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1. CP Violation & 
the Baryon 

Asymmetry of the 
Universe
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AMS	  ca.	  2000	  &	  Planck	  2015
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Figure 8: Measured rigidity times the charge sign for selected |Z| = 2 events.
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Figure 1: Schematic view of AMS as flown on STS–91 showing the cylindrical permanent magnet,
the silicon microstrip tracker planes T1 to T6, the time of flight (TOF) hodoscope layers S1 to S4,
the aerogel cerenkov counter, the anticoincidence counters (ACC) and low energy particle shields
(LEPS).
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Cosmic Inflation, Baryogenesis and Particle Phenomenology in an Extend Higgs Portal model

Motivation–Baryogenesis

A long standing problem in cosmology and particle physics is the
origin of baryogenesis, which is quantified by the baryon-to-photon
ratio

η =
nB
nγ

=
nb − bb̄

nγ
= 6.05(7)× 10−10(CMB)(Planck2013). (1)

The value η can be determined from studies of the power spectrum
of the CMB or BBN.

Determined from power spectrum of the CMB & BBN.
Planck/WMAP/COBE
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Ingredients	  for	  Barry	  O’Genesis

5

Ingredients for Baryogenesis 

•  B violation (sphalerons) 

•  C & CP violation  

•  Out-of-equilibrium or 
 CPT violation 

Standard Model BSM 

✔ 

✖ 

✖ 

✔ 

✔ 

✔ 
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Ingredients for Baryogenesis 

•  B violation (sphalerons) 

•  C & CP violation  

•  Out-of-equilibrium or 
 CPT violation 

Standard Model BSM 

✔ 

✖ 

✖ 

✔ 

✔ 

✔ 

Scenarios: leptogenesis, 
EW baryogenesis, Afflek-
Dine, asymmetric DM, cold 
baryogenesis, post-
sphaleron baryogenesis… 

15 

EDM 
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Hierarchy	  of	  the	  CKM	  Matrix

6

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

•We	  can	  esGmate	  the	  magnitude	  of	  the	  baryon	  asymmetry	  
of	  the	  Universe	  caused	  by	  KM	  CP	  violaGon	  

•Introduce	  parameterisaGon	  invariant	  measure	  of	  CP	  in	  
quark	  sector,	  J.

7

The Jarlskog invariantThe Jarlskog invariant
� It can be shown that, in the SM, CPV effects are present if and only if

where:

� If there is a degeneracy either in the up or down quark mass matrices
we have more freedom to choose the unitary transformations Su, Rd and    
Ru and we can eliminate the CPV phase G

� All CPV effects are proportional to J, hence they are small even if the 
phase G is large

Mass scale M can be taken to be EW scale O(100 GeV)
This gives an asymmetry O(10-17) much below observed O(10 -10)

 23

CP violation and the BAU

● We can estimate the magnitude of the baryon asymmetry 
of the Universe caused by KM CP violation

● The Jarlskog parameter J is a parametrization invariant 
measure of CP violation in the quark sector: J ~ O(10–5)

● The mass scale M can be taken to be the electroweak 
scale O(100 GeV)

● This gives an asymmetry O(10–17)
– much much below the observed value of O(10–10)

nB−nB

n

≈
nB

n
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J×Pu×Pd
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PRL 55 (1985) 1039

N.B. Vanishes for degenerate masses

Tim Gershon
Flavour & CPV
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The	  Six	  Unitarity	  Triangles

8
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Unitarity	  Triangles	  for	  Bd

9

Re

α

γ β

1

Im

The Unitarity Triangle
(“Bd Triangle”)

Rt

Vub = |Vub| e-iγ

Vtd = |Vtd| e-iβ

Ru

Consistency	  check	  for	  new	  CP	  viola-on	  sources



2. Meson Mixing

10
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Neutral	  Meson	  Mixing

11

The eigenstates of flavour M0 anti-M0, degenerate in pure QCD, mix under 
weak interactions.

M0 :  K0 (anti-s d), D0(c anti-u), B0(anti-b d), Bs0(anti-b s)

Mixing can occur via short distance or long distance processes

 37

Neutral meson oscillations

● We have flavour eigenstates M
0
 and M
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● These can mix into each other

– via short-distance or long-distance processes

● Time-dependent Schrödinger eqn.

– H is Hamiltonian; M and Γ are 2x2 Hermitian matrices 
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Flavour & CPV

 37

Neutral meson oscillations

● We have flavour eigenstates M
0
 and M

0

– M
0
 can be K

0
 (sd), D

0
 (cu), B

d

0
 (bd) or B

s

0
 (bs)

● These can mix into each other

– via short-distance or long-distance processes

● Time-dependent Schrödinger eqn.

– H is Hamiltonian; M and Γ are 2x2 Hermitian matrices 

● CPT theorem: M
11

 = M
22

 & Γ
11

 = Γ
22

i ∂
∂t M

0

M
0=HM

0

M
0=M−

i

2
M

0

M
0

particle and antiparticle have equal masses and lifetimes

–

––––

Tim Gershon
Flavour & CPV

Time dependent Schrödinger equation:
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H is Hamiltonian, M & Γ are 2x2 Hermitian matrices
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Mixing	  formalism

12

Mixing formalism 
� Hamiltonian 

 
 

� Schrodinger equation 
 
 

� Diagonalizing 

Fermilab Academic Lectures, May, 2014 45 
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Neutral	  Meson	  Mixing:	  2	  Mechanisms

13

Δm: value depends on rate of mixing diagram

 37
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ΔΓ: value depends on widths of decays into common final states (CP -
eigenstates)

large for K, small for D and B
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short distance, virtual

Long distance, on shell states
important for K, not B mesons



Pre-‐SUSY	  School	  2016,	  Flavour	  Physics Phillip	  URQUIJO

The	  Neutral	  Meson-‐AnGmeson	  Systems

Δm=2π ×frequency of flavour 
oscillation (1 ps-1 →160 GHz)

τ=0.4 ps-1

mixes slowly  
ΔmD~0.01

CHARM MIXING

3

KS, KL slow mixing fast mixing

therefore have to define

in D system not excluded that:

cannot simply assume x = x12 and y = y12

x
y

x
y

x
y

14
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Mixing	  in	  the	  K,	  D,	  B,	  Bs	  Systems

15
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CP	  Asymmetry	  at	  e+e-‐	  collider

e+e-

Υ(4S)
Btag

Brec

μ-
K-

μ-

μ+

π+

π-

J/Ψ

ΚS

Flavour 
Tagging

Tag vertex reconstruction

Exclusive B meson and vertex reconstruction

Start the clock
€ 

Δt ≈ Δz
βγ

1
c

€ 

σΔt ≈1ps⇔170µm
τB ≈1ps⇔ 250µm

ΔZ

16
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CP	  asymmetry	  at	  hadron	  collider

17

48 

Signal B 

Tagging B 

PV 

lepton (µ±, e±) 

kaon (K±) 

Dx 

K,π from fragmentation or 
B** decay (K±, π±) Same side (SS) 

Opposite side (OS) 

vertex charge 

Flavour tagging algorithms are not perfect! 
Backgrounds in tagger selections 
The tagging B can oscillate incoherently (unlike in B-factories): 

40% B±, 10% baryons : no oscillation  # 
40% Bd: Δmd ~ Γd ⇒ oscillated 17.5% # 
10% Bs: Δms >> Γs  ⇒ oscillated 50%  $ 

Characterization of tagging algorithms:  
εtag: fraction of events with a tag 
ω  ≡ NW/(NW+NR): wrong tag fraction 
εeff ≡ εtag(1-2ω)2: effective tagging efficiency 

CDF/LHCb   εeff ~4% for Bs 
BABAR/BELLE εeff ~30% for Bd 

Eur. Phys. J C72 (2012) 2022 

OS tagger calibrated 
using B±!J/	K± 

b-hadrons of all species
Oscillation occurs incoherently

49 

ATLAS Si 
Pixel 

CMS Si 
Pixel 

LHCb Si 
VELO 

N channels 80 M 66 M 170 k 

Size 
50x400 
µm (pixel) 

100x150 
µm (pixel) 

40 µm 
(strip) 

Distance to 
beam 8.8 cm 4.4 cm 0.8 cm 

δIP(LHCb)  � 14µm±20 µm/pT  

1/pT distribution for B tracks 

δp/p(LHCb) �0.4%–0.6% 

p distribution for B tracks 

Resolution dominated by multiple 
scattering contribution. ATLAS CMS CDF LHCb 

Decay time 
resolution (Bs) 

~100 fs ~70 fs 87 fs 45 fs 
Invariant Mass 

resolution  
(2-body) 

80 MeV/c2 45 MeV/c2 25 MeV/c2 22 MeV/c2 

Integral Bdl:  CMS/LHCb ~ 4 Tm,  ATLAS ~2.5 Tm 

Flavour tagging Efficiency ~10x less than e+e-, time resolution much better.
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B	  mixing	  data

A
mix

(t) =
N(B)

un�mixed

(t)�N(B)
mixed

(t)

N(B)
un�mixed

(t) +N(B)
mixed

(t)
⇠ cos(�mt)

18

 38

R
t
 side from B0–B0 mixing

P(Δt) = (1±cos(ΔmΔt))e-|Δt|/2τ

PRD 71, 072003 (2005)

Δm
d
 = (0.511 ± 0.005 ± 0.006) ps-1 Δm

s
 = (17.768 ± 0.023 ± 0.006) ps-1

NJP 15 (2013) 053021

World average based on 
many measurements

∣V td /V ts∣ = 0.211±0.001±0.005

experimental 
uncertainty

theoretical 
uncertainty

Rt = ∣V td V tb

∗

V cdV cb

∗ ∣ &

Tim Gershon
Flavour & CPV

BABAR	  @	  SLAC LHCb	  @	  CERN



3. CP Violation with 
B mesons

19
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CP Violation
CP violation caused by different interference effects in particle and anti-
particle decays 
One of the two amplitudes could be from mixing 
Due to complex part of CKM matrix

For CPV A1 and A2 need to have different weak phases Φ and different 
CP invariant  (e.g. strong) phases δ

20
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ClassificaGon	  of	  CP-‐violaGng	  Effects

21

1. CP violation in the decay 
(direct CP violation)


2. CP violation in mixing 
(indirect CP violation)


3. CP violation in mixing/
decay interference

This can be further simp lied if |Af | = |Āf | (or |�f | = 1, since |q/p| = 1)
Therefore:

Df = Re{�f}, Cf = 0, Sf = Im{�f} (3.28)

and,

ACP (t) =
�Im{�f} sin(�mt)

cosh(1
2
�t) + Re{�f} sinh(12��t)

(3.29)

CPV implies

Im{�f} = Im

⇢
q

p

Āf

Af

�
6= 0 (3.30)

CPV can even occur if |q/p| = 1, (i.e. if there is no CPV in mixing), and if
|Āf/Af | = 1 (no CPV in decay). This CPV purely due to the interference term!

Classification of CPV: direct versus indirect

• direct CPV: |Af | 6= |Āf |, appears in decay (also leads to Cf 6= 0. Only class of
CPV possible for charged mesons as they cannot oscillate.

• indirect CPV: Involves mixing in any way, i.e. |q/p| = 1 or through Sf , Df .

There are 3 classes of CP violating e↵ects (already looked at this in Kaon decay).

1. CPV in decay:

�(P ! f) 6= �(P̄ ! f̄) ,
����
Āf̄

Af

���� 6= 1 (3.31)

2. CPV in mixing:

�(P 0 ! P̄ 0) 6= �(P̄ 0 ! P 0) ,
����
q

p

���� 6= 1 (3.32)

3. CPV in interference with and without mixing: It is observed in decays to a
final state that is common to P 0 and P̄ 0.

�(P 0( P̄ 0) ! f)(t) 6= �(P̄ 0( P 0) ! f)(t) (3.33)

A particularly interesting case is f = f̄ = fCP, (CP eigenstate)

36
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|Āf/Af | = 1 (no CPV in decay). This CPV purely due to the interference term!

Classification of CPV: direct versus indirect
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large strong phase effects in charm sector make it difficult to determine 
weak phases.



CPV	  in	  Interference

22
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Measurement	  of	  β	  using	  CP	  eigenstates
CP	  violaGon	  in	  interference	  between	  decay	  w/	  and	  w/o	  mixing

The “Golden Decay”: B0→J/Ψ K0

Vtb*

Vtd Vtb*

Vtd
Vcb*

Vcs*

Ks

Ψ Vcs*

Vcd Vcs*

Vcd

arg(VcsVcb*) - arg(Vtd2Vtb2VcbVcs*Vcs2Vcd*2)=-2β

decay decay + mixing 
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Time	  dependent	  asymmetry

•Define	  the	  Gme-‐dependent	  CP	  asymmetry	  

•We	  can	  measure	  the	  angle	  of	  the	  UT

24

Time-Dependent Asymmetry 

31 

Time-Dependent Asymmetry 

31 
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Discovery	  in	  Belle

25

Overpowering 
evidence for CP 
violation (matter-
antimatter 
asymmetries)
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Discovery	  in	  Belle

25

Overpowering 
evidence for CP 
violation (matter-
antimatter 
asymmetries)
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sin2β Measurement Principle

× [1 ± sin(2β) sin(Δmt)]

# Events • Time resolution 
• Mis-tag probability

26
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sin 2� = 0.667± 0.023± 0.012

sinβ	  Results
772M BB; PRL 108, 171802 (2012)

27

5

as in our previous analyses [7, 12].
We determine the following likelihood for the i-th

event:

Pi = (1−fol)
∑

k

fk

∫

[Pk(∆t′)Rk(∆ti −∆t′)] d(∆t′)

+folPol(∆ti), (2)

where the index k labels each signal or background com-
ponent. The fraction fk depends on the r region and
is calculated on an event-by-event basis as a function
of ∆E and Mbc for the CP -odd modes and p∗B for the
CP -even mode. The term Pol(∆t) is a broad Gaussian
function that represents an outlier component fol, which
has a fractional normalization of order 0.5% [17]. The
only free parameters in the fits are Sf and Af , which
are determined by maximizing the likelihood function
L =

∏

i Pi(∆ti;Sf ,Af ). This likelihood is maximized
for each fCP mode individually, as well as for all modes
combined taking into account their CP -eigenstate val-
ues; the results are shown in Table II. Figure 2 shows the
∆t distributions and asymmetries for good tag quality
(r > 0.5) events. We define the background-subtracted
asymmetry in each ∆t bin by (N+ − N−)/(N+ + N−),
where N+(N−) is the signal yield with q = +1(−1).

TABLE II: CP violation parameters for each B0 → fCP mode
and from the simultaneous fit for all modes together. The first
and second errors are statistical and systematic uncertainties,
respectively.

Decay mode sin 2φ1 ≡ −ξfSf Af

J/ψK0
S +0.670± 0.029 ± 0.013 −0.015 ± 0.021+0.045

−0.023

ψ(2S)K0
S +0.738± 0.079 ± 0.036 +0.104 ± 0.055+0.047

−0.027

χc1K
0
S +0.640± 0.117 ± 0.040 −0.017 ± 0.083+0.046

−0.026

J/ψK0
L +0.642± 0.047 ± 0.021 +0.019 ± 0.026+0.017

−0.041

All modes +0.667± 0.023 ± 0.012 +0.006 ± 0.016 ± 0.012

Uncertainties originating from the vertex reconstruc-
tion algorithm are a significant part of the systematic
error for both sin 2φ1 and Af . These uncertainties are
reduced by almost a factor of two compared to the previ-
ous analysis [7] by using h for the vertex-reconstruction
goodness-of-fit parameter, as described above. In partic-
ular, the effect of the vertex quality cut is estimated by
changing the requirement to either h < 25 or h < 100; the
systematic error due to the IP constraint in the vertex re-
construction is estimated by varying the IP profile size in
the plane perpendicular to the z-axis; the effect of the cri-
terion for the selection of tracks used in the ftag vertex is
estimated by changing the requirement on the distance of
closest approach with respect to the reconstructed vertex
by±100 µm from the nominal maximum value of 500 µm.
Systematic errors due to imperfect SVD alignment are es-
timated from MC samples that have artificial misalign-
ment effects. Small biases in the ∆z measurement are
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FIG. 2: (color online) The background-subtracted ∆t distri-
bution (top) for q = +1 (red) and q = −1 (blue) events and
asymmetry (bottom) for good tag quality (r > 0.5) events
for all CP -odd modes combined (left) and the CP -even mode
(right).

TABLE III: Systematic errors in Sf and Af in each fCP mode
and for the sum of all modes.

J/ψK0
S ψ(2S)K0

S χc1K
0
S J/ψK0

L All
Vertexing Sf ±0.008 ±0.031 ±0.025 ±0.011 ±0.007

Af ±0.022 ±0.026 ±0.021 ±0.015 ±0.007
∆t Sf ±0.007 ±0.007 ±0.005 ±0.007 ±0.007
resolution Af ±0.004 ±0.003 ±0.004 ±0.003 ±0.001
Tag-side Sf ±0.002 ±0.002 ±0.002 ±0.001 ±0.001
interference Af

+0.038
−0.000

+0.038
−0.000

+0.038
−0.000

+0.000
−0.037 ±0.008

Flavor Sf ±0.003 ±0.003 ±0.004 ±0.003 ±0.004
tagging Af ±0.003 ±0.003 ±0.003 ±0.003 ±0.003

Possible Sf ±0.004 ±0.004 ±0.004 ±0.004 ±0.004
fit bias Af ±0.005 ±0.005 ±0.005 ±0.005 ±0.005

Signal Sf ±0.004 ±0.016 < 0.001 ±0.016 ±0.004
fraction Af ±0.002 ±0.006 < 0.001 ±0.006 ±0.002
Background Sf < 0.001 ±0.002 ±0.030 ±0.002 ±0.001
∆t PDFs Af < 0.001 < 0.001 ±0.014 < 0.001 < 0.001
Physics Sf ±0.001 ±0.001 ±0.001 ±0.001 ±0.001
parameters Af < 0.001 < 0.001 ±0.001 < 0.001 < 0.001
Total Sf ±0.013 ±0.036 ±0.040 ±0.021 ±0.012

Af
+0.045
−0.023

+0.047
−0.027

+0.046
−0.026

+0.017
−0.041 ±0.012

observed in e+e− → µ+µ− and other control samples: to
account for these, a special correction function is applied
and the variation with respect to the nominal results is
included as a systematic error. We also vary the |∆t|
range by ±30 ps to estimate the systematic uncertainty
due to the |∆t| fit range. The vertex resolution function

Ks KL
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sin2β and the Nobel Prize

28

“... As late as 2001, the two particle detectors
BaBar at Stanford, USA and Belle at Tsukuba, Japan, both 
detected broken symmetries independently of each other. 
The results were exactly as Kobayashi and Maskawa had 
predicted almost three decades earlier.”
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Looking	  for	  new	  physics	  in	  Time	  Dep.	  CPV
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Penguin	  sin	  2Φ1

30

sin(2βeff) ≡ sin(2φe
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Φ1	  from	  RadiaGve	  Penguin	  Modes	  
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•SM	  EW	  purely	  L-‐handed.	  	  	  

•Right-‐handed	  current	  is	  a	  signature	  of	  NP	  
S=−2(ms/mb)sin(2φ1)∼−0.03

22

Any right-handed currents from NP?
TCPV: P(∆t) = e−|∆t|/τ

4τ [1 ± S sin(∆m∆t) ∓ C cos(∆m∆t)]
(∆t: vertex displacement between extrapoated K0

S
vertex and tag-B vertex)

γL

bR

sL

helicity flip
∝ mb ~ 4.8 GeV

γR

bL

sR

helicity flip∝ m
s ~ 0.1 GeV

γR γL

sR

bL bR

sL

Do not interfere
for CPV

Interfere
for CPV

SM favored SM disfavored,
enhanced with RH current TCPV suppressed by (ms/2mb)

(otherwise ∼ sin 2φ1)

Sensitive to right-handed
non-SM current, relaxes
suppression⇒ non-zero S

[BaBar PRD78,071102(2008), 467M]M(Kπ) in [0.8,1.0] GeV
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$$Driving$questions$for$Belle$II$(2)

can be probed by t-dep. CP asymmetry with B0 ! K0
S⇡

0�

In SM, one naively expects:

SK0
S⇡0� = �2

ms

mb
sin 2�1 ⇠ �0.03

In SM, one naively expects: In a L-R symmetric model,
SK0

S⇡0� ⇠ 0.5

can be probed by t-dep. CP asymmetry with B0 ! K0
S⇡

0�

Precision	  tested	  at	  Belle	  II
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Φs	  =	  ΦM-‐2	  ΦD
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Introduction

�s is an interference phase which appears due to mixing-induced CP violation:
We are mainly interested in the �s phase measured in b! cc̄s processes, �cc̄s

s :

B0

s B0

sW W

b

s

s

b

t

t

Vtb Vts⇤

V ⇤
ts Vtb

Mixing: �M = 2arg(VtbV
⇤
ts)

B0

s

J/ 

�

W

b

s

s

c

c

s

V ⇤
cb

Vcs

Decay: �D = arg(VcbV
⇤
cs)

�s = �M � 2�D ! �cc̄s

s = �2 arg
⇣
�VcbV

⇤
cs

VtbV
⇤
ts

⌘
= �2�s

Do not confuse �cc̄s

s with other �s phases measured in di↵erent processes, like �ss̄s

s !
�cc̄s

s is experimentally accessed via the following time-dependent asymmetry (final state f ):

ACP(t) =
�
B

0

s

��
B

s

0

�
B

0

s

+�
B

s

0

= Sf sin(�mt)�Cf cos(�mt)
cosh(��t/2)+A�� sinh(��t/2)

�f =
q

p

Af

Āf

, �s = � arg(�f ), Cf =
1� |�f |2
1 + |�f |2

, Sf =
2I(�f )

1 + |�f |2
, A�� = � 2R(�f )

1 + |�f |2

I(�f ) 6= 0 ! If there is no complex phase in CKM matrix ! No CP violation!

Carlos Vázquez Sierra Beauty 2016, Marseille (France) May 2, 2016 2 / 21

CP violation in B0
s ! J/ K+K� decays (LHCb, PRL 114 (2015) 041801)

Weighted maximum likelihood fit to decay time and helicity angles:
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�s = 0.6603 ± 0.0027 ± 0.0015 ps�1

��s = 0.0805 ± 0.0091 ± 0.0032 ps�1

|�| = 0.964 ± 0.019 ± 0.007

S-wave
CP-even
CP-odd

B0

s

! J/ K+K� is a golden channel: measurement of �s , �ms , �s , ��s , |�|;
Consistent with SM, no direct CP violation (|�| = 1),

Systematics dominated by decay time e�ciency, angular e�ciency, and background subtraction,

No polarisation-dependent CP violation observed (see backup).

Most precise �cc̄s
s measurement to date!
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CP violation in B0
s ! J/ K+K� decays (LHCb, PRL 114 (2015) 041801)

Full Run I of LHCb data (3.0 fb�1) analysed,

B0

s

! J/ (! µ�µ+)�(! K+K�) (P2VV decay):

Dominant K+K� P-wave (CP admixture): �(1020),
⇠ 2.3% K+K� S-wave (CP-odd) contribution,
Angular information needed to disentangle CP components!

Tagging power: "(1� 2!)2 = 3.73± 0.15%,

Decay time resolution ⇠ 46 fs.
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CP violation in B0
s ! J/ K+K� decays (LHCb, PRL 114 (2015) 041801)

Weighted maximum likelihood fit to decay time and helicity angles:
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s measurement to date!

Carlos Vázquez Sierra Beauty 2016, Marseille (France) May 2, 2016 8 / 21

CP violation in B0
s ! J/ K+K� decays (LHCb, PRL 114 (2015) 041801)
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Φs	  	  Grand	  combinaGon

33

0.4 0.2 0.0 0.2 0.4

0.06

0.08

0.10

0.12

0.14

ATLAS 19.2 fb 1

CMS
19.7 fb 1

CDF 9.6 fb 1

DØ 8 fb 1

SM

68% CL contours
( )

b

HFAG
Spring 2016

LHCb
3 f 1

Combined

Prospects:

�cc̄s
s = �0.033 ± 0.033 rad

��s = 0.083 ± 0.006 ps�1

Compatible with SM estimations:
[arXiv:1511.09466] [CKMfitter, PRD 84 (2011) 033005]

�cc̄s
s = �0.0376 +0.0008

�0.0007 rad

��s = 0.088 ± 0.020 ps�1

HFAG	  2016



Direct	  CPV

34



Pre-‐SUSY	  School	  2016,	  Flavour	  Physics Phillip	  URQUIJO

Direct	  CP	  ViolaGon	  in	  charmless	  hadronic	  	  	  decays	  

•First	  evidence	  2008	  

•Unexpected	  difference	  in	  Acp	  between	  B+	  and	  B0	  →	  K	  π	  

35

Belle,	  PRD87,	  031103(R)(2013)	  
Belle,	  Nature	  452,	  332	  (2008)	  

Acp(K0π0) = 0.006± 0.06 
Acp(K0π+) = -0.015± 0.019 
Acp(K+π0) = 0.040± 0.021 
Acp(K+π-)  = -0.082± 0.006

6

TABLE II: Systematic uncertainties (%) on the measured branching fractions of B → hh.

Source K+π− π+π− K+π0 π+π0 K0K+ K0π+ K0K0 K0π0 K+K−

Tracking 0.70 0.70 0.35 0.35 0.35 0.35 - - 0.70
RK/π 1.65 1.72 0.78 0.86 0.80 0.86 - - 1.58
R > 0.2 0.55 0.24 0.59 0.92 0.91 0.80 0.84 1.04 0.28
MC statistics 0.16 0.15 0.18 0.17 0.20 0.19 0.24 0.23 0.16
NBB 1.37 1.37 1.37 1.37 1.37 1.37 1.37 1.37 1.37
π0 - - 4.0 4.0 - - - 4.0 -
K0

S - - - - 1.68 1.68 3.36 1.68 -
Signal PDF 0.28 +0.49

−0.51 0.43 +0.89
−0.66

+0.64
−0.63 0.18 +1.02

−1.00 1.80 +6.76
−5.16

Feed-across 0.49 +1.30
−1.80 0.42 1.19 +2.28

−2.25 0.18 - - 42.17
Fitting bias 0.45 - - - - - - - -
PHOTOS 1.2 0.8 - - 0.8 1.2 - - 5.0
Charmless B 1.25 1.77 0.35 4.53 2.01 0.97 - 0.51 1.75
Total 2.99 +3.33

−3.56 4.41 +6.51
−6.48

+4.08
−4.06 2.95 +3.87

−3.86 5.03 +43.09
−42.87
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FIG. 3: The Mbc distributions for B
0/B0

→ K±π∓ (top) and
B± → K±π0 (bottom). The selections for fit projections and
PDF component descriptions are identical to those described
in Fig. 1.

for B+ → π+π0 and 0.63× 10−2 for B+ → K0π+. With
regard to the detector bias for h0K+ modes, a sizable
number of protons are included due to p-K misidentifi-
cation in continuum events. Therefore, the possible bias
is more reliably estimated using D+

s → φ(K+K−)π+

and D0 → K−π+ samples [28] and is found to be
(+0.33 ± 0.19) × 10−2; we correct the ACP values for
the bias and assign 0.19× 10−2 as the systematic uncer-
tainty on ACP . For the bias of the charged kaon and pion
identification in the K+π− mode, we shift the ACP value
by −0.33 × 10−2 and quote 0.67 × 10−2 as the system-
atic uncertainty for the residual bias. For K0K+ and
K0π+ modes, we shift ACP further for the measured
CP asymmetry induced by the SM K0 − K0 mixing:

ACP (K0) = (+0.332± 0.006)% [19]. The quadratic sum
of the fitting and bias uncertainties gives the total ACP

systematic error, which ranges from 0.002 to 0.007. Com-
pared to our previous measurement of ACP (K+π−) [1],
the current result, ACP (K+π−) = −0.069±0.014±0.007,
differs by 0.025 due to a smaller measured central value
in the newest data set of 237 × 106BB pairs. Aside
from this difference, the measurement is consistent with
our previous publication and other experimental results
[2, 29, 30]. Furthermore, the updated difference of CP
asymmetries ∆AKπ = ACP (K+π0) − ACP (K+π−) is
given by +0.112±0.027±0.007 with significance of 4.0σ;
this confirms our earlier result, as evident in Fig. 3.
The ratios of partial widths for B → Kπ and B → ππ

can be used to search for NP [10–12]. These ratios are
obtained from the measurements listed in Table I. The
ratio of charged to neutral B meson lifetime, τB+/τB0

= 1.079 ± 0.007 [19], is used to convert branching frac-
tion ratios into partial width ratios (see Table III). The
total uncertainties are reduced because of the cancella-
tion of common systematic uncertainties. These ratios
are compatible with SM expectations [9–12] and super-
sede our previous results [6]. The partial widths and
CP asymmetries are used to test the violation of a sum

rule [31] given by ACP (K+π−)+ACP (K0π+) Γ(K0π+)
Γ(K+π−) −

ACP (K+π0)2Γ(K
+π0)

Γ(K+π−) − ACP (K0π0)2Γ(K
0π0)

Γ(K+π−) = 0; the

sum is found to be −0.270± 0.132± 0.060 (1.9σ signifi-
cance), using the results in Table I, III andACP (K0π0) =
+0.14 ± 0.13 ± 0.06 [16]; this is still compatible with
the SM prediction. All of these results provide useful
constraints to NP models and our uncertainties are now
comparable with those of the corresponding theoretical
calculations.
In conclusion, we have measured the branching frac-

tions and direct CP asymmetries for B → Kπ,ππ and
KK decays using 772 × 106 BB pairs, which is the fi-
nal data set at Belle. We confirm a large ∆AKπ value

LETTERS

Difference in direct charge-parity violation between
charged and neutral B meson decays
The Belle Collaboration*

Equal amounts of matter and antimatter are predicted to have
been produced in the Big Bang, but our observable Universe is
clearly matter-dominated. One of the prerequisites1 for under-
standing this elimination of antimatter is the nonconservation
of charge-parity (CP) symmetry. So far, two types of CP violation
have been observed in the neutral K meson (K0) and B meson (B0)
systems: CP violation involving the mixing2 between K0 and its
antiparticle !KK 0 (and likewise3,4 for B0 and !BB0), and direct CP viola-
tion in the decay of each meson5–8. The observed effects for both
types of CP violation are substantially larger for the B0 meson
system. However, they are still consistent with the standard
model of particle physics, which has a unique source9 of CP viola-
tion that is known to be too small10 to account for the matter-
dominated Universe. Here we report that the direct CP violation
in charged B6RK6p0 decay is different from that in the neutral B0

counterpart. The direct CP-violating decay rate asymmetry,AK+p0

(that is, the difference between the number of observed B2RK2p0

event versus B1RK1 p0 events, normalized to the sum of these
events) is measured to be about 17%, with an uncertainty that is
reduced by a factor of 1.7 from a previous measurement7. How-
ever, the asymmetryAK+p+ for !BB0?K {pz versus B0RK1p2 is at
the 210% level7,8. Although it is susceptible to strong interaction
effects that need further clarification, this large deviation in direct
CP violation between charged and neutral B meson decays could
be an indication of new sources of CP violation—which would
help to explain the dominance of matter in the Universe.

Existing measurements of CP asymmetries in K and B meson
decays can be explained using a single source of CP violation from
the mechanism of the Kobayashi–Maskawa model. Proposed9 in
1973, this mechanism anticipated the third family of quarks before
they were discovered. Together with a quantum field theory that
describes the electromagnetic, weak and strong interactions, it is a
key part of the standard model of particle physics. The present
Kobayashi–Maskawa source of CP violation, however, is itself too
small (see ref. 10 for example) to account for the dominance of
matter in the Universe. A search for other sources of CP violation,
in the neutrino sector or in new physics beyond the standard model,
is needed.

The decay BRKp proceeds through two major processes, illu-
strated in Fig. 1a and b. Figure 1a is called the colour-allowed tree
diagram, and the Kobayashi–Maskawa source of CP violation enters
via the so-called Vub (where ub represents the transition between u
and b quarks) matrix element that governs the !bb!uuW interaction
vertex. On the other hand, while all charge 2/3 quarks contribute
to the quantum ‘loop’, it is the virtual top quark that dominates
the amplitude of the process shown in Fig. 1b, which is usually called
the (strong) penguin diagram. The controlling matrix element pro-
duct VtbV !ts (where tb and ts represent the transitions between t and b
quarks and t and s quarks) is insensitive to the Kobayashi–Maskawa

source of CP violation. CP violation may arise from the interference
between these two amplitudes, similar to two waves interfering with
each other to produce a combined wave. However, this still depends
on the detailed dynamics of each process. It is a theoretical challenge
to describe how the quark level decay evolves into the observed
mesons. One of the advantages of studying a direct CP-violating
asymmetry, which is a ratio of decay rates, is that many of the experi-
mental systematic uncertainties cancel. Consequently, CP-violating
asymmetries provide information about the dynamics of B meson
decay, test different theoretical approaches, and probe new physics
beyond the standard model.

Compared to the dominant bRc decay amplitudes, the amplitude
of Fig. 1a is suppressed by the smallness of jVub/Vcbj, while Fig. 1b is
suppressed by the quantum loop amplitude. However, the two
amplitudes are of similar magnitude, allowing for large interference
(and hence appreciable CP violation) to occur. The price to pay is the
small branching fractions or decay rates to be measured. For instance,
out of a million neutral B0 mesons, only about 20 will decay into
K1p2, while for B1 mesons, only about 13 in a million will decay to
K1p0. Therefore, to search for CP violation, we must produce many B
mesons and detect them with high efficiency. The Belle detector at the
KEKB11 asymmetric-energy (3.5 on 8.0 GeV) e1e2 collider, operating
on the U(4S) resonance (which decays exclusively to a B!BB meson
pair) energy, was designed for such a purpose. The KEKB accelerator
is currently the brightest collider in the world, in which the record
instantaneous luminosity is equivalent to bombarding a 1 cm2 area
with 1.7 3 1034 particles per second. A detailed description of the
Belle detector (see Supplementary Information 1) can be found
elsewhere12. Here we report our measurements of CP-violating asym-
metries for the BRK6p7, K6p0 and p6p0 modes, using 535 million
B!BB meson pairs collected with the Belle detector.

*A list of authors and their affiliations appears at the end of the paper.
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B→	  K	  h	  h,	  B	  →	  π	  h	  h	  	  @	  LHCb

• Puzzling	  pauerns	  of	  CPV	  in	  B±→	  K±h+h-‐	  and	  B±→	  π±h+h-‐	  

• Large	  local	  asymmetries	  in	  regions	  not	  associated	  to	  resonances	  

• Possibly	  final	  state	  re-‐scauering	  generates	  strong	  phase	  difference

36
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What	  could	  it	  be?

37

B.Bhattacharya, M. Gronau, J. Rosner Phys.Lett. B726 (2013) 337-343 



CPV	  in	  mixing
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CP	  violaGon	  in	  mixing

•assl	  and	  adsl	  with	  full	  Run1	  dataset	  (3/w)	  

39

LHCb-‐Paper-‐2016-‐013

J.A. de Vries - CPV in mixing at LHCb - BEAUTY 2016

Production asymmetry:   

‘Raw’ untagged asymmetry:   

Detection asymmetry:   

MEASURING asl

5

AP =
N(B)�N(B̄)

N(B) +N(B̄) AD =
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2

+ ...

J.A. de Vries - CPV in mixing at LHCb - BEAUTY 2016

TIME DEPENDENCE
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CP	  violaGon	  in	  mixing

40

J.A. de Vries - CPV in mixing at LHCb - BEAUTY 2016

RESULTS
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but with roughly 30% fewer signal candidates in the �⇡ region. As a cross check, the190

approach of the previous analysis is repeated on the full 3.0 fb�1 data sample and the191

result, as
sl

= (�0.09± 0.42)%, is compatible with that of the baseline analysis given here.192

The twelve values of as
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where the first uncertainty is statistical, originating from the size of the signal and195

calibration samples, and the second systematic. There is a small correlation of +0.13196

between this measurement and the LHCb measurement of ad
sl

[17]. The correlation mainly197

originates from the muon detection asymmetry and from the e↵ect of ad
sl
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found to be ad
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due to CP violation in the interference between mixing and decay, might still explain204

the D0 result [5]. In summary, the determination of as
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presented in this letter is the most205

precise and shows no evidence for new physics e↵ects. It serves to limit models beyond206
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CPV IN MIXING
• CP Violation in mixing:  

• Semileptonic inclusive final state  (flavour specific)

• 2 neutral B mesons: 

4

1 Introduction23

CP violation in B mixing means that the probability that a B mixes into a B is di↵erent24

from the probability that a B mixes into a B. The flavour specific or “semileptonic”25

asymmetry is defined as26

aq
sl

=
P (B

q

! B
q

) � P (B
q

! B
q

)

P (B
q

! B
q

) + P (B
q

! B
q

)
, (1)

where the subscript q distinguishing the two species of neutral B mesons, namely the27

B0
s

and B0
d

. The Standard Model predictions [1, 2] are tiny compared to the current28

experimental sensitivity: adsl = (�4.1 ± 0.6) ⇥ 10�4 and assl = (1.9 ± 0.3) ⇥ 10�5. This29

makes the measurement of these asymmetries an excellent null test of the Standard Model.30

Experimentally, the dimuon asymmetry measured by D0 [3] is sensitive adsl and assl31

and shows a 3.6 standard deviation discrepancy with the Standard Model. Dedicated32

measurements of assl have been performed by LHCb [4] and D0 [5]. An overview of past33

measurements and a world average is provided by the Heavy Flavor Averaging Group34

(HFAG) [6]. The world averages of pure asl measurements as of Summer 2015 (excluding35

the D0 di-muon asymmetry) are36

adsl = (+0.01 ± 0.20)% (2)

assl = (�0.48 ± 0.48)% , (3)

This analysis is aimed to measure assl at LHCb using the semileptonic decay B0
s

!37

D�
s

µ+⌫
µ

X with the subsequent decay D�
s

! K+K�⇡�.38

• Need to account for all possible detection and reconstruction asymmetries: 
nuclear interaction, particle identification, tracking, trigger 

B
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PV D

π

νμ
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+
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s

Detection asymmetries

• Novel tag-and-probe method using  using                          decays combined 
with the method using partially reconstructed                                         decays

J/ ! µ+µ�

as
sl

AD = Aµ⇡
(track) + A⇡

(PID|track) + AKK
(track+PID) + Aµ

(PID+L0|track)

µ+

⇡�

D⇤ ! (D0 ! K⇡⇡⇡)⇡

expected uncertainty on Aµ⇡
(track) < 0.1% in 3 fb�1 analysis

22

Figure 1: Decay topology of the signal.

2

P(Bq ! B̄q) 6= P(B̄q ! Bq)

B0
d ! D�µ+⌫µ

B0
s ! D�

s µ
+⌫µ assl

adsl

Lenz, Nierste [JHEP 0706:072 (2007)]

X

X

(q = d, s)

assl = (2.22± 0.27)⇥ 10�5
adsl = (�4.7± 0.6)⇥ 10�4

Artuso, Borissov, Lenz [arXiv:1511.09466]

=
1� |q/p|4

1 + |q/p|4 ⇡ ��q

�mq
tan(�12

q )

2016

2015
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6

q = d, s. B(Bs ! µµ) have been observed and mea-
sured both by CMS and LHCb (at 4.3� and 4.0� respec-
tively), leading to a rather accurate combination [18].
There are also interesting information already available
on B(Bd ! µµ), even though the threshold for evidence
has not been reached yet by either of the two experi-
ments. On the theoretical side, new computations have
been performed including NLO electroweak corrections
and NNLO strong corrections [28–30], settling down is-
sues met by earlier calculations concerning the stability
with respect to higher-order corrections. In our predic-
tions, we include the residual uncertainty of 1.5% dis-
cussed in ref. [28]. We will predict the value of the dilep-
tonic branching ratios without time integration, which
would induce a further increase of O(��s/�s), more pre-
cisely (1 + ys) = 1.07 discussed in refs. [31–33].

III. RESULTS OF THE SM GLOBAL FIT

A. CKM parameters and Unitarity Triangles

The current situation of the global fit in the (⇢̄, ⌘̄) plane
is indicated in Fig. 4. Some comments are in order be-
fore discussing the metrology of the parameters. There
exists a unique preferred region defined by the entire set
of observables under consideration in the global fit. This
region is represented by the yellow surface inscribed by
the red contour line for which the values of ⇢̄ and ⌘̄ with
a p-value such that 1�p < 95.45 %. The goodness of the
fit can be addressed in the simplified case where all the
inputs uncertainties are taken as Gaussian, with a p-value
found to be 66% (i.e., 0.4 �; a more rigorous derivation
of the p-value in the general case is beyond the scope of
this article [34]). One obtains the following values (at
1�) for the 4 parameters describing the CKM matrix:

A = 0.810+0.018
�0.024 , � = 0.22548+0.00068

�0.00034 , (6)

⇢̄ = 0.145+0.013
�0.007 , ⌘̄ = 0.343+0.011

�0.012 . (7)

The various constraints can be expressed in the unitarity
triangles associated with the di↵erent mesons of interest,
with angles defined independently of phase conventions:

↵d1d2 = arg

"
�

Vtd1V
⇤
td2

Vud1V
⇤
ud2

#
, �d1d2 = arg

"
�
Vcd1V

⇤
cd2

Vtd1V
⇤
td2

#
,

�d1d2 = arg

"
�
Vud1V

⇤
ud2

Vcd1V
⇤
cd2

#
, (8)

and similarly for the angles in the up sector:

↵u1u2 = arg

"
�
Vu1bV

⇤
u2b

Vu1dV
⇤
u2d

#
, �u1u2 = arg

"
�
Vu1sV

⇤
u2s

Vu1bV
⇤
u2b

#
,

�u1u2 = arg


�
Vu1dV

⇤
u2d

Vu1sV
⇤
u2s

�
, (9)

One recovers the usual �1, �2, �3 and ↵, �, � (without
subscripts) for the Bd Unitarity Triangle (d1 = d, d2 = b).

)σPull (

 

|
ud
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)

e3
B(K  0.00

)
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FIG. 5. Pulls for the SM global fit obtained by comparing the
value of �2

min

with and without including the measurement of
the quantity. Notice that the di↵erent pulls are not necessarily
independent.

In the same general way the relative coordinates of the
upper appex of each triangle are defined as

⇢̄d1d2 + i⌘̄d1d2 = �
Vud1V

⇤
ud2

Vcd1V
⇤
cd2

,

⇢̄u1u2 + i⌘̄u1u2 = �
Vu1dV

⇤
u2d

Vu1sV
⇤
u2s

, (10)

where again ⇢̄+ i⌘̄ ⌘ ⇢̄db+ i⌘̄db refer to the Bd system. In
theBs case, �s can be defined as 2�sb. The corresponding
triangles are shown in Fig. 4, in particular the (sb) where
the constraint from �s is shown (but the corresponding
label is not indicated).

B. Comments and predictions

As underlined above, the overall consistency seen
among the constraints allows us to perform the metrol-
ogy of the CKM parameters and to give predictions for
any CKM-related observable within the SM. Let us add
that the existence of a 1�p < 95.45 % region in the (⇢̄, ⌘̄)
plane is not equivalent to the statement that each individ-
ual constraint lies in the global range of 1�p < 95.45 %.
Each comparison between the prediction issued from the
fit and the corresponding measurement constitutes a null
test of the SM hypothesis.

CKMfiuer	  PRD	  91,	  073007	  (2015),	  
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⇤
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Lesson	  from	  Flavour

•Unwise	  to	  assume	  ~10%	  (or	  even	  0.1%)	  is	  ‘good	  enough’	  with	  
flavour	  

•1962:	  "A	  special	  search	  at	  Dubna	  was	  carried	  out	  by	  E.	  Okonov	  
and	  his	  group.	  They	  did	  not	  find	  a	  single	   
KL	  to	  π+	  π-‐	  event	  among	  600	  decays	  into	  charged	  parGcles	  (Anikira	  
et	  al,	  JETP	  1962).	  At	  that	  stage	  the	  search	  was	  terminated	  by	  the	  
administraGon	  of	  the	  Lab.	  The	  group	  was	  unlucky." 
-‐Lev	  Okun,	  "The	  Vacuum	  as	  Seen	  from	  Moscow"	  

•1964:	  BF=	  2	  x	  10-‐3,	  Cronin,	  Fitch	  et	  al.	  1964.
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SuperKEKB	  now	  in	  operaGon!

45

•First	  new	  parGcle	  collider	  since	  the	  LHC	  (intensity	  fronGer	  rather	  than	  energy	  
fronGer;	  e+	  e-‐	  rather	  than	  p	  p)	  

•1	  Amp	  achieved	  in	  Low	  energy	  ring,	  21	  June	  2016	  -‐	  Milestone	  achieved.	  

•Shu~ng	  down	  unGl	  2017	  to	  install	  superconducGng	  final	  focusing	  magnets.
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Belle	  II	  Detector:	  StarGng	  up	  in	  2017
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The 20th KEKB Accelerator Review Committee, 2015 Feb. 23-25
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End-cap KLM installation completed 
in 2014 July. 

Barrel KLM already done in 2013.

EM Calorimeter
Turn on new 2MHz waveform 
electronics + new trigger boards.

DAQ integration going on !
Cosmic signal !

Nice work by both of sub-
detector and DAQ groups
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Silicon	  Vertex	  Detector	  ConstrucGon
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Melburnians	  @	  DESY	  Test	  Beam
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New	  Physics	  in	  mixing:	  past	  &	  future	  data

•Assume	  NP	  from	  Trees	  in	  negligible,	  test	  for	  NP	  in	  loops	  only	  -‐	  i.e.	  New	  Physics	  only	  enters	  M12,	  the	  
real	  part	  of	  the	  mixing	  Hamiltonian.	  

•3	  x	  3	  CKM	  matrix	  is	  unitary.

49

• SM: CSM/mW2

• NP: CNP/Λ2 

•What	  is	  the	  scale	  Λ	  ?	  How	  different	  is	  CNP	  from	  CSM	  ?	  
• If	  deviation	  from	  SM	  seen	  →	  upper	  bound	  on	  Λ	  

•Meson	  mixing,

M12 = MSM
12 ⇥

�
1 + he2i�

�

Neutral-B mixing

i
d
dt

⇣ |Bq(t)i
|B̄q(t)i

⌘
=

⇣
Mq � i

2
�q

⌘⇣ |Bq(t)i
|B̄q(t)i

⌘

M and � hermitian: mixing due to off-diagonal terms Mq
12 � i�q

12/2

=)Diagonalisation: physical |Bq
H,Li of masses Mq

H,L, widths �q
H,L

In terms of Mq
12, |�q

12| and �q = arg
⇣
�Mq

12
�q

12

⌘
[small in SM]

Mass difference �Mq = Mq
H �Mq

L = 2|Mq
12|

Width difference ��q = �q
H � �q

L = 2|�q
12| cos(�q)

Asymmetry aSL = �(B̄q(t)!`+⌫X)��(Bq(t)!`�⌫X)
�(B̄q(t)!`+⌫X)+�(Bq(t)!`�⌫X)

=
|�q

12|
|Mq

12| sin �q

p/q from mixing in time-dependent analysis of B decays
”phase” �Mq ' arg(Mq⇤

12 ) + O
⇣ |�q

12|
|Mq

12|
⌘

Sébastien Descotes-Genon (LPT-Orsay) CKM fits and lattice 15/09/10 31

Mixing observables in SM

b

s

s

b

u,c,t

u,c,t

b

s

s

b
[Beneke et al 96-98,

Nierste and Lenz 06]

Effective Hamiltonian approach
Mq

12 dominated by dispersive part of top boxes
involve one operator at LO: Q = q̄�µ(1� �5)bq̄�µ(1� �5)b

�q
12 dominated by absorptive part of charm boxes

non local contribution, expressed as expansion in 1/mb

involve two operators at LO: Q and Q̃S = q̄↵(1 + �5)b� q̄�(1 + �5)b↵

right set for �12, depending mainly on Q, taming 1/mb-corrections

��s = f [fBs, B, B̃S;µ, mpow
b , B1/mb . . .]

��s/�Ms = f [B̃S/B; B1/mb , mpow
b , µ, m̄c . . .]

as
SL = f [B̃S/B; |Vub/Vcb|, �, µ, m̄c , B1/mb . . .]

Sébastien Descotes-Genon (LPT-Orsay) CKM fits and lattice 15/09/10 32
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NP	  in	  B{d,s}	  &	  K	  mixing:	  Input

50

)_(a

)_(a

a

a

ubV

ubV) &  _(a & a

_

`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

Stage II

CKM
f i t t e r

ubV
_

`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

2003

CKM
f i t t e r a

a

)_(a

)_(a

ubV

ubV) &  _(a & a

_

`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

2013

CKM
f i t t e r

2003 2013 LHCb Upg.+ Belle II

• Qualitative change after 2003: first Φ3 and Φ2 constraints

•Observables	  not	  affected	  by	  NP	  first	  used	  to	  constrain	  CKM:	   
|Vud|,|Vus|,	  |Vcb|,	  |Vub|,	  Φ3	  and	  Φ2=π−Φ3−Φ1eff((c	  anti-‐c)K)	  

•NP	  impact	  estimated	  from 
Meson	  mixing	  Δms,	  Δmd,	  |εK|,	    
Lifetime	  difference	  ΔΓs,	  &	  semileptonic	  asymmetry	  ASL,	    
Time	  dep.	  CP	  asymmetries	  βs,	  Φ1,	  and	  Φ2	  (decay-‐mixing	  interference)
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Belle	  II	  &	  LHCb	  projecGons
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Figure 6: Superzoom
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World	  Average	  
p-‐value=10-‐5

Belle	  II

Phase J [10-5] Δ

2016 3.140 [+0.069 -0.084] 2%

Belle II + LHCb 
upgrade - SM-like 3.125 ± 0.033 1%

CKMfiuer	  preliminary
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• at 95% NP≲(many × SM)   ⟹   NP≲(0.3 × SM)   ⟹   NP≲(0.05 × SM)

h ' 1.5
|Cij |2

|�t
ij |2

(4⇡)2

GF⇤2
' |Cij |2

|�t
ij |2

✓
4.5 TeV

⇤

◆2

� = arg(Cij�
t⇤
ij )

CKMfiuer	  PRD	  91,	  073007	  (2015),	  	  
PRD	  89,	  033016	  (2014)

• Stage II: similar sensitivity to gluino masses explored at LHC 14TeV

Table 3: The scale of the operator in Eq. (53) probed by B0
d and B0

s mixings with 50 ab�1 Belle II and 50 fb�1

LHCb data. The differences due to CKM-like hierarchy of couplings and/or loop suppression is indicated. (From
Ref. [39].)

Couplings NP loop Scales (TeV) probed by
order Bd mixing Bs mixing

|Cq| = |VtbV ⇤
tq| tree level 17 19

(CKM-like) one loop 1.4 1.5
|Cq| = 1 tree level 2⇥ 10

3
5⇥ 10

2

(no hierarchy) one loop 2⇥ 10

2 40

sensitivities are shown in Table 3. The sensitivities, even with SM-like loop- and CKM-suppressed
coefficients, are comparable to the scales probed by the LHC.

3 Some Implications of the Heavy Quark Limit
We have not directly discussed so far that most quark flavor physics processes (other than top quark
decays) involve strong interactions in a regime where perturbation theory is not (or not necessarily)
reliable. The running of the QCD coupling at lowest order is

↵s(µ) =
↵s(⇤)

1 +

↵s

2⇡
�0 ln

µ

⇤

, (55)

where �0 = 11�2nf/3 and nf is the number of light quark flavors. Even in B decays, the typical energy
scale of certain processes can be a fraction of mb, possibly around or below a GeV. The ways I know how
to deal with this in a tractable way are (i) symmetries of QCD, exact, or approximate in some limits (CP
invariance, heavy quark symmetry, chiral symmetry); (ii) the operator product expansion (for inclusive
decays); (iii) lattice QCD (for certain hadronic matrix elements). An example of (i) is the determination
of sin 2� from B !  KS , see Eq. (46). So is the determination of |Vcb| from B ! D⇤`⌫̄, see Eq. (73)
below. An example of (ii) is the analysis of inclusive B ! Xs� decay rates discussed below, which
provides some of the strongest constraints on many TeV-scale BSM scenarios.

The role of (strong interaction) model-independent measurements cannot be overstated. To es-
tablish that a discrepancy between experiment and theory is a sign of new physics, model-independent
predictions are crucial. Results that rely on modeling nonperturbative strong interaction effects will not
disprove the SM. Most model-independent predictions are of the form,

Observable = (calculable terms)⇥
⇢

1 +

X

i,k

⇥

(small parameters)i
⇤k
�

, (56)

where the small parameters can be ⇤QCD/mb, ms/⇤�SB, ↵s(mb), etc. For the purpose of these lectures,
strong-interaction model-independent means that the theoretical uncertainty is suppressed by small pa-
rameters, so that theorists argue about O(1)⇥(small numbers) instead of O(1) effects. There are always
theoretical uncertainties suppressed by some (small parameter)n, which cannot be calculated from first
principles. If the goal is to test the SM, one must assign O(1) uncertainties in such terms.

In addition, besides formal suppressions of certain corrections in some limits, experimental guid-
ance is always needed to establish how well an expansion works; for example, f⇡, m⇢, and m2

K/ms are
all of order ⇤QCD, but their numerical values span an order of magnitude.

3.1 Heavy quark symmetry (HQS)
In hadrons composed of heavy quarks the dynamics of QCD simplifies. Mesons containing a heavy
quark – heavy antiquark pair, QQ, form positronium-type bound states, which become perturbative in

18

Z. LIGETI

286
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Generic Bounds on New Phenomena

•Ways out

1.New particles have 

masses ≫ 1 TeV

2.New particles have 

degenerate masses

3.Mixing angles in the 

new sector are small

•
Flavor Structure in the SM and Beyond
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NP Flavour bounds from mixing

!5

Probing the 102 –105 TeV scale

• Large SM suppressions — meson mixing and FCNCs are excellent probes of NP

Operator
Bounds on ⇤ [TeV] (C = 1) Bounds on C (⇤ = 1TeV)

Observables
Re Im Re Im
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2
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1.6 ⇥ 10

4

9.0 ⇥ 10

�7

3.4 ⇥ 10

�9

�mK ; ✏K
(s̄R dL)(s̄LdR) 1.8 ⇥ 10

4

3.2 ⇥ 10

5

6.9 ⇥ 10

�9

2.6 ⇥ 10

�11

�mK ; ✏K
(c̄L�

µuL)
2

1.2 ⇥ 10

3

2.9 ⇥ 10

3

5.6 ⇥ 10

�7

1.0 ⇥ 10

�7

�mD; |q/p|,�D
(c̄R uL)(c̄LuR) 6.2 ⇥ 10

3

1.5 ⇥ 10

4

5.7 ⇥ 10

�8

1.1 ⇥ 10

�8

�mD; |q/p|,�D
(

¯bL�
µdL)

2

5.1 ⇥ 10

2

9.3 ⇥ 10

2

3.3 ⇥ 10

�6

1.0 ⇥ 10

�6

�mBd
; S KS

(¯bR dL)(¯bLdR) 1.9 ⇥ 10

3

3.6 ⇥ 10

3

5.6 ⇥ 10

�7

1.7 ⇥ 10

�7

�mBd
; S KS

(

¯bL�
µsL)

2

1.1 ⇥ 10

2

2.2 ⇥ 10

2

7.6 ⇥ 10

�5

1.7 ⇥ 10

�5

�mBs; S �
(¯bR sL)(¯bLsR) 3.7 ⇥ 10

2

7.4 ⇥ 10

2

1.3 ⇥ 10

�5

3.0 ⇥ 10

�6

�mBs; S �

[update of Isidori, Perez, Nir, 1002.0900]

• Already learned that TeV-scale NP must have very special features — flavor has
mainly been an input to model building (structures imposed to satisfy bounds)

• If NP is 10– 100TeV (split, spread, ...), flavor crucial (less constraints, high reach)
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Wrap	  up

•Flavor	  physics	  is	  exci-ng	  and	  fundamental.	  Did	  we	  just	  find	  NP	  via	  new	  weak	  
interac-on	  couplings	  ?	  

• 	  Flavor	  could	  be	  the	  path	  for	  the	  future	  of	  HEP	  but	  we	  need	  much	  more	  data.	  

• SuperKEKB	  commissioning	  started	  in	  February.	  Belle	  II	  rolls	  in	  at	  the	  end	  of	  the	  
year.	  First	  collisions	  in	  late	  2017.	  Belle	  II	  physics	  runs	  in	  2018	  and	  the	  LHCb	  
upgrade	  in	  ~2021.	  	  These	  facili-es	  will	  inaugurate	  a	  new	  era	  of	  flavor	  physics	  and	  
the	  study	  of	  CP	  viola-on.	  

• Other	  new	  facili-es	  in	  lepton	  sector	  not	  discussed	  here,	    
e.g.	  COMET,	  MEG.
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hups://www.facebook.com/belle2collab	  
hups://twiuer.com/belle2collab

https://www.facebook.com/belle2collab
https://twitter.com/belle2collab
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Belle	  II	  Detector

56

electrons	  	  (7GeV)

positrons	  (4GeV)

KL	  and	  muon	  detector	  
Resistive	  Plate	  Counter	  (barrel	  outer	  layers)	  
Scintillator	  +	  WLSF	  +	  MPPC	  (end-‐caps	  ,	  inner	  2	  barrel	  layers)

Particle	  Identification	  	  
Time-‐of-‐Propagation	  counter	  (barrel)	  
Prox.	  focusing	  Aerogel	  RICH	  (forward)	  
Fake	  rate	  >2	  x	  lower	  than	  in	  Belle

Central	  Drift	  Chamber	  
Smaller	  cell	  size,	  long	  lever	  arm

EM	  Calorimeter	  
CsI(Tl),	  waveform	  sampling	  electronics	  (barrel)	  
Pure	  CsI	  +	  waveform	  sampling	  (end-‐caps)	  later

Vertex	  Detector	  
2	  layers	  Si	  Pixels	  (DEPFET)	  +	    
4	  layers	  Si	  double	  sided	  strip	  DSSD

Belle	  II	  TDR,	  arXiv:1011.0352

[600+	  collaborators,	  99	  insGtutes,	  23	  naGons]
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Golden	  modes:	  B	  physics

57

Table 1.2: Expected errors on several selected flavour observables with an integrated luminosity of 5 ab�1 and
50 ab�1 of Belle II data. The current results from Belle, or from BaBar where relevant (denoted with a †) are also
given. Items marked with a ‡ are estimates based on similar measurements. Errors given in % represent relative
errors.

Observables Belle Belle II
(2014) 5 ab�1 50 ab�1

UT angles sin 2� 0.667 ± 0.023 ± 0.012 [64] 0.012 0.008
↵ [�] 85 ± 4 (Belle+BaBar) [24] 2 1
� [�] 68 ± 14 [13] 6 1.5

Gluonic penguins S(B ! �K

0) 0.90+0.09
�0.19 [19] 0.053 0.018

S(B ! ⌘

0
K

0) 0.68 ± 0.07 ± 0.03 [65] 0.028 0.011
S(B ! K

0

SK

0

SK

0

S) 0.30 ± 0.32 ± 0.08 [17] 0.100 0.033
A(B ! K

0

⇡

0) �0.05 ± 0.14 ± 0.05 [66] 0.07 0.04

UT sides |Vcb| incl. 41.6 · 10�3(1 ± 1.8%) [8] 1.2%
|Vcb| excl. 37.5 · 10�3(1 ± 3.0%

ex. ± 2.7%
th.) [10] 1.8% 1.4%

|Vub| incl. 4.47 · 10�3(1 ± 6.0%
ex. ± 2.5%

th.) [5] 3.4% 3.0%
|Vub| excl. (had. tag.) 3.52 · 10�3(1 ± 8.2%) [7] 4.7% 2.4%

Missing E decays B(B ! ⌧⌫) [10�6] 96(1 ± 27%) [26] 10% 5%
B(B ! µ⌫) [10�6] < 1.7 [67] 20% 7%
R(B ! D⌧⌫) 0.440(1 ± 16.5%) [29]† 5.6% 3.4%
R(B ! D

⇤
⌧⌫)† 0.332(1 ± 9.0%) [29]† 3.2% 2.1%

B(B ! K

⇤+
⌫⌫) [10�6] < 40 [30] < 15 30%

B(B ! K

+

⌫⌫) [10�6] < 55 [30] < 21 30%

Rad. & EW penguins B(B ! Xs�) 3.45 · 10�4(1 ± 4.3% ± 11.6%) 7% 6%
ACP (B ! Xs,d�) [10�2] 2.2 ± 4.0 ± 0.8 [68] 1 0.5
S(B ! K

0

S⇡

0

�) �0.10 ± 0.31 ± 0.07 [20] 0.11 0.035
S(B ! ⇢�) �0.83 ± 0.65 ± 0.18 [21] 0.23 0.07
C

7

/C

9

(B ! Xs``) ⇠20% [36] 10% 5%
B(Bs ! ��) [10�6] < 8.7 [42] 0.3 �
B(Bs ! ⌧⌧) [10�3] � < 2 [44]‡ �
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Golden	  modes:	  D	  and	  Tau	  physics
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Table 1.3: Continued from previous page
Observables Belle Belle II

(2014) 5 ab�1 50 ab�1

Charm Rare B(Ds ! µ⌫) 5.31 · 10�3(1 ± 5.3% ± 3.8%) [46] 2.9% 0.9%
B(Ds ! ⌧⌫) 5.70 · 10�3(1 ± 3.7% ± 5.4%) [46] 3.5% 2.3%
B(D0 ! ��) [10�6] < 1.5 [49] 30% 25%

Charm CP ACP (D0 ! K

+

K

�) [10�2] �0.32 ± 0.21 ± 0.09 [69] 0.11 0.06
ACP (D0 ! ⇡

0

⇡

0) [10�2] �0.03 ± 0.64 ± 0.10 [70] 0.29 0.09
ACP (D0 ! K

0

S⇡

0) [10�2] �0.21 ± 0.16 ± 0.09 [70] 0.08 0.03

Charm Mixing x(D0 ! K

0

S⇡

+

⇡

�) [10�2] 0.56 ± 0.19 ± 0.07
0.13 [52] 0.14 0.11

y(D0 ! K

0

S⇡

+

⇡

�) [10�2] 0.30 ± 0.15 ± 0.05
0.08 [52] 0.08 0.05

|q/p|(D0 ! K

0

S⇡

+

⇡

�) 0.90 ± 0.16

0.15

± 0.08

0.06

[52] 0.10 0.07
�(D0 ! K

0

S⇡

+

⇡

�) [�] �6 ± 11 ± 4

5

[52] 6 4

Tau ⌧ ! µ� [10�9] < 45 [71] < 14.7 < 4.7
⌧ ! e� [10�9] < 120 [71] < 39 < 12
⌧ ! µµµ [10�9] < 21.0 [72] < 3.0 < 0.3
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Complementary	  to	  LHCb

• Belle II:

• Decays with neutrinos, 

or multiple photons.

• “Inclusive” decays.

• Long-live particles: K-

shorts & K-longs


• LHCb:

• Decays to all charged 

particle final states. 

• Fast mixing.
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