ! !2cei⇢ � s

1

A , (30)

tan ⇢ = Im(yw⇤
1 + y⇤w3)/Re(yw⇤

1 + y⇤w3),

s = sin ✓ and c = cos ✓,

tan 2✓ =
2|yw⇤

1 + w3y
⇤|

|w1|2 � |w3|2
. (31)

Majorana phases ↵
i

of m
i

↵1,3 = Arg(w
i

(1± cos 2✓) + w2e
�i2⇢(1⌥ cos 2✓)± 2 sin 2✓ye�i⇢ , ↵2 = Arg(w2) . (32)

Translate into standard parameterization

s12 =
1p

2(1 + cs cos ⇢)1/2
, s23 =

(1 + cs cos ⇢+
p
3cs sin ⇢)1/2

p
2(1 + cs cos ⇢)

1
2

,

s13 =
(1� 2cs cos ⇢)1/2p

3
. (33)

and

sin � = (1 +
4c2s2 sin2 ⇢

(c2 � s2)2
)�1/2(1� 3c2s2 sin2 ⇢

(1 + cs cos ⇢)2
)�1/2 ⇥

⇢
�1 , if c2 > s2 ,
+1 , if s2 > c2 .

(34)

It is clearly that if sin ⇢ is not zero,

|�| and ✓23 deviate from ⇡/2 and ⇡/4, respectively.

In the limit ⇢ goes to zero, that real parameter set P

� = ±⇡/2 and ✓23 = ⇡/4.

There are two interesting features for this model worth mentioning. One of is that |V
e2| to be

1/
p
3 which agree with date. s12 is always larger or equal to 1/

p
3 which is a decisive test for this

model. Another is that although the Dirac phase � depends on the phase ⇢, the Jarlskog parameter
J which is independent of ⇢ given by J = �(c2 � s2)/6

p
3. This implies that CP violation related

to neutrino oscillation is still purely due to intrinsic CP violation. This model can be made in
agreement with data at 1� level.

If ⇢ = 0 and c = s = 1/
p
2, the mixing pattern is the tribi-maximal. However, if ⇢ is not zero,

even if c = s = 1/
p
2, s13 can be non-zero,s12 and s23 are also modified from their tribi-maximal

values

s12 =
1

(2 + cos ⇢)1/2
, s23 =

1p
2
(1 +

p
3 sin ⇢

2 + cos ⇢
)1/2 , s13 =

(1� cos ⇢)1/2p
3

. (35)

J is exactly zero which implies sin � = 0.
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Predictions:  |Vi2|  =1/√  3

J  =  Im(V11V*12V*21V22)  =  (s2-­c2)/6√3
independent  of  ρ

X-­G  He,  Chin.  J.  Phys 53,  100101(2015);;  
X-­G  He  and  G-­N  Li,  Phys.  Lett.  B750,620(2015);;  



4.  Conclusions

There are a few anomalies in B and lepton flavor physics. Models can be
constructed to explain the anomalies. Too many models on the market, MFV
provides a good framework for model independent analysis for flavor physics.

Protophobic model explaining anomaly in 8Be* to 8Be e e can be realized.

Flavor physics with Higgs is now becoming a precision test for SM. Consistent with
SM Higgs sector. But there are rooms for new physics

It is important to get experimental data confirmed. LHCb and BELLE II can provide
data to further confirm anomalies in B decays. Experimental measurement of
muon g-­2, µ −> e γ, µ-­e conversion, edm … can provide much needed information
about flavor physics in lepton sector.

Most of data can be accommodated by SM. For sure there are physics beyond
minimal SM from neutrino mixing data.
Mixing pattern is emerging with δCP =-­π/2 and θ23=π/4. Theoretical models have
been constructed to realize such mixing pattern.

A lot can be lernt from flavor physics with leptons and Higgs.
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