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Simplified	
  Standard	
  Model

• Why	
  3	
  sets	
  (=	
  generaGons)	
  of	
  parGcles?	
  
• How	
  do	
  they	
  differ?	
  

• How	
  do	
  they	
  interact	
  with	
  each	
  other?	
  

• Are	
  there	
  only	
  3?
4

1st generation

2nd generation

3rd generation

It turns out there 
are two “extra” 

copies of particles

strong E&M weak

g γ
W ±

Z 0

μ− c
νμ s

τ − t
ντ b

leptons quarks
e− u
νe d
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W ±
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νμ s
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ντ b
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e− u
νe d•

The Flavour Puzzle Phillip URQUIJO

What is flavour?

•Flavours = Several copies of the same 
gauge quantum charges 

•Quarks and leptons come in three flavours
(u,c,t), (d,s,b), (e,μ,τ), (ν1,ν2,ν3)
•Flavour physics = Interactions that 

distinguish among flavours

•In the SM: only the Yukawa and weak (W) interactions

•Flavour parameters = Yi (mi), Vij (W-couplings)

•Flavour changing processes: B → ψK(b →cc ̄s), K→μν...

•FCNC: B0↔anti-B0,μ→eγ,K→πνν,... 

•Flavour factories: Babar, Belle, MEG, LHCb, (CDF, D0)... 
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The	
  GeneraGon	
  Problem

Periodic	
  Table:	
   
End	
  of	
  19th	
  century

5

Explained by existence 
of quarks and nature of 
strong interactions


The SM of 
Particle Physics

• The SM account of the 3 generations is merely a Periodic Table.

UVa, Nov 19,2010          Tomasz Skwarnicki 6

end of 19th centaury

 Q=-1 Q= 0 Q=+1 Q=+2

S=  0 ∆− ∆0 ∆+ ∆++ 

S= -1 Σ∗− Σ∗0 Σ∗+  

S= -2 Ξ∗− Ξ∗0   

S= -3 Ω−    
 

 

Q= -1 Q=  0 Q=+1

S=  0 n p

S= -1 Σ− Σ0 ,Λ Σ+

S= -2 Ξ+ Ξ0

Q= -1 Q=  0 Q=+1

S=+1 K0 K+

S=  0 π+ π0 ,η π+

S= -1 K+ K0

mid 20th centaury

now
Standard Model

of particle physics

• Standard Model account for 3 generations of quarks and fermions is 
merely a period table! 

Generation problem

Explained by atomic
structure (nucleus + 
+ electrons, QM
and electromagnetic
forces)

Explained by existence 
of quarks and nature of
strong interactions Explained by ?????

Explained by atomic 
structure (nucleus 
+electrons, QM and 
electromagnetic forces)

Hadron Table:  
Mid 20th century

Pa
rti

cl
e 

m
as

s 
(e

V/
c2

)
Q = −1      0     +2/3  −1/3
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Macer-­‐AnGMacer	
  Asymmetry

•Abundance	
  of	
  macer	
  over	
  anGmacer,	
  
Why?  
(Nbaryon–NanGbaryon)/Nγ	
  ~10-­‐10	
  

•The	
  Only	
  CP	
  violaGng	
  phase	
  in	
  SM	
  leads	
  
to	
  10-­‐17	
  ΔNB/Nγ.	
  	
  

•To	
  create	
  a	
  larger	
  asymmetry	
  need	
  

• new	
  sources	
  of	
  CP	
  violaGon

6

C Charge 
Conjugation

particle⟺anti-
particle

P Parity x→-x, y→-y,z→-z

T Time Reversal t→-t

10,000,000,001 10,000,000,000

q                  q

t=
0

t=
no

w 1 
us

where	
  do	
  we	
  find	
  it?	
  
• quark	
  sector:	
  discrepancies	
  with	
  KM	
  predicGons	
  

• lepton	
  sector:	
  CP	
  violaGon	
  in	
  neutrino	
  oscillaGons	
  

• gauge	
  sector,	
  extra	
  dimensions,	
  other	
  new	
  physics:
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Electroweak	
  Baryogenesis

•Sakharov	
  condiGons:	
  C,	
  CP	
  and	
  B	
  violaGon	
  occurring	
  out	
  of	
  
equilibrium.	
  In	
  SM:	
  

• B	
  violaGon	
  unsuppressed	
  at	
  T≳EW	
  scale	
  

• Displacement	
  from	
  equilibrium	
  could	
  be	
  provided	
  by	
  a	
  first	
  order	
  
EW	
  phase	
  transiGon.	
  

• To	
  freeze	
  out	
  generated	
  BAU	
   
inside	
  bubble,	
  EWPT	
  must	
  be	
   
strongly	
  first	
  order,	
  vc/Tc	
  ≳	
  1.0	
  

• Not	
  realised	
  in	
  SM	
  for	
  mh≳mW	
  

• CPV	
  from	
  CKM	
  insufficient	
  	
  

•New	
  CPV	
  or	
  extended	
  scalar	
  sector	
  can	
  both	
  provide	
  baryogenesis.	
   
You	
  may	
  not	
  need	
  more	
  CPV	
  to	
  do	
  it	
  if	
  you	
  have	
  a	
  2HDM.

7

Baryogenesis in the SM
SM cannot account for observed baryon asymmetry of the Universe.

Sakharov conditions: C, CP and B violation occurring out of
equilibrium. In SM:

4 B violation unsuppressed at T & EW scale.
I Displacement from equilibrium could be provided by a first order

(i.e. discontinuous) EW phase transition.
I To freeze out the generated

BAU inside bubble, EWPT
must be strongly first order
(supercooling):

vc/Tc & 1.0

8 Not realized in the SM for
mh & mW .

100 250
!GeV"

!5" 10
7

5" 10
7

1" 10
8

V#h$ T ! Tc

vc

T # Tc

T $ Tc

T # 0

8 Also, CP violation from CKM matrix insufficient!

Baryogenesis requires BSM physics, and it is only natural to focus on
extending the scalar sector.

G. C. Dorsch (U. Sussex) EWPT in 2HDM and A0 ! ZH0 WIN 2015 3 / 14
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Beyond	
  SM	
  in	
  the	
  Lepton	
  Sector

• No	
  right-­‐handed	
  neutrinos	
  in	
  
the	
  SM,	
  implies	
  they	
  are	
  
massless.	
  	
  

• Neutrino	
  oscillaGons	
  show	
  
they	
  have	
  small	
  but	
  finite	
  
masses.	
  	
  

•Where	
  are	
  the	
  R-­‐handed	
  
Neutrinos?	
  

• A	
  mechanism	
  beyond	
  the	
  SM	
  
is	
  needed.

8

Lepton flavour violation

4

What is the nature of new physics 
between the TeV and the GUT scale ?

What is the mechanism generating the 
Universe’s baryon asymmetry ?

Neutrino oscillations have been 
observed, what about charge lepton 
flavour violation ?

• In SM, rate is O(10−50).

• In BSM, SUSY and other models give O(10−10−10−20).

Considering :

• µ+ → e+ γ

• µ+ → e+ e− e+

• µ− N → e− N



Pre-­‐SUSY	
  School	
  2016,	
  Flavour	
  Physics Phillip	
  URQUIJO

The	
  case	
  for	
  new	
  physics	
  manifesGng	
  in	
  Flavour

9

Issues	
  (addressable	
  at	
  a	
  Flavour	
  factory)	
  

• Baryon	
  asymmetry	
  in	
  cosmology	
    
→	
  New	
  sources	
  of	
  CPV	
  in	
  quarks	
  and	
  charged	
  leptons,	
  extra	
  Higgs.	
  

• Quark	
  and	
  Lepton	
  flavour	
  &	
  mass	
  hierarchy 
→	
  restored	
  L-­‐R	
  symmetry,	
  extended	
  gauge	
  sector	
  

• 19	
  free	
  parameters  
→	
  Extensions	
  of	
  SM	
  relate	
  some,	
  (GUTs)	
  

• Finite	
  neutrino	
  masses 
→	
  Charged	
  lepton	
  flavour	
  violation	
  

• No	
  (WIMP)	
  candidates	
  for	
  Dark	
  Matter	
    
→	
  Hidden	
  dark	
  sector	
  flavoured?

2014 BPAC Phillip URQUIJO
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Introduction
•The Flavour Sector of the Standard 

Model is remarkably successful.

•Requires the knowledge of masses and 

of strength and type of the charged-
current interactions. 

!

!

!

•Most SM extensions contain new CP-
violating phases and new quark-flavour 
changing interactions  
(but no evidence from B-factories & 
hadron machines!)

!2

i.a Introduction: The Flavor Sector of the Standard Model

Standard Model (SM): relativistic Quantum Field theory, remarkably successful!

Most things in this talk ’live’ in so-called Flavor Sector of the SM

The Flavor Sector refers to interactions that

! distinguish between (quark) flavors
(i.e. act di↵erently on a b quark than on a c quark)

Weak and Yukawa interactions

where �W denotes the weak mixing or Weinberg angle. Its cosine and sine are defined as

sin �W = g1�
g2
1 + g2

2
, and cos �W = g2�

g2
1 + g2

2
,

and the Z0 mass at tree level is given by

mZ =
�
g21+g22
2 v = mW

cos �W
. (2.18)

Expressing the covariant derivative in terms of the gauge boson mass eigenstates results in

Dµ = �µ + i g AA
µ T

A + i g2�2

�
W+

µ T+ +W�
µ T

�
�

+ i
�
g2
1 + g2

2
�
T 3 � sin3 �W Q

�
Z0
µ + i g2 sin �W QAµ , (2.19)

where TA are the eight generators of SU(3)c, T± = T 1 ± iT 2 the generators of SU(2)W, and
Q = T 3 + Y the generator of U(1)em. Moreover, AA

µ with A = 1 � 8 denote the eight gauge
bosons associated with SU(3)c and g denotes the strong coupling. The electromagnetic coupling
constant e is given in terms of the weak coupling constant g2 as

e = g2 sin �W . (2.20)

Local Gauge invariance forbids the occurrence of bare mass terms for quarks and leptons in the
Standard Model Lagrangian density. The mass terms of the matter fields are incorporated as
interaction terms with the Higgs field, i.e. through the Yukawa couplings

LYukawa = giju ū
i
RH

T �Qj
L � gijd d̄

i
RH

†Qj
L � gije ē

i
RH

† LjL + h.c. , (2.21)

where h.c. denotes the Hermitian conjugate and repeated indices are summed. Furthermore,
the anti-symmetric matrix � is given by

� =
�

0 1
�1 0

�

, (2.22)

and ūiR =
�
uiR
�†

�0. The matrices giju couple the left- and right-handed quark and lepton fields
together and generate the mass terms by means of the vacuum expectation value of the Higgs
field. The 3� 3 quark and lepton mass matrices are given by:

Mu = vgu/
�

2 , Md = vgd/
�

2 , and Ml = vgl/
�

2 . (2.23)

10

The mass matrices can be diagonalized by two separate unitary transformations A and B:

A†
uMuBu =

�

��
mu 0 0
0 mc 0
0 0 mt

�

�� , (2.24)

A†
dMdBd =

�

��
md 0 0
0 ms 0
0 0 mb

�

�� , (2.25)

A†
lMlBl =

�

��
me 0 0
0 mµ 0
0 0 m�

�

�� . (2.26)

Although the up- and down-type quarks are in the same SU(2)W doublet, their masses are
non-degenerate and therefore one needs di�erent transformations to diagonalize Mu and Md.
Diagonalizing the mass matrices leave the free field terms of the quark and lepton fields invariant,
e.g. the left-handed kinetic quark energy term is given by

�
B†
uu

†
L B†

dd
†
L

�
�0 i �/

�
BuuL
BddL

�

= Q̄i
L i �/Q

i
L . (2.27)

These unitary transformations define a new set of (mass) eigenstates,

uR = Au u�
R , uL = Bu u�

L ,
dR = Ad d�

R , dL = Bd d�
L ,

lR = Al l�R , lL = Bl l�L ,
(2.28)

and the original left-handed quark doublet QL becomes
�
uL
dL

�

=
�
Buu�

L
Bdd�

L

�

= Bu

�
u�
L

VCKM d�
L

�

, (2.29)

where the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix is defined by

VCKM = B†
uBd . (2.30)

Reparametrizing the Standard Model Lagrangian in terms of the mass eigenstates results in no
changes for the free field terms of the quarks, cf. Eq. (2.27). The coupling to the Z0 boson and
the electromagnetic coupling also are una�ected, since they both involve no couplings between
up- and down-type quark fields. The weak coupling to the W± bosons, however, is a�ected:

LW± quark int. = g2�
2
W+

µ ū�
L �

µ VCKM d�
L + h.c. , (2.31)

and as a consequence flavor changing charged currents occur at tree-level in the Standard Model.
Unitary matrices form a group under matrix multiplication, i.e. the CKM matrix Eq. (2.30) is
unitary and specified by nine real parameters. The CKM matrix elements,

VCKM =

�

��
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

�

�� , (2.32)

11

Primed fields are mass eigenstates

VCKM pops up due to non-degeneracy of up- and down-type quark masses
& plays major (only?) role in Charge-Parity Violation in the SM.

3 / 52

i.c Introduction: Unitarity Triangle Status (Summer 2013)

Redundant and consistent determinations of various CKM matrix elements

Remarkable success of CKM
picture!

Additional observables in good agree-
ment with expectation:

* B ! Xs �

* B ! K⇤µµ

* Bs mixing phases

* Bs ! µµ

etc.

well not mentioning some recent very in-
teresting tensions :-)

a

a

_

_

dm6
K¡

K¡

sm6 & dm6

ubV

`sin 2

(excl. at CL > 0.95)
 < 0`sol. w/ cos 2

excluded at CL > 0.95

_

`a

l
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

d

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5
excluded area has CL > 0.95

FPCP 13

CKM
f i t t e r

8 / 52

→ NP beyond the direct 
reach of the LHC
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Searches	
  for	
  New	
  Phenomena

10

• Energy	
  Frontier:	
  Production	
  of	
  new	
  particles	
  
from	
  collisions	
  at	
  high-­‐Energy	
  (LHC)	
  

•Limited	
  by	
  Beam	
  energy	
  

• Flavour	
  Frontier:	
  virtual	
  production	
  to	
  probe	
  
scales	
  beyond	
  energy	
  frontier.	
  

•Often	
  first	
  clues	
  about	
  NP	
  
• e.g.	
  weak	
  force,	
    

c,	
  b,	
  t	
  quarks,	
  Higgs	
  boson.	
  	
  

• High	
  precision	
  required:	
  very	
  Gny	
  
effects	
  

EWP

104 GeV108

Quark 
Flavour

Lepton 
Flavour

102

mH

Proton 
decay

1015 1016 MPl

CPT, Lorentz 
violation

Maximum	
  Energy/Mass	
  Scale	
  reach:

MGUT
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  New	
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• Energy	
  Frontier:	
  Production	
  of	
  new	
  particles	
  
from	
  collisions	
  at	
  high-­‐Energy	
  (LHC)	
  

•Limited	
  by	
  Beam	
  energy	
  

• Flavour	
  Frontier:	
  virtual	
  production	
  to	
  probe	
  
scales	
  beyond	
  energy	
  frontier.	
  

•Often	
  first	
  clues	
  about	
  NP	
  
• e.g.	
  weak	
  force,	
    

c,	
  b,	
  t	
  quarks,	
  Higgs	
  boson.	
  	
  

• High	
  precision	
  required:	
  very	
  Gny	
  
effects	
  

Introduction New physics in meson mixing New physics in rare decays Conclusions New physics in the B system

Flavour & collider searches are complementary

⇤

⌅ 2

22F ⇤� = ⇥
⌅

21F ⇤� = ⇥
⌅LHC

CKM-like
flavour violation

generic 
flavour structure

I Sketch of the bounds on new physics with scale ⇤ and flavour changing
parameter �

I Meson-antimeson mixing can probe the highest scales if flavour-violation
is generic (� large)

David Straub (Universe Cluster) 4

EWP

104 GeV108

Quark 
Flavour

Lepton 
Flavour

102

mH

Proton 
decay

1015 1016 MPl

CPT, Lorentz 
violation

Maximum	
  Energy/Mass	
  Scale	
  reach:

MGUT
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The	
  Flavour	
  Sector	
  of	
  the	
  Standard	
  Model

11

• Flavour Sectors contain the majority of the free parameters of the  
  Standard Model!

  There is a lot to study!
 

Gauge Sector

Flavour Sector

Basis of the Standard Model

L =� 1

4
F a
µ�F

aµ� + i⇥̄D⇥

+ ⇥i�ij⇥jh+ h.c.

+ |Dµh|2 � V (h) Electroweak Symmetry 
Breaking Sector



2. Brief history of 
discovery
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1947:	
  Strangeness

13

p+ �� ! �+K0

New particle observed, produced in 
strong interaction, 
long lifetime (decays only weakly)

àObservation of the “Kaon” in 1947

à M. Gell-Mann, K. Nishijima (1953)
    Introduce new quantum number 
    Strangeness S 

• S conserved in strong interactions
• S not conserved in weak interactions
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1950-­‐56:	
  The	
  “ϴ	
  -­‐	
  τ	
  Puzzle”

14

Observation of two strange 
mesons with
• same mass 
• same production rate
• same lifetime

But: decay into final states 
with different parities

1956: Lee and Yang
“Is parity violated in the 
weak interaction?”

� ! ⇥+⇥0; P (⇥+⇥0) = +1

⇤ ! ⇥+⇥+⇥�;P (⇥+⇥+⇥�) = �1
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1956:	
  Parity	
  ViolaGon

15

C.S. Wu

Beta rays(e-) from the Co60 atoms emitted asymmetrically 
under parity inversion  
(by magnetic field).

Co60 atoms had to be kept cold to avoid thermal vibrations 
@ 0.01K

Most electrons emitted opposite to direction of field - 
PARITY VIOLATION
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ϴ	
  -­‐	
  τ	
  Puzzle:	
  The	
  SoluGon

16

Parity is maximally violated in 
weak interactions.
Its the same particle.

� ! ⇥+⇥0; P (⇥+⇥0) = +1

⇤ ! ⇥+⇥+⇥�;P (⇥+⇥+⇥�) = �1
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1964:	
  CP	
  ViolaGon	
  -­‐	
  Cronin-­‐Fitch	
  Experiment

• Both K0→ππ and anti-K0→ππ occur
– K0 may turn into its antiparticle, so are not mass eigenstates.

• The mass eigenstates are:

• CP operator gives:

• Thus: 

17

|K0
S⇥ =

1⇤
2
(|K0⇥+ |K̄0⇥)

|K0
L⇥ =

1⇤
2
(|K0⇥ � |K̄0⇥)

CP|K0⇥ = |K̄0⇥,CP|KS⇥ = +|K̄S⇥,CP|KL⇥ = �|K̄L⇥

only KS ! ��, but KL ! 3�
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1964:	
  CP	
  ViolaGon	
  -­‐	
  Cronin-­‐Fitch	
  Experiment

18

p (30GeV)

Target(Be)

Collimator-1

Magnet

Collimator-2

Pb
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But	
  seen	
  only	
  as	
  a	
  ~0.2%	
  effect	
  in	
  
certain	
  KL	
  decays	
  (e.g.	
  KL→ππ	
  )	
  

(not	
  in	
  π	
  or	
  nuclear	
  β-­‐decays)

CP	
  violaGon	
  was	
  discovered	
  in	
  1964	
  by	
  Cronin,	
  Fitch	
  et	
  al.

19



Pre-­‐SUSY	
  School	
  2016,	
  Flavour	
  Physics Phillip	
  URQUIJO

1963:	
  Cabibbo	
  mixing

•The	
  weak	
  coupling	
  didn’t	
  look	
  universal	
  

•Cabibbo	
  (1963)	
  -­‐	
  weak	
  interacGons	
  couple	
  to	
  a	
  linear	
  
combinaGon

2014 

Moreover, the weak coupling did not look to be universal:  
why BR(K!��) << BR(π!��) after dealing with phase space? 
 
Cabibbo (1963): weak interactions couples to a linear 
combination: 
 
 
 
and using todays language: 
 
 

(PRL 10 (1963) 531) 

But, if the neutral weak currents also couples to d’ expect 
large FCNC. Experimentally, however, BR(K2!��) ~7x10-9. 
 
Glashow, Ilioupoulos and Maiani (1970).   
Assume a new (not yet observed quark) in SU(2) quark 
doublets" FCNC cancel at tree level! 
 
From the �mK measurements, mc was predicted to be  
~1.5 GeV! Gaillard and Lee (1974)  

(PRD 2 (1970) 1285) 

Exercise: can you show this explicitly? 

(PRD 10 (1974) 894) 

14 

Moreover, the weak coupling did not look to be universal:  
why BR(K!��) << BR(π!��) after dealing with phase space? 
 
Cabibbo (1963): weak interactions couples to a linear 
combination: 
 
 
 
and using todays language: 
 
 

(PRL 10 (1963) 531) 

But, if the neutral weak currents also couples to d’ expect 
large FCNC. Experimentally, however, BR(K2!��) ~7x10-9. 
 
Glashow, Ilioupoulos and Maiani (1970).   
Assume a new (not yet observed quark) in SU(2) quark 
doublets" FCNC cancel at tree level! 
 
From the �mK measurements, mc was predicted to be  
~1.5 GeV! Gaillard and Lee (1974)  

(PRD 2 (1970) 1285) 

Exercise: can you show this explicitly? 

(PRD 10 (1974) 894) 

14 

Moreover, the weak coupling did not look to be universal:  
why BR(K!��) << BR(π!��) after dealing with phase space? 
 
Cabibbo (1963): weak interactions couples to a linear 
combination: 
 
 
 
and using todays language: 
 
 

(PRL 10 (1963) 531) 

But, if the neutral weak currents also couples to d’ expect 
large FCNC. Experimentally, however, BR(K2!��) ~7x10-9. 
 
Glashow, Ilioupoulos and Maiani (1970).   
Assume a new (not yet observed quark) in SU(2) quark 
doublets" FCNC cancel at tree level! 
 
From the �mK measurements, mc was predicted to be  
~1.5 GeV! Gaillard and Lee (1974)  

(PRD 2 (1970) 1285) 
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•But,	
  if	
  the	
  neutral	
  weak	
  currents	
  also	
  couple	
  to	
  d’	
  expect	
  large	
  
FCNC.	
  Experimentally	
  BR	
  (K	
  →	
  µ	
  µ)	
  ~	
  7	
  x	
  10-­‐9
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1970:	
  The	
  GIM	
  Mechanism

• Observed	
  branching	
  raGo	
  K0→μ+μ-­‐	
  

• In	
  contradicGon	
  with	
  theoreGcal	
  
expectaGon	
  in	
  the	
  3	
  quark	
  model	
  
⇒Glashow,	
  Iliopoulos,	
  Maiani	
  

• PredicGon	
  of	
  a	
  2nd	
  up	
  type	
  quark,	
  
addiGonal	
  Feynman	
  graph	
  cancels	
  
the	
  “u-­‐box	
  graph”	
  
– PredicGon	
  of	
  m(c)≈1.5GeV

21

BKL ⇥ µ+µ�

BKL ⇥ all
= (7.2± 0.5)� 10�9
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1973:	
  The	
  CKM	
  Mechanism

22

Need	
  a	
  complex	
  coupling	
  specific	
  to	
  weak	
  strangeness-­‐changing	
  
processes

Charm	
  hadn’t	
  been	
  
“discovered”	
  yet!
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1973:	
  The	
  CKM	
  Mechanism

22

Need	
  a	
  complex	
  coupling	
  specific	
  to	
  weak	
  strangeness-­‐changing	
  
processes

But	
  cannot	
  accomplish	
  this	
  with	
  only	
  two	
  generations	
  of	
  
quarks	
  (u,	
  d,	
  s,	
  ..).	
  Require	
  a	
  third	
  generation	
  of	
  quarks.

Charm	
  hadn’t	
  been	
  
“discovered”	
  yet!
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Insight…	
  First	
  hint	
  of	
  Charm	
  was	
  in	
  1971!

•Announced	
  at	
  cosmic	
  ray	
  
conference	
  in	
  Hobart	
  in	
  1971!
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1644 Letters to the Editor 

Prog. Theor. Phys. Vol. 46 (1971), No. 5 

A Possible Decay in Flight 
of a New Type Particle 

Kiyoshi NIU, Eiko MIKUMO 
and Y asuko MAEDA* 

Institute for Nuclear Study 
University of Tokyo 

*Yokohama National University 

August 9, 1971 

Among the secondary particles produced 
in a high energy jet shower and observed 
by emulsion chambers exposed to cosmic 
rays, a possible decay in flight of a new 
type particle was found. 

A new type of emulsion chamber!) with 
local producing layer of jet shower was 
designed in order to investigate super high 
energy jet showers in full detail by com-
bining information about secondary charged 
particles at or near an origin of jet shower 
as well as r rays. Exposure of new type 
chambers for about 500 hours at about 260 
gr/cm2 was performed using a Jet Cargo 
Aeroplane of Japan Air Lines. 

One of the jet showers observed in this 
type of chamber, Event "6B-23 ", was for-
tunately produced in the emulsion of lower 
surface of a plate in the middle of the pro-
ducing layer which is a pile of 49 nuclear 
emulsion plates with a 50 p.m coating on 
both sides of metaacryl base with a thick-
ness of 800 p.m. Therefore, this type of jet 
shower was observed as (19+70)n. Sche-
matical view of this jet shower is shown 

in Fig. 1. 
In Fig. 2 is shown the relation of energy 

to lg. tg (} for r rays with log. tg (} distribu-
tion of charged secondary particles. 

The most impressive feature of this jet 
shower is that 2r rays with energy by near-
ly one order higher than others are emitted 
very closely in the center region of shower. 
The total sum of their energy is estimated 
as 3.2±0.4 TeV, and relative distance be-
tween them is 3.4 p.m at the target plane 
5.14 em down from jet shower origin. Cou-
pling them into a n° meson, the estimated 
production height is 3.8±0.5 em above the 
target plane, and it does not reach the jet 
shower origin. 

There emitted 4 charged particles very 
near to these r rays. We drew a precise 
target diagram of tracks of these 4 parti-
cles A, B, C and D at each emulsion sur-
face in the producing layer, and then re-
constructed three-dimensional view of tracks 
of these particles and n° meson. X, Y and 
Z projections of these tracks are shown in 
Figs. 3(a), (b) and (c). We adopted the 
Z axis parallel to the emitted direction of 
track B. 

As you can see from X and Y projections, 
tracks B and C have knees at 1.38 em and 
4.88 em, respectively, from the origin of 
jet shower. Angles of direction change of 
tracks are 1.07X10- 3 radian and 1.50x1o-s 
radian, respectively. 

Looking at the Z projection, you can 
easily recognize that the two cascade cores 
from the n° meson appear just in the op-
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posite direction of track B' and that par-
ticles B, B' and the n: 0 meson satisfy the 
coplanarity condition. The emission angle 
of the n:0 meson from the point of direction 
change of track B is 1.96Xl0-4 radian. 

We followed down tracks B' and C' to 
the bottom of lower chamber the thickness 
of which is 7 cascade units, and found noth-
ing associated with tracks B' and C' be-
fore their leaving the chamber. Therefore, 
tracks B' and C' might be produced by 
hadronic particles. Inspecting near around 
the point of direction change of tracks B' 
and C', no track associated with those points 
was found. 

In view of the features described above, 
it is possible to attribute the phenomenon 
including tracks B, B' and the n:0 meson 
to a two-body decay of X particle into a 
n:0 meson and a charged hadron. Trans-
verse momentum of the n:0 meson to the 
initial direction of X particle is estimated 
as 627 ± 90 MeV I c, and this value is also 
applied to that of particle B' in the case 
of two-body decay. From this the momen-
tum of particle B' turns out to be 0.59 
Te VI c. Assuming the meson or proton 
to be a partner of the n: 0 meson, mass and 
proper life time of X particle are obtained 
as shown in Table I. 

Table I. 

Assumed M:cGeV T:c sec decay mode 

1.78 
2.95 3.6x lo-u 

As for the characteristics of X particle, 
the transverse momentum of daughter n:0 

meson, 627 ± 90 MeV I c, is much higher than 
the maximum momentum of decay products 
of the existing strange particles. The prop-
er life time of X particle is several times 
10-14 seconds, and this is extremely longer 
than those of resonance particles. There-
fore, our X particle could not be included 
either in strange particle or in resonance 
particle. 

If the direction change of track C at 
4.88 em from jet shower origin is attribut-
ed to a decay of particle C into a hadronic 
particle C' and a neutral hadronic particle, 
we may observe a pair production of new 
type particles. 

Full detail of analysis on this event and 
others will be published in another paper. 

1) K. Niu et al., to be published in P1·oceed-
ings of 12th International Conference on 
Cosmic Rays, Hobert, Tasmania, Australia, 
1971. 
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1974:	
  Discovery	
  of	
  the	
  Charm	
  Quark

24

à Discovered charmonium in 1974 :  J/Ψ (Nobel Prize 1976)

Brookhaven (S. Ting) SLAC (B. Richter)

Ψ

JS. Ting
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1974:	
  Discovery	
  of	
  the	
  Charm	
  Quark

24

à Discovered charmonium in 1974 :  J/Ψ (Nobel Prize 1976)

Brookhaven (S. Ting) SLAC (B. Richter)

Ψ

JS. Ting

  

Discovery of charm

● J (Ting; BNL)/ψ (Richter, SLAC) discovery, 1974

Tim Gershon
Flavour & CPV
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1977:	
  Discovery	
  of	
  the	
  Bocom	
  Quark

25

p+Cu ! µ+µ� +X

Are there really 3 generations?
Fermilab E288 Experiment observed 
excess of di-muon events at a mass of
around 9-10 GeV  (3 resonances)

Discovery of 
bottomonium!

Leon 
Lederman

September `77:
~30000 μ-pairs

⌥
⌥

⌥

0
00
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1995:	
  Discovery	
  of	
  the	
  Top	
  Quark	
  (20	
  year	
  anniversary)

26

GIM+CKM+ b-decay 
prediction  
m(t)~150GeV (1980)

Z0 decays@LEP 
prediction (1994)
m(t)=179+12/-9GeV

Top quark discovery@CDF (1995)
m(t)=178±8±10GeV

long tim
e searching...
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Historical discovery highlights in heavy quarks

1964 Fitch and Cronin discover 
CP violation (indirect CP in K)

1973 CPV in K due to 3rd 
generation: Kobayashi & 
Maskawa (not a new force)

1970 Γ(K0→μμ)≪Γ(K+→μν) 
Glashow-Iliopoulos–Maiani: No tree 
level FCNC ⇒ Charm inferred

1987 Argus (DESY) B mixing  
∆mB ⇒ mt ≫ mW

2002 BABAR/Belle establish 
indirect CP violation in Bd mesons, 
confirming KM theory

Jonas Rademacker (University of Bristol): “Multi-generation Flavour Physics with LHCb and CLEO”, University of Sussex, 19 Nov 2009 

Nobel Prize in Physics

About Nobelprize.org  Privacy Policy  Terms of Use  Technical Support  RSS The Official Web Site of the Nobel Foundation Copyright © Nobel Web AB 2008

"for the discovery of

the mechanism of

spontaneous

broken symmetry in

subatomic physics"

"for the discovery of the origin of the

broken symmetry which predicts the

existence of at least three families of

quarks in nature"

The Nobel Prize in Physics 2008

Photo: SCANPIX Photo: Kyodo/Reuters Photo: Kyoto University

Yoichiro Nambu Makoto Kobayashi Toshihide Maskawa

 1/2 of the prize  1/4 of the prize  1/4 of the prize

USA Japan Japan

Enrico Fermi Institute,

University of Chicago

Chicago, IL, USA

High Energy Accelerator

Research Organization

(KEK)

Tsukuba, Japan

Yukawa Institute for

Theoretical Physics

(YITP), Kyoto University

Kyoto, Japan

b. 1921 b. 1944 b. 1940

Titles, data and places given above refer to the time of the award.

10
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Charged	
  leptons

• Anderson,	
  Neddermeyer	
  discovered	
  the	
  μ	
  
with	
  cosmic	
  rays	
  at	
  Caltech	
  in	
  1936.	
  But	
  
because	
  its	
  mass	
  was	
  so	
  close	
  to	
  the	
  Yukawa	
  
pion,	
  it	
  was	
  not	
  recognized	
  as	
  a	
  heavy	
  
electron	
  unGl	
  1947	
  →	
  I.Rabi:“Who	
  ordered	
  
that?”.	
  	
  

• In	
  1962	
  Lederman,	
  Schwartz	
  and	
  Steinberger	
  
discovered	
  that	
  there	
  were	
  at	
  least	
  two	
  kind	
  
of	
  neutrinos	
  with	
  different	
  properGes.Using	
  
π→μν	
  decays,	
  	
  

• The	
  τ	
  lepton	
  was	
  observed	
  in	
  a	
  series	
  of	
  
experiments	
  between	
  1974-­‐77	
  by	
  Perl	
  et	
  al.	
  
at	
  SLAC.	
  They	
  found	
  a	
  number	
  of	
  
unexplained	
  events	
  of	
  the	
  type	
  e+e—→	
  eμ+	
  
≥	
  2	
  undetected.	
  	
  The	
  interpretaGon	
  was	
  e+e
—>	
  τ+τ—>	
  eμ+4ν	
  with	
  mτ~1.6-­‐2	
  GeV.	
  

28



3. The CKM 
mechanism
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Weak	
  InteracGon

30

Flavour eigenstates          Quark-mixing matrix      Mass eigenstate 
     unitary !

→ 4 independent parameters  (3 Euler angles, 1 phase)
Single source of CPV in the SM.

Legacy of the B factories (BaBar, Belle, CDF, D0)

u

c

t

d s

1 � �3

�� 1

1

�2

��2��3

�

⇧⇧⇧⇧⇧⇧⇤

⇥

⌃⌃⌃⌃⌃⌃⌅
V �

! " 0.22:  Cabibbo angle

b

V:  CKM matrix!:  unit matrix

qi qj�ij

Z, �

ui

W

Vij dj

2008 Nobel Prize to Kobayashi, Maskawa

• Spectacular confirmation of the CKM model 
as the dominant source of flavor and CP 
violation

• All flavor-violating interactions encoded in 
Yukawa couplings to Higgs boson

• Suppression of flavor-changing neutral 
currents (FCNCs) and CP violation in quark 
sector due to unitarity of CKM matrix, small 
mixing angles, and GIM mechanism *)

M. KobayashiN. Cabibbo T. Maskawa

*)  EPS HEPP Prize 2011 to Glashow, Iliopoulos, Maiani

Legacy of the B factories (BaBar, Belle, CDF, D0)

u

c

t

d s

1 � �3

�� 1

1

�2

��2��3

�

⇧⇧⇧⇧⇧⇧⇤

⇥

⌃⌃⌃⌃⌃⌃⌅
V �

! " 0.22:  Cabibbo angle

b

V:  CKM matrix!:  unit matrix

qi qj�ij

Z, �

ui

W

Vij dj

2008 Nobel Prize to Kobayashi, Maskawa

• Spectacular confirmation of the CKM model 
as the dominant source of flavor and CP 
violation

• All flavor-violating interactions encoded in 
Yukawa couplings to Higgs boson

• Suppression of flavor-changing neutral 
currents (FCNCs) and CP violation in quark 
sector due to unitarity of CKM matrix, small 
mixing angles, and GIM mechanism *)

M. KobayashiN. Cabibbo T. Maskawa

*)  EPS HEPP Prize 2011 to Glashow, Iliopoulos, Maiani

The	
  SM	
  describes	
  the	
  mixing	
  of	
  quarks	
  of	
  
different	
  generations	
  through	
  the	
  weak	
  force.
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The	
  (Flavour)	
  Parameters	
  of	
  the	
  SM

3 Gauge couplings: αEM, αweak, αstrong

2 Electroweak symmetry breaking: ν, mH

6 quark masses: mu, md, ms, mc, mb, mt

4 quark mixing: A, λ, ρ, η (from Vud, Vus...)
3(+3 neutrino) lepton masses: me, mμ,mτ

(3 lepton mixing angles + 1 phase)
()=with neutrino masses

31

Flavour 
Param

eters

CKM 
matrix

PMNS 
matrix



“The Big Bang Theory”



“The Big Bang Theory”

Penny, the weak interaction 
coupling constants are complex.



“The Big Bang Theory”

Penny, the weak interaction 
coupling constants are complex.

What ! Really ?!
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Hierarchy	
  of	
  the	
  CKM	
  Matrix

33

• Wolfenstein Parametrization:  Expansion in λ = sin θC ≈ 0.22     
  (4 parameters: λ ≈ 0.22, A≈ 1, ρ, η)

A2�4 ⌘ |Vcb|2

|Vud|2 + |Vus|2
�2 ⌘ |Vus|2

|Vud|2 + |Vus|2
⇢̄+ i⌘̄ = �VudV

⇤
ub

VcdV
⇤
cb



4. Experimental B, 
D, τ facilities
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Where	
  are	
  B,	
  D,	
  τ	
  Mesons	
  Produced?

35

BaBar Belle
1999-2010, 2017-2025

2001-2011

1999-2008

2009-

e+e- “B-factory”

pp
p anti-p

e+e- “B-factory”

Belle II

2008-

e+e- “D-
factory”
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ProducGon	
  of	
  B	
  Mesons	
  @	
  e+e-­‐	
  colliders

37

2mB

Off-Peak 
(q=u,d,s,c) On-Peak 

- Centre-of-mass energy = mass of Y(4S)
- Y(4S) is bound bb-state that decays to ~100% to B+B- or B0B0 pairs
- 1 fb-1 ~ 1.1 Million B pairs
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The	
  B-­‐Factory	
  Experiments

38

Belle Collaboration
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LHCLHC

Patrick Koppenburg Heavy Flavour Results at the LHC 30 August 2011, PIC, Vancouver [5/58]

•More than 1012 b-anti-b pairs (109 at B-
factories)produced already and growing.

•LHCb dedicated B-physics detector
•B-physics programs at CMS and ATLAS.

2009-

Detector Geometry 
� Complementary to ATLAS & CMS 
� Much less expensive  

 

Fermilab Academic Lectures, May, 2014 17 
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The	
  LHCb	
  Detector

40
Fermilab Academic Lectures, May, 2014 16 

 The LHCb Detector 

The Forward Direction at the LHC 

� The primary pp collision 
produces a pair of bb quarks. 
They then form hadrons. In the 
forward region at LHC the bb 
production σ is large  

� The hadrons containing the b & 
b quarks are both likely to be in 
the acceptance. Essential for 
knowing if a neutral B meson 
started out as a B0 or B0, 
determined by “flavor tagging”  

� At L=2x1032/cm2-s, we get 
~1012 B hadrons in 107 sec   
 Fermilab Academic Lectures, May, 2014 

18 

θ B (rad) 
θ B (rad) 

Production 
∠ Of B vs B 

130 µb 
300 µb 

Pythia production cross section  
(7 TeV) 

η=−ln(tanθ/2) 

pT 
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e+e- (PEPII, KEKB) pp→b anti-bX (√s=7TeV) LHC

Prod. σbb 1 nb ~300µb
typ. bb rate 10 Hz ~300kHz
purity ~1/4 ~0.6%
pile-up 0 0.5→25
B content B+(50%),B0(50%) B+(40%),B0(40%),Bs(10%),Bc(<1%),b-

baryon(10%)

B boost small, βγ~0.5 large, decay vertices are 
displaced

event structure BB pair alone many particles not associated to 
b

Prod. vertex not reconstructed reconstructed with many tracks
B0 anti-B0 mixing coherent incoherent→flavour tagging 

dilution

b	
  ProducGon	
  at	
  Hadron	
  Colliders
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•
CLEO, 
1985

,,

fraction that hadronize



5. Tree level 
measurements
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CKM	
  Metrology

43

A handle on these parameters

d ! u: Nuclear physics (superallowed � decays)
s ! u: Kaon physics (KLOE, KTeV, NA62)
c ! d , s: Charm physics (CLEO-c, BESIII)
b ! u, c and t ! d , s: B physics (Babar, Belle, CDF/DØ, LHCb)
t ! b: Top physics (CDF/DØ, ATLAS, CMS)

data = weak ⌦ QCD =) Need for hadronic inputs (lattice)
and deconvolution (statistics)

Sébastien Descotes-Genon (LPT-Orsay) CKM fits and lattice 15/09/10 5
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UT CKM 
Parameter Measurement δV/V

Vub** (4.4±0.5)10-3 10%
Vcb (4.1±0.1)10-2 2%
Vtd/Vts 3%

Vcd 0.228±0.006 3%
Vtb ~1.03±0.04 4%
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Decay properties depend 

directly on |Vcb| & |Vub| and mb: 
perturbative (αs

n).

c

e

ν

b → c e ν

W

b

|Vub| or |Vcb|

• |Vub| ≈ 0.004 the smallest element – not easy!
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  Decays

44

Decay properties depend 

directly on |Vcb| & |Vub| and mb: 
perturbative (αs

n).

Quarks are bound in hadrons. 

Interactions of b-quark & light-

quark in the B are very 
important. 

B → D e ν

W

e

ν

]Dc

B[ b

|Vub| or |Vcb|

• |Vub| ≈ 0.004 the smallest element – not easy!
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58 

The 2x2 matrix formed by |Vud|,| Vus|,| Vcd| and 
|Vcs| has been measured using nucleus, pion, kaon 
and charm decays to be “almost” unitary. It only 
depends on �= 0.2253±0.0008. 
 
This sub-matrix is real up to O(�5). 

|Vub| and |Vcb| are measured in semileptonic B± and Bd decays: inclusive and exclusive methods. 

Exclusive measurements “easier” experimentally, but 
QCD form factors!   

Inclusive measurements more robust theoretically, but 
need to control experimental backgrounds! 

Inclusive measurements ~30% higher, with significances (2-3)� 

|Vub| = (3.28±0.29)x10-3 

|Vcb| = (39.5±0.8)x10-3 

|Vub| = (4.41±0.15)x10-3 

|Vcb| = (42.4±0.9)x10-3 
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•Exclusive	
  measurements	
  “easier”	
  
experimentally,	
  but	
  QCD	
  form	
  
factors	
  are	
  challenging	
  to	
  calculate 
 
 
 
 

•Inclusive	
  more	
  robust	
  
theoreGcally,	
  but	
  need	
  to	
  control	
  
experimental	
  background  
 
 
 
 
Inclusive	
  ~3	
  σ	
  higher!
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Introduction
The Asymmetry and Uncertainties
Numerical Results and Discussion

Combined Fit for New Physics Parameter

Standard Model Æ

B Æ Xuln
B Æ tn
B Æ p ln
B Æ rln
B Æ wln

HFAG BLNP
HFAG+Belle
HFAG avg. wê Lattice
Belle tagged
Belle tagged
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eR

»V ub
L »¥

10
3

[F. Bernlochner, ST, CKM2012],

see also [Buras. et. al., arXiv:1007.1993]

Current bounds weak

Strong correlation

Vub � ✏R

Can we derive an
“orthogonal” bound?

Sascha Turczyk A new way to search for right-handed currents in semileptonic B ! ⇢`¯⌫ decays 4 / 13
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•Add	
  new	
  physics:	
  right	
  handed	
  currents	
  with	
  coupling	
  VubR	
  

•B→π	
  l	
  ν	
  rate	
  goes	
  as	
  |VubL	
  +	
  VubR|2	
  

•B→τ	
  ν	
  rate	
  goes	
  as	
  |VubL	
  -­‐	
  VubR|2	
  

•B→Xu	
  l	
  ν	
  rate	
  goes	
  as	
  |VubL|	
  +	
  |VubR|2

1.SU(2)L	
  x	
  SU(2)R	
  x	
  U(1)B-­‐L	
  

•→	
  New	
  heavy	
  gauge	
  bosons	
  
(Wʹ′,	
  Zʹ′,	
  H).	
  

•→	
  VL	
  =	
  VCKM	
  and	
  VR	
    
—	
  5	
  more	
  CP	
  phases.



Pre-­‐SUSY	
  School	
  2016,	
  Flavour	
  Physics Phillip	
  URQUIJO

Restored	
  Le�-­‐Right	
  Symmetry?

Introduction
The Asymmetry and Uncertainties
Numerical Results and Discussion

Combined Fit for New Physics Parameter

Standard Model Æ

B Æ Xuln
B Æ tn
B Æ p ln
B Æ rln
B Æ wln

HFAG BLNP
HFAG+Belle
HFAG avg. wê Lattice
Belle tagged
Belle tagged

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3
2

3

4

5

6

7

8

eR

»V ub
L »¥

10
3

[F. Bernlochner, ST, CKM2012],

see also [Buras. et. al., arXiv:1007.1993]

Current bounds weak

Strong correlation

Vub � ✏R

Can we derive an
“orthogonal” bound?

Sascha Turczyk A new way to search for right-handed currents in semileptonic B ! ⇢`¯⌫ decays 4 / 13

46

•Add	
  new	
  physics:	
  right	
  handed	
  currents	
  with	
  coupling	
  VubR	
  

•B→π	
  l	
  ν	
  rate	
  goes	
  as	
  |VubL	
  +	
  VubR|2	
  

•B→τ	
  ν	
  rate	
  goes	
  as	
  |VubL	
  -­‐	
  VubR|2	
  

•B→Xu	
  l	
  ν	
  rate	
  goes	
  as	
  |VubL|	
  +	
  |VubR|2

1.SU(2)L	
  x	
  SU(2)R	
  x	
  U(1)B-­‐L	
  

•→	
  New	
  heavy	
  gauge	
  bosons	
  
(Wʹ′,	
  Zʹ′,	
  H).	
  

•→	
  VL	
  =	
  VCKM	
  and	
  VR	
    
—	
  5	
  more	
  CP	
  phases.

due to the uncertainty in the LQCD prediction.
Finally, using the world average |V

cb

| = (39.5±
0.8)⇥10�3 measured using exclusive decays [14],
|V

ub

| is measured as

|V
ub

| = (3.27± 0.15± 0.16± 0.06)⇥ 10�3 ,

where the first uncertainty is due to the exper-
imental measurement, the second arises from
the uncertainty in the LQCD prediction and
the third from the normalisation to |V

cb

|. As
the measurement of |V

ub

|/|V
cb

| already depends
on LQCD calculations of the form factors it
makes sense to normalise to the |V

cb

| exclusive
world average and not include the inclusive |V

cb

|
measurements. The experimental uncertainty is
dominated by systematic e↵ects, most of which
will be improved with additional data by a reduc-
tion of the statistical uncertainty of the control
samples.

The measured ratio of branching frac-
tions can be extrapolated to the full q2 re-
gion using |V

cb

| and the form factor pre-
dictions [20], resulting in a measurement of
B(⇤0

b

! pµ�⌫
µ

) = (4.1± 1.0)⇥ 10�4, where the
uncertainty is dominated by knowledge of the
form factors at low q2.

The determination of |V
ub

| from the mea-
sured ratio of branching fractions depends on
the size of a possible right-handed coupling [36].
This can clearly be seen in Fig. 4, which shows
the experimental constraints on the left-handed
coupling, |V L

ub

| and the fractional right-handed
coupling added to the SM, ✏

R

, for di↵erent mea-
surements. The LHCb result presented here is
compared to the world averages of the inclusive
and exclusive measurements. Unlike the case for
the pion in B0 ! ⇡+`�⌫ and B� ! ⇡0`�⌫ de-
cays, the spin of the proton is non-zero, allowing
an axial-vector current, which gives a di↵erent
sensitivity to ✏

R

. The overlap of the bands from
the previous measurements suggested a signifi-
cant right-handed coupling but the inclusion of
the LHCb |V

ub

| measurement does not support

Rε

3
 1

0
×

|  
L ub

|V

0.4− 0.2− 0 0.2 0.42

3

4

5

6

7

8
inclusive

νlπ→B
 (LHCb)νµp→bΛ

combined

Figure 4: Experimental constraints on the

left-handed coupling, |V L
ub| and the fractional

right-handed coupling, ✏R. While the overlap
of the 68% confidence level bands for the inclu-
sive [14] and exclusive [7] world averages of past
measurements suggested a right handed coupling
of significant magnitude, the inclusion of the LHCb
|V

ub

| measurement does not support this.

that.
In summary, a measurement of the ratio of

|V
ub

| to |V
cb

| is performed using the exclusive
decay modes ⇤0

b

! pµ�⌫
µ

and ⇤0

b

! ⇤+

c

µ�⌫
µ

.
Using a previously measured value of |V

cb

|, |V
ub

|
is determined precisely. The |V

ub

| measurement
is in agreement with the exclusively measured
world average from Ref. [7], but disagrees with
the inclusive measurement [14] at a significance
level of 3.5 standard deviations. The measure-
ment will have a significant impact on the global
fits to the parameters of the CKM matrix.

7
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Vub

τ 

ν 

b 

u 

H+,W+ 

_ 

Helicity	
  suppressed	
  -­‐	
  very	
  small	
  in	
  SM.	
  
NP	
  could	
  interfere	
  e.g.	
  charged	
  Higgs.

and the Gegenbauer momenta [43]:

g(a)
⊥ (u) = 6uū

[

1 + a∥1ξ +

{

1

4
a∥2 +

5

3
ζA
3

(

1 −
3

16
ωA

1,0

)

+
35

4
ζV
3

}

(5ξ2 − 1)

]

+6 δ̃+ (3uū + ū ln ū + u ln u) + 6 δ̃− (ū ln ū − u ln u) , (169)

g(v)
⊥ (u) =

3

4
(1 + ξ2) + a∥1

3

2
ξ3 +

(

3

7
a∥2 + 5ζA

3

)

(

3ξ2 − 1
)

+

(

9

112
a∥2 +

105

16
ζV
3 −

15

64
ζA
3 ωA

1,0

)

(

3 − 30ξ2 + 35ξ4
)

+
3

2
δ̃+ (2 + ln u + ln ū) +

3

2
δ̃− (2ξ + ln ū − ln u) . (170)

To compute X⊥, the parameter X = ln(mB/Λh) (1+ϱ eiϕ) is introduced to parametrize the
logarithmically divergent integral

∫ 1
0 dx/(1 − x). ϱ ≤ 1 and the phase ϕ are arbitrary, and

Λh ≈ 0.5 GeV is a typical hadronic scale. The remaining parameters are given in Appendix I.

SuperIso first computes numerically all the integrals and the Wilson coefficients, and then
calculates the isospin asymmetry of B → K∗γ using all the above equations.

E.3 Branching ratio of Bu → τντ

The purely leptonic decay Bu → τντ occurs via W+ and H+ mediated annihilation pro-
cesses. This decay is helicity suppressed in the SM, but there is no such suppression for
the charged Higgs exchange at high tan β, and the two contributions can therefore be of
similar magnitudes. This decay is thus very sensitive to charged Higgs boson and provide
important constraints.

The branching ratio of Bu → τντ in supersymmetry is given by [44]

BR(Bu → τντ ) =
G2

F f2
B|Vub|2

8π
τBmBm2

τ

(

1 −
m2

τ

m2
B

)2 [

1 −
(

m2
B

m2
H+

)

tan2 β

1 + ϵ0 tan β

]2

, (171)

where ϵ0 is given in Eq. (66), and τB is the B± meson lifetime which is given in Appendix I
together with the other constants in this equation.

The following ratio is usually considered to express the new physics contributions:

RMSSM
τντ

=
BR(Bu → τντ )MSSM

BR(Bu → τντ )SM
=

[

1 −
(

m2
B

m2
H+

)

tan2 β

1 + ϵ0 tan β

]2

, (172)

which is also implemented in SuperIso.

In the 2HDM, Eq. (171) takes the form

BR(Bu → τντ ) =
G2

F f2
B|Vub|2

8π
τBmBm2

τ

(

1 −
m2

τ

m2
B

)2 [

1 −
(

m2
B

m2
H+

)

λbbλττ

]2

, (173)

where the Yukawa couplings λbb,λττ can be found in Table 1 for the four types of 2HDM
Yukawa sectors.

58

BFSM rH

Type λUU λDD λLL

I cot β cot β cot β
II cot β − tan β − tan β
III cot β − tan β cot β
IV cot β cot β − tan β

Table 1: Yukawa couplings for the four types of 2HDM. U , D and L stand respectively for
the up-type quarks, the down-type quarks and the leptons.

C.2 Charged Higgs contributions

At the Leading Order, the relevant charged Higgs contributions to the Wilson coefficients
are given by [26]:

δCH(0)
7,8 (µW ) =

λ2
tt

3
F (1)

7,8 (xtH±) − λttλbbF
(2)
7,8 (xtH±) , (48)

where

xtH± =
m2

t (µW )

M2
H±

, (49)

and

F (1)
7 (x) =

x(7 − 5x − 8x2)

24(x − 1)3
+

x2(3x − 2)

4(x − 1)4
ln x ,

F (1)
8 (x) =

x(2 + 5x − x2)

8(x − 1)3
−

3x2

4(x − 1)4
ln x , (50)

F (2)
7 (x) =

x(3 − 5x)

12(x − 1)2
+

x(3x − 2)

6(x − 1)3
ln x ,

F (2)
8 (x) =

x(3 − x)

4(x − 1)2
−

x

2(x − 1)3
ln x .

λtt,λbb are the Yukawa couplings. In supersymmetry, they read:

λtt = −
1

λbb
=

1

tan β
. (51)

For the different types of 2HDM, the Yukawa couplings are summarized in Table 1.

At the NLO, the charged Higgs contributions can be written in the form [26]:

δC(1)
7 (µW ) = GH

7 (xtH±) + ∆H
7 (xtH±) ln

µ2
W

M2
H±

−
4

9
EH(xtH±) , (52)

δC(1)
8 (µW ) = GH

8 (xtH±) + ∆H
8 (xtH±) ln

µ2
W

M2
H±

−
1

6
EH(xtH±) , (53)
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34
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  decay	
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  from	
  indep.	
  measurements.
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  types
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Belle, B→ τ ν (Had) PRL110 131801 (2013) 
Belle, B→ τ ν (SL) PRD 92, 5, 051102 (2015)

6

(a) (a)

(b) (b)

(c) (c)

(d) (d)

(e) (e)

FIG. 2. Distributions for (a) ⌧+ ! µ+⌫̄⌧⌫µ, (b) ⌧
+ ! e+⌫̄⌧⌫e,

(c) ⌧+ ! ⇡+⌫̄⌧ , (d) ⌧+ ! ⇢+⌫̄⌧ , and (e) the sum of them.
The left and right columns show the distributions of EECL

and p⇤sig projected in the region EECL < 0.2 GeV, respec-
tively. The markers show the data distribution, the solid line
the total fitted distribution, and the dashed line the signal
component. The orange (red) filled distribution represents
the BB̄ (continuum) background.

originates from the error on the slope; the signal recon-
struction e�ciency; the branching fractions of the dom-
inant background decays peaking in the EECL signal re-
gion, e.g., B+ ! D̄

0
`

+
⌫` followed by D

0 ! KLKL or
D

0 ! KLKLKL; the correction of the tagging e�ciency,
obtained from the double-tagged samples and assumed to
be 100% correlated among the four ⌧ decay modes; and
the branching fractions of the ⌧ lepton. For branching
fractions of D mesons with multiple KL mesons in the

TABLE II. Signal yields and branching fractions, obtained
from fits for the ⌧ decay modes separately and combined.
Errors are statistical only.

Decay mode Nsig B(10�4)

⌧+ ! µ+⌫̄⌧⌫µ 13±21 0.34±0.55
⌧+ ! e+⌫̄⌧⌫e 47±25 0.90±0.47
⌧+ ! ⇡+⌫̄⌧ 57±21 1.82±0.68
⌧+ ! ⇢+⌫̄⌧ 119±33 2.16±0.60
Combined 222±50 1.25±0.28

TABLE III. List of systematic uncertainties.

Source Relative uncertainty (%)

Continuum description 14.1
Signal reconstruction e�ciency 0.6
Background branching fractions 3.1
E�ciency calibration 12.6
⌧ decay branching fractions 0.2
Histogram PDF shapes 8.5
Best candidate selection 0.4
Charged track reconstruction 0.4
⇡0 reconstruction 1.1
Particle identification 0.5
Charged track veto 1.9
Number of BB̄ pairs 1.4
Total 21.2

final state, we use the values for corresponding decays
with KS and take 50% of the value as the uncertainty.
To estimate the e↵ect of the uncertainty on the shape

of the histogram PDFs due to the statistical uncertainty
in the MC, the content of each bin is varied following a
Poisson distribution with the initial value as the mean.
This is repeated 1000 times and the standard deviation
of the distribution of branching fractions is taken as sys-
tematic uncertainty. For the systematic uncertainty re-
lated to the best-candidate selection, we repeat the fit
without applying this selection. The result is divided
by the average multiplicity of 1.07 and compared to the
nominal fit result. The uncertainties on the e�ciency
of the reconstruction of charged tracks and neutral pi-
ons and on the e�ciency of the particle identification
have been estimated using high-statistics control sam-
ples. The charged-track veto is tested using the D

0
⇡

+

double-tagged sample by comparing the number of addi-
tional charged tracks in MC and data events. We find
that it agrees well and so take the relative statistical un-
certainty on the control sample as the systematic un-
certainty. We also test an alternative description of the
continuum background in EECL by using a polynomial of
second order but the deviation is well covered by the re-
lated systematic uncertainty so we do not include it sep-
arately. The quadratic sum of all contributions is 21.2%.
We find evidence for B+ ! ⌧

+
⌫⌧ decays with a signifi-

cance of 3.8�, by convolving the likelihood profile with a
Gaussian whose width is equal to the systematic uncer-

Results B ! ⌧⌫, semileptonic tag

Result of new semileptonic tag measurement

B
�
B+ ! ⌧+⌫⌧

�
= (1.25± 0.28± 0.27)⇥ 10�4 3.8�

New combined Belle result

B
�
B+ ! ⌧+⌫⌧

�
= (0.91± 0.19± 0.11)⇥ 10�4 4.6�

P. Hamer (Uni Göttingen) Tree-level NP in B ! ⌧ at Belle EPS 2015 17 / 18

B→ τ ν (SL)
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Consumer’s	
  guide	
  to	
  charged	
  Higgs

• Higgs	
  doublet	
  of	
  type	
  I	
  (φ1	
  couples	
  to	
  upper	
  (u-­‐type)	
  and	
  
lower	
  (d-­‐type)	
  generaGons.	
  No	
  fermions	
  couple	
  to	
  φ2)	
  

• Higgs	
  doublet	
  of	
  type	
  II	
  (φu	
  couples	
  to	
  u	
  type	
  quarks,	
  φd	
  
couples	
  to	
  d-­‐type	
  quarks,	
  u	
  and	
  d	
  couplings	
  are	
  different;	
  
tan(β)	
  =	
  vu/vd)	
  [favored	
  NP	
  scenario	
  e.g.	
  MSSM,	
  generic	
  
SUSY]	
  

• Higgs	
  doublet	
  of	
  type	
  III	
  (not	
  type	
  I	
  or	
  type	
  II;	
  anything	
  goes.	
  
“FCNC	
  hell”àmany	
  FCNC	
  signatures)

49
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NP	
  Fits	
  with	
  CKMFicer

50

L.	
  Pesantez,	
  PU,	
  CKMFitter,	
  2015

mH+	
  [GeV]

The	
  current	
  flavour	
  results	
  place	
  
stronger	
  constraints	
  than	
  direct	
  
searches	
  from	
  LHC	
  exps.

Belle	
  Ave. Belle	
  II

5	
  ab-­‐1 50	
  ab-­‐1

B→τν	
  	
  96(1±22%) 10% 3%

B→µν	
  	
   <1.7 20% 7%
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Most	
  curious	
  hint	
  of	
  NP	
  in	
  heavy	
  flavour

51

B→D(*)τν%
!  Also, tree level – BaBar result 
!  Similar to B-→τ-ν analysis 
!  Fully reconstruct 
one B, keep events with  
an additional D(*) plus 
an e- or µ-. 
!  Signal is wide,  
background, especially  
D**l ν, needs careful estimation 

HPCSS14, August, 2014! 34 

mmiss
2 > 1GeV

b W , H  ?- e  or μ 

}c ν 
q q D, or D*

τ

-
 ν  ν τ 
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Limits	
  on	
  Type	
  II	
  2HDM	
  From	
  Babar

52
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B→D(*)τν at Belle  

● Reconstruct one B in Υ(4S)→BB event
– Either hadronic (PR D92 (2015) 072014) or semileptonic 

(arXiv:1603.06711) decay mode 
● First application of semileptonic tagging for B →D(*)τν

– Look for signal in the recoil

 PR D92 (2015) 072014
&  arXiv:1603.06711

Tim Gershon
Precision measurements

NN > 0.8

R(D*) = 0.302 ± 0.030 ± 0.011 53

R(D(*))	
  =	
  BR(B	
  →	
  D(*)	
  τ	
  ν)/BR	
  (B	
  →	
  D(*)	
  l	
  ν)
Babar,	
  Phys.Rev.D	
  88,	
  072012	
  (2013)	
  
Belle,	
  Phys.Rev.D	
  92,	
  072014	
  (2015)	
  
Belle,	
  [arXiv:1603.06711]	
  
LHCb,	
  PRL.115,111803	
  (2015)

• Reconstruct	
  one	
  B	
  in	
  Υ(4S)→BB	
  event	
  	
  
• Either	
  hadronic	
  or	
  semileptonic	
  decay	
  mode	
  	
  
• First	
  applicaGon	
  of	
  semileptonic	
  tagging	
  for	
  B	
  →D(*)τν	
  	
  

• Look	
  for	
  signal	
  in	
  the	
  recoil,	
  B→D*τν,	
  D*	
  →	
  Dπ,	
  D→many,	
  τ→lνν,
  45

B→D(*)τν at Belle  

● Reconstruct one B in Υ(4S)→BB event
– Either hadronic (PR D92 (2015) 072014) or semileptonic 

(arXiv:1603.06711) decay mode 
● First application of semileptonic tagging for B →D(*)τν

– Look for signal in the recoil

 PR D92 (2015) 072014
&  arXiv:1603.06711

Tim Gershon
Precision measurements

NN > 0.8

R(D*) = 0.302 ± 0.030 ± 0.011
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•IdenGfy	
  B→D*τν,	
  D*	
  →	
  Dπ,	
  D→Kπ,	
  τ→μνν	
  

•Require	
  significant	
  B,	
  D,	
  τ	
  flight	
  distances,	
  fit	
  in	
  Mmiss2,	
  q2	
  and	
  Eμ

54

Babar,	
  Phys.Rev.D	
  88,	
  072012	
  (2013)	
  
Belle,	
  Phys.Rev.D	
  92,	
  072014	
  (2015)	
  
Belle,	
  [arXiv:1603.06711]	
  
LHCb,	
  PRL.115,111803	
  (2015)

R(D(*))	
  @	
  LHCb

The binned m2
miss, E

!
μ, and q2 distributions in data are fit

using a maximum likelihood method with three dimensional
templates representing the signal, the normalization and the
background sources. To avoid bias, the procedure is devel-
oped and finalized without knowledge of the resulting value
of RðD!Þ. The templates extend over the kinematic region

−2 < m2
miss < 10 GeV2=c4 in 40 bins, 100 < E!

μ <
2500 MeV in 30 bins, and −0.4 < q2 < 12.6 GeV2=c4 in
4 bins. The fit extracts the relative contributions of signal and
normalization modes and their form factors; the relative
yields of each of the B̄ → D!!ð→ D!þπÞμν and their form
factors; the relative yields of B̄0

s → D!!
s

þð→ D!þK0
SÞμ−ν̄μ
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FIG. 1 (color online). Distributions of m2
miss (left) and E

!
μ (right) of the four q2 bins of the signal data, overlaid with projections of the

fit model with all normalization and shape parameters at their best-fit values. Below each panel differences between the data and fit are
shown, normalized by the Poisson uncertainty in the data. The bands give the 1σ template uncertainties.

PRL 115, 111803 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

11 SEPTEMBER 2015

111803-4

  44

B→D*τν at LHCb  
● Identify B→D*τν, D* → Dπ, D→Kπ, τ→μνν

– Similar kinematic reconstruction to Λb→pμν
● Assume pB,z = (pD* + pμ)z to calculate Mmiss

2 = (pB – pD* – pμ)2

– Require significant B, D, τ flight distances & use isolation MVA
● Separate signal from background by fitting in Mmiss

2, q2 and Eμ

– Shown below high q2 region only (best signal sensitivity)

PRL 115 (2015) 112001

R(D*) = 0.336 ± 0.027 ± 0.030
Tim Gershon

Precision measurements
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R(D)

0.2 0.3 0.4 0.5 0.6

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5
BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, arXiv:1603.06711

) = 67%2χHFAG Average, P(
SM prediction

 = 1.02χ∆

R(D), PRD92,054510(2015)
R(D*), PRD85,094025(2012)

HFAG
Prel. Winter 2016

4.0	
  σ	
  above	
  SM!	
  Several	
  more	
  measurements	
  to	
  come	
  from	
  LHCb	
  &	
  Belle	
  
Inconsistent	
  with	
  a	
  Type	
  II	
  2-­‐Higgs	
  Doublet	
  Model…

55

We	
  need	
  more	
  data!	
  (more	
  to	
  come	
  from	
  Belle)
HFAG	
  Winter	
  2016



Pre-­‐SUSY	
  School	
  2016,	
  Flavour	
  Physics Phillip	
  URQUIJO
R(D)

0.2 0.3 0.4 0.5 0.6

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5
BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, arXiv:1603.06711

) = 67%2χHFAG Average, P(
SM prediction

 = 1.02χ∆
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4.0	
  σ	
  above	
  SM!	
  Several	
  more	
  measurements	
  to	
  come	
  from	
  LHCb	
  &	
  Belle	
  
Inconsistent	
  with	
  a	
  Type	
  II	
  2-­‐Higgs	
  Doublet	
  Model…

55

Belle II

We	
  need	
  more	
  data!	
  (more	
  to	
  come	
  from	
  Belle)
HFAG	
  Winter	
  2016



6. Flavour changing 
neutral currents

EW Penguins today
  (More in CP violation lecture tomorrow)
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FCNC	
  decays

1. RadiaGve	
  and	
  Electroweak	
  Penguin	
  Decays	
  with	
  Flavour	
  Changing	
  Neutral	
  Currents	
  
(FCNC)	
  that	
  occur	
  in	
  the	
  SM	
  only	
  at	
  the	
  loop	
  level
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April 2014 UoM Physics Colloquium Phillip URQUIJO !9

Cabibbo-Kobayashi-Maskawa matrix

Gauge interaction with Kobayashi-Maskawa mechanism:

(u, c, t)

(d, s, b)

W−

−
g
√
2

(

uL, cL, tL
)

γµW+µVCKM

⎛

⎜

⎜

⎜

⎜
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⎜

⎝

dL
sL
bL

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

+ h.c.

Misalignment between mass and weak eigenstates generates
mixing beyond generations: (d, s, b) ! (d′, s′, b′) = VCKM(d, s, b)

VCKM =

⎛
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Irreducible complex phase is the source of CP violation in SM

C
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• 2 Gens: CP conserving

• 3 Gens: CP violating,only source of CPV in SM

What have we learned?

Kobayashi and Maskawa (I)

The number of real and imaginary quark flavor parameters:

• With two generations:

2 × (4R + 4I) − 3 × (1R + 3I) + 1I = 5R + 0I

• With three generations:

2 × (9R + 9I) − 3 × (3R + 6I) + 1I = 9R + 1I

• The two generation SM is CP conserving

The three generation SM is CP violating

CP violation = a single imaginary parameter in the CKM matrix:

• LW ∼ gVij ūLidLjW−

V ≃

⎛

⎜⎜⎝

1 λ Aλ3(ρ+ iη)

−λ 1 Aλ2

Aλ3(1 − ρ+ iη) −Aλ2 1

⎞

⎟⎟⎠

Flavor Physics 11/41

January 26, 2004 10:20 WSPC/Trim Size: 9in x 6in for Proceedings tasi˙02

6

Figure 4. The relative magnitudes of quark transition amplitudes in the Standard
Model.

λ is known at the ∼ 1% level, A = 0.83 ± 0.03 is known (due to mea-
surements I will later discuss) at the ∼ 5% level, and ρ and η have larger
uncertainties.

A huge number of quark transitions is therefore determined by these
four parameters (in addition to the quark masses, gauge couplings, and
gauge boson masses), a few of which are shown in Fig. 5. The standard
model is therefore extremely predictive, and the goal of the B factories
and other precision low-energy experiments is to test these predictions as
redundantly as possible.

Figure 5. Some flavour-changing transitions.

Transitions between quarks of different charge, such as b → cℓν̄ℓ and
b → cud̄, are dominated by tree-level graphs in the SM and many of its
extensions, and therefore simply reflect the CKM hierarchy. At one loop,
however, things get more complicated. The decays denoted “FCNC” are
flavour-changing-neutral current decays, in which the transition is between

λ=cosθcabbibo~0.226=|Vus|

In
tro

du
ct

io
n
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Aside:	
  The	
  origin	
  of	
  “penguins”

Symmetry	
  Magazine	
  Jan/Feb	
  2007

58

John Ellis will give a public lecture next week
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FCNC	
  loops	
  in	
  the	
  SM

•Map	
  of	
  flavour	
  transiGons	
  and	
  types	
  of	
  loop	
  processes

59

56 

Map of Flavour transitions and type of loop processes: ! Map of these lectures! 
 

b!s (|VtbVts|��2) b!d (|VtbVtd|��3) s!d (|VtsVtd|��5) c!u (|VcbVub|��5) 

�F=2 box �MBs, ACP(Bs!J/	�) �MB, ACP(B!J/	K) �MK,  �K x,y, q/p,� 

QCD Penguin ACP(B!hhh), B!Xs
 ACP(B!hhh), B!X
 K!π0ll, �’/� �aCP(D!hh) 

EW Penguin B!K(*)ll, B!Xs
 B!πll,  B!X
 K!π0ll, K±!π±�� D!Xull 

Higgs Penguin Bs!�� B!�� K!�� D!�� 

H"

  �F=2 box                  QCD Penguin          EW Penguin        Higgs Penguin 

56 

Map of Flavour transitions and type of loop processes: ! Map of these lectures! 
 

b!s (|VtbVts|��2) b!d (|VtbVtd|��3) s!d (|VtsVtd|��5) c!u (|VcbVub|��5) 

�F=2 box �MBs, ACP(Bs!J/	�) �MB, ACP(B!J/	K) �MK,  �K x,y, q/p,� 

QCD Penguin ACP(B!hhh), B!Xs
 ACP(B!hhh), B!X
 K!π0ll, �’/� �aCP(D!hh) 

EW Penguin B!K(*)ll, B!Xs
 B!πll,  B!X
 K!π0ll, K±!π±�� D!Xull 

Higgs Penguin Bs!�� B!�� K!�� D!�� 

H"

  �F=2 box                  QCD Penguin          EW Penguin        Higgs Penguin 
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EW	
  Penguin	
  TheoreGcal	
  Framework

• Describe	
  b→s	
  transiGons	
  by	
  an	
  effecGve	
  Hamiltonian.	
  	
  

• Long	
  distance	
  effects	
  absorbed	
  in	
  the	
  definiGon	
  of	
  the	
  
operators	
  Oi,	
  while	
  interesGng	
  short	
  distance	
  can	
  be	
  
computed	
  perturbaGvely	
  in	
  the	
  Wilson	
  coefficients	
  Ci.

6084 

Describe b!s transitions by an effective Hamiltonian. 
 
Long distance effects absorbed in the definition of the 
operators Oi, while the interesting short distance can be 
computed perturbatively in the Wilson coefficients Ci. 
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Three	
  impersonaGons

61

Bs→φγ#

BR(SM)# BR#exp#
γ#polariza1on#

Bs→µ+µ4# !!!!!(3.6±0.2)*10,9!
helicity!suppressed! BR#

!
Large!theory!
uncertain?es!

O(20%)!
!
!

(3.5±0.4)*10,5     
LHCb: arXiv:1209.0313 

Relevant Operators 

#
B0→K*µ+µ4#

#

(1.16±0.19)*10,6!
LHCb: arXiv:1205.3422 

#

angular#
distribu1ons#

#
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(2.8+0.7,0.6)*10,9!!
LHCb&CMS: 

PRL 111 (2013) 101804-05#

�QED suppression helicity suppression 
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b→	
  s	
  γ	
  branching	
  raGo

•Limits	
  many	
  NP	
  models	
  

•e.g.	
  2HDM,	
  m(H+)>540	
  GeV

62
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Bs→μ+μ-­‐

63

Bs!µ+µ� 
!  SM branching ratio is (3.2±0.2)x10-9 [Buras arXiv:

1012.1447], NP can make large contributions.  

!  Many NP models possible, not just Super-Sym 
20 DPF, Aug. 13, 2011 !
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Standard Model MSSM 

~tan6$#

Bs→µ+µ� 
!  SM branching ratio is (3.5±0.2)x10-9 [Buras arXiv:

1012.1447], NP can make large contributions.  

 
 

!  Many NP models possible, not just Super-Sym 
14 HPCSS14, August, 2014!

Standard Model MSSM 

~tan6β"
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Bs→μ+μ-­‐	
  Evidence

64

Evidence for Bs→µ+µ�  

HPCSS14, August, 2014! 16 

!  Avg: B(Bs→µ+µ�)=(2.9±0.7)x10-9 

!  Avg: B(B0→µ+µ�)=(3.6     )x10-10 (not significant)  +1.6 
 -1.4 

Evidence for Bs→µ+µ�  

HPCSS14, August, 2014! 16 

!  Avg: B(Bs→µ+µ�)=(2.9±0.7)x10-9 

!  Avg: B(B0→µ+µ�)=(3.6     )x10-10 (not significant)  +1.6 
 -1.4 
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CMS	
  +	
  LHCb	
  Comparison

65

Published	
  in	
  Nature:	
  June	
  4,	
  2015
104 

Simultaneous fit to CMS and LHCb data 
presented at CKM2014 for the first time. 
 
Assuming SM expect 7.6�sensitivity for 
Bs and 0.8�for Bd. 
 
 
 
 
The measured BRs are compatible with 
the SM predictions: 
 
 
 
 
and its ratio, a clean test of MFV, is 
measured to be:  
 
 
 
(including TH uncertainty). 

BR(Bs!�+�-)=(2.8+0.7
-0.6)x10-9  (6.2�) 

BR(Bd!�+�-)=(3.9+1.6
-1.4)x10-10  (3.2�) 

Projection of best 6 categories 

SSM (Bs) = 0.76+0.20
-0.18

  (-1.2�) 
SSM (Bd) = 3.7+1.6

-1.4      (+2.2�) 

R = 0.14+0.08
-0.06

  (+2.3�) 
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CMS	
  +	
  LHCb	
  Comparison

65

Published	
  in	
  Nature:	
  June	
  4,	
  2015
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ImplicaGons

66



Pre-­‐SUSY	
  School	
  2016,	
  Flavour	
  Physics Phillip	
  URQUIJO 67

Ali,	
  Mannel,	
  Morozumi,	
  PLB273,	
  505	
  (1991)

Multiple	
  heavy	
  particles	
  of	
  the	
  SM	
  (W,	
  Z,	
  top)	
  enter	
  in	
  this	
  decay.

AFB(B→	
  K*l+l-­‐)(q2)

B

K*

l−

l+

θ B

K*

l+

l−
θ

The	
  SM	
  forward-­‐backward	
  
asymmetry	
  in	
  b→	
  s	
  l+	
  l-­‐	
  arises	
  
from	
  the	
  interference	
  between	
  γ	
  
and	
  Z0	
  contributions.	
  

Forward Backward
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  LHCb	
  3fb-­‐1	
  results	
  on	
  B→	
  K*	
  μ+μ-­‐	
  (q2)

Theory	
  arXiv:	
  1510.04329
Blank	
  regions	
  are	
  the	
  J/ψ	
  and	
  ψ’	
  
vetos

	
  R.	
  	
  Aaij	
  et	
  al.,	
  JHEP	
  1602,	
  	
  104	
  (2016)	
  
	
  Result for the angular observable P 0

5

S. Wehle | DESY | LHC Ski 2016, 14.04.2016 | Page 12/15
Intoduction Angular Analysis Result

  40

Tension with SM in the P
5
' observable

● Dimuon pair is predominantly spin-1

– either vector (V) or axial-vector (A)

● There are 6 non-negligible amplitudes

– 3 for VV and 3 for VA (K*0μ+μ–)

– expressed as AL,R
0,┴,║ (transversity basis)

● P5' related to difference between relative phase of longitudinal (0) 
and perpendicularly (┴) polarised amplitudes for VV and VA

– constructed so as to minimise form-factor uncertainties

Sensitive to NP in V or A couplings (Wilson coefficients C
9

(') & C
10

('))

JHEP 02 (2016) 104

Tim Gershon
Precision measurements
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“The	
  P5’	
  measurements	
  are	
  only	
  compatible	
  with	
  the	
  SM	
  
prediction	
  at	
  a	
  level	
  of	
  3.7σ…..A	
  mild	
  tension	
  can	
  also	
  be	
  
seen	
  in	
  the	
  AFB	
  distribution,	
  where	
  the	
  measurements	
  are	
  
systematically	
  <=1σ	
  below	
  the	
  SM	
  prediction	
  in	
  the	
  region	
  
1.1<q2<	
  6.0	
  GeV2”

Theory	
  arXiv:	
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– expressed as AL,R
0,┴,║ (transversity basis)

● P5' related to difference between relative phase of longitudinal (0) 
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Recent	
  LHCb	
  results	
  on	
  B→	
  K*	
  μ+μ-­‐	
  (q2)

Why	
  does	
  NP	
  appear	
  first	
  in	
  this	
  mode	
  	
  
(and	
  not	
  others)	
  ?
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  LHCb	
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  on	
  B→	
  K*	
  μ+μ-­‐	
  (q2)

Why	
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  in	
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  mode	
  	
  
(and	
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Recent	
  LHCb	
  results	
  on	
  B→	
  K*	
  μ+μ-­‐	
  (q2)

Why	
  does	
  NP	
  appear	
  first	
  in	
  this	
  mode	
  	
  
(and	
  not	
  others)	
  ?

Possible	
  answer:	
  All	
  heavy	
  particles	
  of	
  SM	
  (t,	
  W,	
  Z)	
  and	
  maybe	
  
NP	
  (except	
  Higgs)	
  appear.	
  Sensitive	
  to	
  NP	
  via	
  interference.
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NP	
  could	
  mean	
  “new	
  particles”	
  (bump	
  in	
  
some	
  mass	
  spectrum	
  at	
  the	
  LHC)	
  or	
  
“new	
  couplings”	
  (flavour	
  physics)

Recall:	
  Wilson	
  coefficients	
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NP	
  could	
  mean	
  “new	
  particles”	
  (bump	
  in	
  
some	
  mass	
  spectrum	
  at	
  the	
  LHC)	
  or	
  
“new	
  couplings”	
  (flavour	
  physics)

Right-­‐handed	
  currents:1-­‐	
  γ5➔1+	
  γ5

Recall:	
  Wilson	
  coefficients	
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Some	
  examples	
  of	
  NP	
  Fits	
  to	
  BàK*l	
  l	
  data	
  

71

Descotes-­‐Genon,	
  Matias,	
  
Virto,	
  arXiv	
  1307.5683

Altmannshofer,	
  Straub	
  
1503.06199
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Recent	
  example	
  of	
  NP	
  Fits	
  to	
  Bàs	
  l	
  l	
  data	
  

72

L.	
  Hofer	
  et	
  al.,	
  
Moriond	
  March	
  
2016
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Recent	
  example	
  of	
  NP	
  Fits	
  to	
  Bàs	
  l	
  l	
  data	
  

72

NP coupling(s) in the weak interaction?

L.	
  Hofer	
  et	
  al.,	
  
Moriond	
  March	
  
2016
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EW	
  Penguin	
  implicaGons	
  in	
  CMSSM

73

•N.	
  Mahmoudi,	
  arXiv:1401.2145	
  

•Black	
  line,	
  8	
  TeV	
  LHC	
  direct	
  limit
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How	
  can	
  we	
  establish	
  NP	
  in	
  BàK*	
  l-­‐l+	
  ?

74

R.	
  Aaij	
  et	
  al.	
  (LHCb	
  collab);	
  PRL	
  113,	
  151601	
  (2014)
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How	
  can	
  we	
  establish	
  NP	
  in	
  BàK*	
  l-­‐l+	
  ?

74

Observe	
  and	
  measure	
  the	
  rate	
  for	
  B	
  →	
  Xs	
  ν	
  ν
and	
  thus	
  isolate	
  the	
  Z’	
  penguin	
  (C9)	
  at	
  Belle	
  II	
  

R.	
  Aaij	
  et	
  al.	
  (LHCb	
  collab);	
  PRL	
  113,	
  151601	
  (2014)
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  l-­‐l+	
  ?

74

Observe	
  and	
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  rate	
  for	
  B	
  →	
  Xs	
  ν	
  ν
and	
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  the	
  Z’	
  penguin	
  (C9)	
  at	
  Belle	
  II	
  

R.	
  Aaij	
  et	
  al.	
  (LHCb	
  collab);	
  PRL	
  113,	
  151601	
  (2014)

Verify	
  hint	
  of	
  lepton	
  universality	
  breakdown	
  
at	
  Belle	
  II	
  (good	
  electron	
  eff)
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Neutrino	
  EWP	
  decays:	
  DM	
  or	
  RH	
  ν?

75

•We	
  expect	
  15%	
  precision	
  on	
  
B→	
  K(*)	
  ν	
  ν	
  at	
  Belle	
  II

Babar, B → K(*) ν ν , PRD 87, 112005 (2013) 
Belle, B → K(*)/π/ρ  ν ν, PRD 87, 111103(R) (2013)

5
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FIG. 2: The E
ECL

distributions for B ! h(⇤)⌫⌫̄ decays.
Points with error bars are data; the solid black histogram
is the total fit result. The blue cross-hatched region is the
background component; the dashed red histogram shows the
signal contribution.

on the branching fraction at 90% confidence level (C.L.)
is evaluated through a Bayesian method by integrating
the likelihood function from zero to the bound that
gives 90% of the total area; this assumes a uniform prior
distribution for the branching fraction. We obtain the
branching fraction using the signal yield Nsig, the signal
e�ciency ✏ and the total number of BB̄ pairs NBB̄ :
B = Nsig/(✏ ·NBB̄).

To evaluate the sensitivity, simulated experiments
with the expected amount of background events and
zero signal events were generated. For each of the
experiments, an upper limit on the branching fraction
at 90% C.L. was calculated. The median values of the
obtained upper limit distributions are summarized in
the rightmost column in Table I.

The EECL distributions in data are shown in Fig. 2,
superimposed with the fit result. The total numbers of
observed events, the signal yields, the significances of the
observed signal, the reconstruction e�ciencies and the
upper limits on the branching fractions are summarized
in Table I. None of the signal modes show a significant
signal contribution. According to MC studies, the
enhancements in the K

+
⌫⌫̄ and ⇡⌫⌫̄ modes are unlikely

to be caused by peaking background contributions. The
signal reconstruction e�ciencies are estimated with
MC simulations using the B ! h

(⇤) form factors from
Ref. [16].

The systematic uncertainty is dominated by the
statistical uncertainty of the background model. The
stringent selection increases the signal to background
ratio but also reduces the number of MC events in
the signal box. This leads to a large uncertainty in
the background shape, despite using an MC sample
corresponding to five times the data luminosity. To
estimate the uncertainty, we replace the nominal back-
ground model with two alternative models compatible
with the simulation and repeat the fit. The alternative
background models are Chebyshev polynomials of order
0, 1 or 2. For each channel, the two models that are most
compatible with the background distribution are used.
After the fit with these models, the largest deviation
of the signal yield from the nominal fit is assigned as
systematic error, which can vary in size among channels
due to the di↵erent background shapes. To validate
the procedure we also performed a crosscheck for one
of the channels by refitting the sample with randomly
fluctuating background histogram models and obtained
a compatible result. The fit bias is evaluated through
pseudo-experiments with signal and background yields
set to the observed values. The systematic uncertainty
due to MC data discrepancy of the track and ⇡

0 rejection
was studied using a D

(⇤)
l⌫ control sample. Uncertainties

associated with the Btag reconstruction e�ciency, signal
MC statistics, particle identification, track or particle
reconstruction e�ciency, the total number of the BB̄
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FIG. 2: The E
ECL

distributions for B ! h(⇤)⌫⌫̄ decays.
Points with error bars are data; the solid black histogram
is the total fit result. The blue cross-hatched region is the
background component; the dashed red histogram shows the
signal contribution.

on the branching fraction at 90% confidence level (C.L.)
is evaluated through a Bayesian method by integrating
the likelihood function from zero to the bound that
gives 90% of the total area; this assumes a uniform prior
distribution for the branching fraction. We obtain the
branching fraction using the signal yield Nsig, the signal
e�ciency ✏ and the total number of BB̄ pairs NBB̄ :
B = Nsig/(✏ ·NBB̄).

To evaluate the sensitivity, simulated experiments
with the expected amount of background events and
zero signal events were generated. For each of the
experiments, an upper limit on the branching fraction
at 90% C.L. was calculated. The median values of the
obtained upper limit distributions are summarized in
the rightmost column in Table I.

The EECL distributions in data are shown in Fig. 2,
superimposed with the fit result. The total numbers of
observed events, the signal yields, the significances of the
observed signal, the reconstruction e�ciencies and the
upper limits on the branching fractions are summarized
in Table I. None of the signal modes show a significant
signal contribution. According to MC studies, the
enhancements in the K

+
⌫⌫̄ and ⇡⌫⌫̄ modes are unlikely

to be caused by peaking background contributions. The
signal reconstruction e�ciencies are estimated with
MC simulations using the B ! h

(⇤) form factors from
Ref. [16].

The systematic uncertainty is dominated by the
statistical uncertainty of the background model. The
stringent selection increases the signal to background
ratio but also reduces the number of MC events in
the signal box. This leads to a large uncertainty in
the background shape, despite using an MC sample
corresponding to five times the data luminosity. To
estimate the uncertainty, we replace the nominal back-
ground model with two alternative models compatible
with the simulation and repeat the fit. The alternative
background models are Chebyshev polynomials of order
0, 1 or 2. For each channel, the two models that are most
compatible with the background distribution are used.
After the fit with these models, the largest deviation
of the signal yield from the nominal fit is assigned as
systematic error, which can vary in size among channels
due to the di↵erent background shapes. To validate
the procedure we also performed a crosscheck for one
of the channels by refitting the sample with randomly
fluctuating background histogram models and obtained
a compatible result. The fit bias is evaluated through
pseudo-experiments with signal and background yields
set to the observed values. The systematic uncertainty
due to MC data discrepancy of the track and ⇡

0 rejection
was studied using a D

(⇤)
l⌫ control sample. Uncertainties

associated with the Btag reconstruction e�ciency, signal
MC statistics, particle identification, track or particle
reconstruction e�ciency, the total number of the BB̄
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CLFV:	
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  e	
  γ	
  

•ν	
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  CLFV	
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•CLFV	
  processes	
  are	
  an	
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  clean	
  probe	
  of	
  B	
  νSM	
  physics
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Charged LFV and BSM physics

νi

γ Petcov ’77,   Marciano-Sanda ’77 ....

• CLFV processes are an extremely clean probe of  “BνSM” physics 

dim-4 Dirac or 
dim5 Majorana

• ν oscillations ⇒ Le,μ,τ  not conserved

• In SM + massive ν,  effective CLFV vertices are tiny (GIM)

Charged LFV and BSM physics

νi

γ Petcov ’77,   Marciano-Sanda ’77 ....

• CLFV processes are an extremely clean probe of  “BνSM” physics 

dim-4 Dirac or 
dim5 Majorana

• ν oscillations ⇒ Le,μ,τ  not conserved

• In SM + massive ν,  effective CLFV vertices are tiny (GIM)
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Seesaw	
  mechanisms	
  are	
  candidates	
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CLFV in see-saw models
Type I:

Fermion singlet
Type II:

Scalar triplet
Type III:

Fermion triplet

• Observable CLFV if see-saw scale low (with protection of LN)

• Each model leads to specific CLFV pattern

Neutrino Mass
Neutirno mass term (= effectively dim-5 operator) 

Mechanism for tiny masses: 
mn

ij= (cij/M) v2 < 0.1 eV

Seesaw (tree level)   

mn
ij = yiyj v2/M M = 1014 GeV (for yi=O(1))

Quantum Effects (Radiative Seesaw)

mn
ij = [1/(16p2)]N Cij v2/M         M=1 TeV   

Leff = (cij/M) ni
Lnj

L f f <f> = v = 246GeV

N-th order of perturbation 

Neutrino Mass
Neutirno mass term (= effectively dim-5 operator) 

Mechanism for tiny masses: 
mn

ij= (cij/M) v2 < 0.1 eV

Seesaw (tree level)   

mn
ij = yiyj v2/M M = 1014 GeV (for yi=O(1))

Quantum Effects (Radiative Seesaw)

mn
ij = [1/(16p2)]N Cij v2/M         M=1 TeV   

Leff = (cij/M) ni
Lnj

L f f <f> = v = 246GeV

N-th order of perturbation 

The Zee-Babu model
Model:      
SM  +  w+, k++ (charged scalar singlets: L#=2)

Neutrino masses generated at 2-loop

Source of the Majorana nature: 
LNV interaction (m)

Constraints on couplings from LFV data

fem ~ f et~ fmt/2  (Normal Hierarchy)

gmm : gmt : gtt ~ 1 : mm/mt: (mm/mt)
2

Bound on the masses:   mw > 160 GeV, mk > 770 GeV (for gmm ~ 1 ) 

For the SUSY extension,  see Shindou’s Talks

Babu, PLB203,132(1988)

Babu, Macesanu (2003)
Sierra, Hirsch (2006)

Extended	
  Higgs	
  sector	
  
Leptoquarks	
  
Majorana	
  mass	
  for	
  RH	
  neutrino	
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History of “!→eγ” & “!N→eN” Search
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Best Limit on !N→eN BR#
Expected Reach on !→eγ BR#
Expected Reach on !N→eN BR

Predicted Region for !N→eN

Predicted Region for !→eγ

Hajime NISHIGUCHI (KEK)                                        　　　　　  “muon LFV”                    MIAPP Workshop “Baryogenesis”,6-8.Jun.2016, Munich

10-/14   (MEG at PSI)

10-15/16   (PSI)
10-16/17 → -18   (Mu2e, COMET) 

CLFV processes
• Muon processes : 
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• Best	
  done	
  at	
  e+e-­‐	
  B-­‐factory	
  
colliders.	
  

• If	
  CLFV	
  shows	
  up,	
  can	
  
determine	
  type	
  of	
  particle	
  
based	
  on	
  modes.

2014 BPAC Phillip URQUIJO

LFV decays
•2 orders of magnitude improvement. 

•Hadron machines not competitive- trigger and track pT limiting (even 

µµµ).
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VI. LFV ⌧ DECAYS

Lepton Flavor Violation (LFV) is highly suppressed in the SM, LFV ⌧ decays are then
clean and ambiguous probes for NP e↵ects. Belle II can experimentally access ⌧ LFV decay
rates over 100 times smaller than Belle for the cleanest channels (as ⌧ ! 3l) and over
10 times smaller for other modes as ⌧ ! l� that have irreducible backgrounds.

Results for ⌧ ! µµµ: 4.5⇥ 10�9 and 9.1⇥ 10�10

38
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u 
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Belle II Flavour Prospects (B2TiP 2014)
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Non-­‐degenerate,	
  SUSY,	
  
Type	
  1	
  Seesaw
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ND case with NH

(i)

(ii)

(iii)

SUSY parameter:
M1/2 = 1.5 TeV, µ > 0,
(i)A0 = �2, M0 = 2TeV, tan � = 30
(ii)A0 = 0, M0 = 6TeV, tan � = 30

(iii)A0 = 0, M0 = 6TeV, tan � = 50

Neutrino Yukawa:
0 � � � �/2,
1.5 < y2,3 < 2.0,
0.01 < y1 < 0.1

FIG. 7: Correlation between B(µ ! e�) and B(⌧ ! µ�) in the non-degenerate case for three di↵erent

choices of SUSY parameters. The parameters (y1, y2, y3, ✓) are randomly generated within the designated

range.

withM
1/2 = 1.5TeV and µ > 0, where the parameters in the neutrino Yukawa matrix are randomly

varied as indicated. These choices satisfy the experimental constraints and give mh ' 126GeV.

The choice (i) is the same as the plot in Fig. 5. For the choice (ii), A
0

is set to zero and thus the

large value of M
0

= 6TeV is required to reproduce the observed Higgs boson mass. Accordingly

both B(µ ! e�) and B(⌧ ! µ�) are suppressed because of larger slepton masses. For the choice

(iii), the large tan� increases B(µ ! e�) and B(⌧ ! µ�), and the latter can be as large as 5⇥10�10

within y
2

, y
3

< 2.0. We note that y
2

, y
3

' 2.0 gives the value of the heaviest right-handed neutrino

mass close to the GUT scale. In all these cases, B(µ ! e�) can be larger than 5 ⇥ 10�14 if y
1

is

close to 0.1.

V. SUMMARY AND CONCLUSION

We have studied the lepton flavor violation in the supersymmetric seesaw model of type I with

the ansatz from the minimal supergravity. We have evaluated the latest constraints on the SUSY

parameters, taking into account recent experimental improvements for the Higgs boson mass and

direct searches of the SUSY particles at the LHC, the rare decay of Bs ! µ+µ� at the dedicated B

experiments, the neutrino mixing angle of ✓
13

at the neutrino experiments and the charged lepton

flavor violating decay at the MEG experiment. The Higgs boson mass strongly constrains the

SUSY parameters and we have shown that the allowed region of the universal scalar mass M
0

and

21

FIG. 3. Correlation between B(h ! ⌧µ) and B(⌧ ! µ�) in various NP scenarios. The present experimental

result for B(h ! ⌧µ) is shown in horizontal blue band [3]. Current and future projections for B(⌧ ! µ�)

experimental sensitivity are represented with vertical light [24] and dark [25] gray bands, respectively.

Superimposed are the predictions within the EFT approach (diagonal dashed orange line), in the type-III

THDM (green and black bands), in models with vector-like leptons (diagonal dotted purple line) and in

models with scalar leptoquarks (diagonal red and orange shaded band). See text for details.

G` ⌘ SU(3)L ⇥ SU(3)E 2 GF . In the SM (without neutrino masses), the charged lepton Yukawa

matrix � ⇠ (3, ¯3) is the only source of G` breaking. Consequently all lepton interactions are

flavor conserving in the charged lepton mass basis. Conversely, as also demonstrated explicitly

in Eq. (8), the generation of lepton flavor violating Higgs interactions requires at least two non-

aligned sources of lepton flavor symmetry breaking. At the tree level, there are only two possi-

bilities: (1) one can enlarge the SM scalar sector, such that more than one Higgs doublet couples

to the leptons (corresponding to the first term in Eq. (8)); (2) one can extend the leptonic sector

by vector-like fermions, whose Dirac masses and mixing terms with SM chiral fields can pro-

vide additional sources of G` breaking. This leads to the appearance of the �0 contributions after

integrating out the new heavy fermionic states. Both possibilities are explored in the following

sections. Example of an enlarged Higgs sector is given in Sec. III whereas the vector-like fermion

case is discussed in Sec. IV.

8

4.5  Interplay between LHC & Low Energy 

Jefferson Lab, Mar 2 2015J. Zupan   Rare Higgs Decays

new physics 
interpretation

• if real, what type of NP?

• if h→τ! due to 1-loop correction

• extra charged particles necessary

• τ→!γ typically too large

• h→τ! possible to explain if extra scalar doublet

• 2HDM of type III

• slightly above Cheng-Sher naturalness 
criterion

19

τ

!

h

Dorsner et al, 1502.07784

Dorsner et al.’15 
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