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Selected topics on physics 
at LHCb
Part II 
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An example

• CPLEAR Experiment (1999)
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Initial state at t = 0

S = 0 S = 0

Decay final state at time t

p+-p- Spin(p) = 0
Lp-p = 0

CP(p+-p-) = +1

i.e. CP eigenstate



CP violation in 𝐾", 𝐾$" decays

• Measurements of CP violation
→ check the (small) difference between
𝑃 → 𝑓 vs. 𝑃( → 𝑓̅
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K0 at t = 0 decays into p+ p-
vs
K0 at t = 0 decays into p+ p-

any difference = CP violation

K0

K0

_



How to check a fake coin?
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True：
Fake：

qu : qd = 0.50 : 0.50
qu : qd = 0.49 : 0.51

p(n) =
N !

n!(N � n)!
qn
uq

N�n
d



• To reduce statistical error

N ! 1
• Control systematic error

¶ effect of the air？

¶ earth magnet？

¶ wrong counting？

¶ ……

Systematic Uncertainty ≈ 0.1%

…compare the result with a standard coin !

Standard test 



For a real experiment
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⇥"

⇥(1 � 2w)2

N =

Z
Ldt ⇥ �pp!P,P̄eff

Int. Luminosity

Production cross-section

Detection efficiency

Wrong tag

• High luminosity machine
• High cross-section process
• State of art detector
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Why the b-quark ?
• Heaviest quark that forms hadronic bound states (m~4.7 GeV) 
• Must decay outside 3rd family

• All decays are CKM suppressed
• Long lifetime (~1.6 ps)

• High mass: many accessible final states 

• Dominant decay process: “tree” b®c transition
• Very suppressed “tree” b®u transition
• FCNC: “penguin” b®s,d transition
• Flavour oscillations (b®t “box” diagram)
• CP violation – expect large CP asymmetries in some B decays

b
t

s
c

d
u

V. Gibson, CERN-FNAL HCP 2009

Why the b-quark ?



CKM Matrix

• VCKM describes rotation between the weak eigenstates (d',s',b') 
and mass eigenstates (d,s,b)

Antiquarks

€ 

d"

s
"

b"

# 

$ 

% 
% 
% 
% 

& 

' 

( 
( 
( 
( 

=

Vud
* Vus

* Vub
*

Vcd
* Vcs

* Vcb
*

Vtd
* Vts

* Vtb
*

# 

$ 

% 
% 
% 

& 

' 

( 
( 
( 

d
s
b

# 

$ 

% 
% 
% 

& 

' 

( 
( 
( 

Vij proportional to transition
amplitude from quark j to quark i

weak
states CKM matrix

mass
states

ubV
b u

W
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b productions at LHC

• LHC is also a flavor factory
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( 𝑠� = 7	TeV )



QCD factorization
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Kinematics of 𝑏𝑏(	pair production

b-b correlation

p p

parton-1 parton-2

b

b

b

b
qb

No

b

b

qb
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16     Countries
69     Institutes
1199 members

328 papers published/submitted



LHCb: forward spectrometer
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CMS & LHCb



�

p p

~ 300 mrad

10 mrad

Inner acceptance 10 mrad from conical beryllium beam pipe

Detector performance
1. Geometry
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�

Vertex locator around the interaction region
Silicon strip detector with ~ 30 µm impact-parameter resolution

Detector performance
2. Vertex and Tracking
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Vertex Locator
beam axis

collision point
~ 1m

200µm n-on-n Si short strips
double metal layer for readout
with Beetle chip (1/4 µm CMOS)

They have to be placed in secondary vacuum ® complex mechanics

total 172 k channels
occupancy < 1%
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�

Tracking system and dipole magnet to measure angles and momenta
Dp/p ~ 0.4 %,  mass resolution ~ 14 MeV (for Bs ® DsK)
Magnetic field regularly reversed to reduce experimental systematics

Detector performance
2. Vertex and Tracking
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Silicon Tracker Trigger Tracker and Inner Tracker

cover

hybrid
cooling plate

Si sensor
ladder support

box

insulation plate

~1.4´1.2 m2

(x-u-v-x)
planes
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Magnet All the coils

Magnet support at UX8

Fe plate for the yoke
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• Bs oscillation frequency as an example 

Ds
-p+

Fully reconstructed decay 
® excellent momentum resolution
Decay length resolution ~ 200 µm
® Proper time resolution ~ 40 fs

5s measurement in one year 
for Dms up to 68 ps-1

Once a Bs–Bs oscillation 
signal is seen, the frequency 
is precisely determined: 

s (Dms ) ~ 0.01 ps-1
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�

Two RICH detectors for charged hadron identification
Provide > 3s p–K separation for 3 < p < 80 GeV

Detector performance
3. Particle Identification
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Performance of particle ID

Typical event in the RICH1 photon detectors
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�

Calorimeter system to identify electrons, 
hadrons and neutrals. Important for the 
first level of the trigger

e

h

Detector performance
4. Calorimeters

(HCAL)    %10%75          

(ECAL)   %5.1%10)(

+=

+=

E

EE
E
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�

Muon system to identify muons, also used in first level of trigger
Efficiency ~ 94% for pion misidentification rate ~ 3%

µ

Detector performance
5. Muon System
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LHCb Trigger 

Versatile	two	stage	trigger

• Hardware-based	L0	trigger:	moderate	𝑷𝑻	cut
• Full detector information sent	to	trigger	farm	@1.1 MHz

• 3	kHz	output	rate	(2011),	5	kHz	(2012)
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Trigger in ATLAS & CMS



LHCb running conditions

• ℒ = ~4×10EF	cm	IFsIK with reduced pile-ups vs. ATLAS & CMS 
• Luminosity levering
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Data sample

• Most physics results based on 3.0 fb-1 collected in 2011/2012
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Unstable particle as the signal
- fight with combinatorial background

B momentum p

r

primary
vertex

B decay distance L

proper time: 𝒕 = 𝑳𝒎𝑩
𝒑

𝑱/𝝍 → 𝝁U𝝁I

µ+

µ-

p+

p-

pp interaction

𝑩𝒅𝟎 → 𝝅U𝝅I

𝑚Z[Z\ = 𝐸Z[ + 𝐸Z\
F − �⃗�Z[ + �⃗�Z\

F�

Background dominated
by decays in flight
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Resonances in b-decays
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Physics program at LHCb

• Not	only	precision	measurements	in	b,	c	sectors

- CKM	and	CP-violation	parameters
- rare	decays

- testing	lepton	universality

- ...
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• But	also	a	general	purpose

- electroweak	measurements:	𝐬𝐢𝐧𝜽𝑾,	W/Z,	top	quark,	..
- spectroscopy,	exotic	hadrons	

- soft	QCD

- heavy	ions

- ...



CKM triangle parameter 𝜸
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• 𝜸 can	be	measured	from	tree-level	processes
à less	sensitive	to	new	physics	effects
à a	benchmark	Standard	Model	 reference	point

However		𝜸	is	the	least	know	of	the
CKM	triangles

  14

Importance of γ from B→DK
● γ plays a unique role in flavour physics

the only CP violating parameter that can be measured 
through tree decays (*)

(*) more-or-less
● A benchmark Standard Model reference point

● doubly important after New Physics is observed

∝VcbVus

∗

∝VubV cs

∗

Variants use different B or D decays
require a final state common to both D0 and D0 Tim Gershon

Precision measurements

19/ 135

� angle

� ⌘ arg
⇣
�Vud V⇤

ub
Vcd V⇤

cb

⌘
is the least known of the CKM unitarity angles.

Can be determined by:
Tree level processes, nearly insensitive to NP. Act as reference.
Negligible theoretical uncertainty, using B ! DK , ��/� ' 10�7

[J. Brod et al, JHEP 1401 (2014) 051]

Loop processes, sensitive to NP
Comparing the two can reveal NP

Unitarity triangle: Vud V ⇤
ub + Vcd V ⇤

cb + Vtd V ⇤
tb = 0

Constraints from “Trees” Constraints from “Loops”

[CKMfitter (J. Charles et al.), EPJ. C41, 1-131 (2005), updated results and plots available at: http://ckmfitter.in2p3.fr]

Olivier Leroy (CPPM) Overview of Flavor Physics 12 February 2016 19 / 56

Favored Suppressed



CKM triangle parameter 𝜸
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• Many	modes	used	to	measure	𝜸 at	LHCb

𝑩U → 𝑫𝑲U,𝑫 → 𝑲𝑲,𝝅𝝅,𝑲𝝅
𝑫 → 𝑲𝝅 (ADS favored)

𝑫 → 𝝅𝑲 (ADS suppressed)

LHCb-PAPER-2016-003

Large CP asymmetries - first 𝟓𝝈
observation in a single

𝑩 → 𝑫𝑲 channel
Weihai High Energy Physics School 2016



CKM triangle parameter 𝜸
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• Many	modes	used	to	measure	𝜸 at	LHCb

𝑩U → 𝑫𝑲U,𝑫 → 𝑲𝑲,𝝅𝝅,𝑲𝝅

𝑫 → 𝝅𝝅 (GLW CP+) 𝑫 → 𝑲𝑲 (GLW CP+)
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CKM triangle parameter 𝜸
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• Many	modes	used	to	measure	𝜸 at	LHCb

𝑩𝟎 → 𝑫𝑲∗𝟎,𝑫 → 𝑲𝒔𝝅𝝅,𝑲𝒔𝑲𝑲

𝑫 → 𝑲𝒔𝝅𝝅 𝑫 → 𝑲𝒔𝑲𝑲 (GLW CP+)

LHCb-PAPER-2016-006
LHCb-PAPER-2016-007

Weihai High Energy Physics School 2016



CKM triangle parameter 𝜸
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• 𝜸 combinations

2 Results of LHCb measurements

2.1 B+ ! DK+, D ! h+h� GLW/ADS, 3 fb�1

The GLW/ADS [13–16] measurement using B

+ ! DK

+, D0 ! h

+

h

� decays and the
3 fb�1 data sample [4] is an update of a previous measurement [34]. The following two
classes of observables are measured. The charge asymmetries are

A

f
CP/fav =

�(B� ! D[! f ]K�)� �(B+ ! D[! f̄ ]K+)

�(B� ! D[! f ]K�) + �(B+ ! D[! f̄ ]K+)
, (1)

where the f and f̄ terms represent the final state of the D meson decay. The subscript
“CP” stands for the CP -even states K+

K

� and ⇡

+

⇡

�, and the subscript “fav” stands for
the favoured final state (e.g. B+ ! D

0

K

+, D0 ! K

+

⇡

�). The observable RCP is defined
as

R

f
CP =

�(B� ! D[! f ]K�) + �(B+ ! D[! f ]K+)

�(B� ! D

0

K

�) + �(B+ ! D

0

K

+)
. (2)

The partial width of the ADS suppressed modes relative to their favoured equivalents, and
the corresponding asymmetry are

R

¯f
ADS

=
�(B� ! D[! f̄ ]K�) + �(B+ ! D[! f ]K+)

�(B� ! D[! f ]K�) + �(B+ ! D[! f̄ ]K+)
, (3)

A

¯f
ADS

=
�(B� ! D[! f̄ ]K�)� �(B+ ! D[! f ]K+)

�(B� ! D[! f̄ ]K�) + �(B+ ! D[! f ]K+)
. (4)

The full set of measured observables is

A

⇡K
ADS

= � 0.403 ± 0.056 ± 0.011 ,

A

KK
CP = 0.087 ± 0.020 ± 0.008 ,

A

⇡⇡
CP = 0.128 ± 0.037 ± 0.012 ,

A

K⇡
fav

= � 0.0194 ± 0.0072 ± 0.0060 ,

R

⇡K
ADS

= 0.0188 ± 0.0011 ± 0.0010 ,

R

KK
CP = 0.968 ± 0.022 ± 0.021 ± 0.010 ,

R

⇡⇡
CP = 1.002 ± 0.040 ± 0.026 ± 0.010 ,

where the first uncertainty is statistical and the second is systematic. For the R

KK
CP

and R

⇡⇡
CP observables, the third uncertainty arises from the assumption that rD⇡

B = 0 as
discussed in Ref. [4]. Their statistical and systematic correlations are given in Tables 5
and 6 in the Appendix.
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2.2 B+ ! DK+, D ! h+⇡�⇡+⇡� quasi-GLW/ADS, 3 fb�1

The ADS measurement using the B

+ ! DK

+, D ! K

±
⇡

⌥
⇡

+

⇡

� decay mode and 3 fb�1

of data [4] is an update of a previous measurement [35]. The method to use these decays
to constrain � is described in Ref. [36]. The quasi-GLW measurement with B

+ ! DK

+,
D ! ⇡

+

⇡

�
⇡

+

⇡

� decays is included in the combination for the first time. The observables
are defined in analogy to Eqs. (1–4), and the measured values are

A

⇡K⇡⇡
ADS

= � 0.313 ± 0.102 ± 0.038 ,

A

⇡⇡⇡⇡
CP = 0.100 ± 0.034 ± 0.018 ,

A

K⇡⇡⇡
fav

= 0.000 ± 0.012 ± 0.002 ,

R

⇡K⇡⇡
ADS

= 0.0140 ± 0.0015 ± 0.0006 ,

R

⇡⇡⇡⇡
CP = 0.975 ± 0.037 ± 0.019 ± 0.005 ,

where the first uncertainty is statistical and the second is systematic. For the R

⇡⇡⇡⇡
CP

observable, the third uncertainty arises from the assumption that rD⇡
B = 0 as discussed in

Ref. [4]. Their statistical and systematic correlations are given in Tables 7 and 8 in the
Appendix.

2.3 B+ ! DK+, D ! h+h�⇡0 quasi-GLW/ADS, 3 fb�1

Inputs from the GLW/ADS analysis of B+ ! DK

+, D ! h

+

h

�
⇡

0 decays using 3 fb�1 of
data [5] are new to this combination. The observables are defined in analogy to Eqs. (1–4),
and the measured values are

A

K⇡⇡0

ADS

= � 0.20 ± 0.27 ± 0.04 ,

A

KK⇡0

CP = 0.30 ± 0.20 ± 0.02 ,

A

⇡⇡⇡0

CP = 0.054 ± 0.091 ± 0.011 ,

A

K⇡⇡0

fav

= 0.010 ± 0.026 ± 0.005 ,

R

K⇡⇡0

ADS

= 0.0140 ± 0.0047 ± 0.0021 ,

R

KK⇡0

CP = 0.95 ± 0.22 ± 0.05 ,

R

⇡⇡⇡0

CP = 0.98 ± 0.11 ± 0.05 ,

where the first uncertainty is statistical and the second is systematic. Their statistical and
systematic correlations are given in Tables 9 and 10 in the Appendix.

2.4 B+ ! DK+, D ! K0
S
h+h� GGSZ, 3 fb�1

The inputs from the model-independent GGSZ [17, 18] analysis of B+ ! DK

+, D !
K

0

Sh
+

h

� decays, which uses 3 fb�1 of data [6], are the same as those used in the previous
combination [3]. The variables x± = r

DK
B cos(�DK

B ± �) and y± = r

DK
B sin(�DK

B ± �) are
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+
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+
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+, D !
K

0

Sh
+

h
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obtained from a fit to the Dalitz plane of D ! K

0

S⇡
+

⇡

� and D ! K

0

SK
+

K

� decays. The
results are

x� = 0.025 ± 0.025 ± 0.010 ± 0.005 ,

y� = 0.075 ± 0.029 ± 0.005 ± 0.014 ,

x

+

= �0.077 ± 0.024 ± 0.010 ± 0.004 ,

y

+

= �0.022 ± 0.025 ± 0.004 ± 0.010 ,

where the first uncertainty is statistical, the second is systematic, and the third is an
external uncertainty due to the information on the strong phase variation across the
D ! K

0

Sh
+

h

� phase space. The correlations are given in Tables 11 and 12 in the
Appendix.

2.5 B+ ! DK+, D ! K0
S
K+⇡� GLS, 3 fb�1

The inputs from the GLS [19] analysis of B+ ! DK

+, D ! K

0

SK
+

⇡

� decays, which uses
the 3 fb�1 data sample, [7] are the same as those included in the last combination [3]. The
observables are defined in analogy to Eqs. (1–4), with the additional observable

R

KSK⇡ =
�(B� ! D[! K

0

SK
�
⇡

+]K�) + �(B+ ! D[! K

0

SK
+

⇡

�]K+)

�(B� ! D[! K

0

SK
+

⇡

�]K�) + �(B+ ! D[! K

0

SK
�
⇡

+]K+)
. (5)

They are measured to be

R

KSK⇡ = 3.855 ± 0.961 ± 0.060 ,

A

KSK⇡
fav

= 0.026 ± 0.109 ± 0.029 ,

A

KSK⇡
sup

= 0.336 ± 0.208 ± 0.026 ,

where the first uncertainty is statistical and the second is systematic. The subscript “sup”
stands for the suppressed decay chain (e.g. B� ! D

0

K

�, D0 ! K

0

SK
�
⇡

+) and “fav”
represents the favoured decay channel (e.g. B� ! D

0

K

�, D0 ! K

0

SK
+

⇡

�). These values
correspond to the restricted “K⇤+” region of the D ! K

0

SK
+

⇡

� phase space, as they
o↵er better sensitivity to �: the two-dimensional �–rDK

B confidence region computed in
Ref. [7] is smaller than for the full phase space. The statistical and systematic correlations
are given in Tables 13 and 14 in the Appendix. The observables from the GLS analysis
of B+ ! DK

+, D ! K

0

SK
+

⇡

� decays are potentially a↵ected by corrections due to
CP violation and mixing in the neutral kaon system [37]. The e↵ect is expected to be
O(✏K/rDK

B ), which is small enough to be ignored given that rDK
B ⇡ 0.1.

2.6 B0 ! DK⇤0, D ! K+⇡� ADS, 3 fb�1

The inputs from the ADS analysis of B0 ! DK

⇤0, D0 ! K

±
⇡

⌥ decays using 3 fb�1 of
data [9] are included as they were in the previous combination [3]. However, the GLW

6

obtained from a fit to the Dalitz plane of D ! K

0

S⇡
+

⇡

� and D ! K

0

SK
+

K

� decays. The
results are
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+

= �0.077 ± 0.024 ± 0.010 ± 0.004 ,
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+

= �0.022 ± 0.025 ± 0.004 ± 0.010 ,
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external uncertainty due to the information on the strong phase variation across the
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0
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+

h

� phase space. The correlations are given in Tables 11 and 12 in the
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K+⇡� GLS, 3 fb�1

The inputs from the GLS [19] analysis of B+ ! DK
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0

SK
+

⇡

� decays, which uses
the 3 fb�1 data sample, [7] are the same as those included in the last combination [3]. The
observables are defined in analogy to Eqs. (1–4), with the additional observable

R

KSK⇡ =
�(B� ! D[! K

0

SK
�
⇡

+]K�) + �(B+ ! D[! K

0

SK
+

⇡

�]K+)

�(B� ! D[! K

0

SK
+

⇡

�]K�) + �(B+ ! D[! K

0

SK
�
⇡

+]K+)
. (5)

They are measured to be

R

KSK⇡ = 3.855 ± 0.961 ± 0.060 ,

A

KSK⇡
fav

= 0.026 ± 0.109 ± 0.029 ,

A

KSK⇡
sup

= 0.336 ± 0.208 ± 0.026 ,

where the first uncertainty is statistical and the second is systematic. The subscript “sup”
stands for the suppressed decay chain (e.g. B� ! D

0

K

�, D0 ! K

0

SK
�
⇡

+) and “fav”
represents the favoured decay channel (e.g. B� ! D

0

K

�, D0 ! K

0

SK
+

⇡

�). These values
correspond to the restricted “K⇤+” region of the D ! K

0

SK
+

⇡

� phase space, as they
o↵er better sensitivity to �: the two-dimensional �–rDK

B confidence region computed in
Ref. [7] is smaller than for the full phase space. The statistical and systematic correlations
are given in Tables 13 and 14 in the Appendix. The observables from the GLS analysis
of B+ ! DK

+, D ! K

0

SK
+

⇡

� decays are potentially a↵ected by corrections due to
CP violation and mixing in the neutral kaon system [37]. The e↵ect is expected to be
O(✏K/rDK

B ), which is small enough to be ignored given that rDK
B ⇡ 0.1.

2.6 B0 ! DK⇤0, D ! K+⇡� ADS, 3 fb�1

The inputs from the ADS analysis of B0 ! DK

⇤0, D0 ! K

±
⇡

⌥ decays using 3 fb�1 of
data [9] are included as they were in the previous combination [3]. However, the GLW

6

part of this analysis (with D

0 ! K

+

K

� and D

0 ! ⇡

+

⇡

�) has been superseded by the
Dalitz plot analysis described in Sec. 2.7. The ADS observables are defined in terms of
the non charge-averaged ratios of supressed and favoured D final states,

R

DK⇤0,f
+

=
�(B0 ! D[! f

sup

]K⇤0)

�(B0 ! D[! f

fav

]K⇤0)
, R

DK⇤0,f
� =

�(B0 ! D[! f

sup

]K⇤0)

�(B0 ! D[! f

fav

]K⇤0)
, (6)

where the subscript “sup” stands for the suppressed decay chain (e.g. B0 ! D

0

K

⇤0,
D

0 ! ⇡

+

K

�) and “fav” represents the favoured decay channel (e.g. B

0 ! D

0

K

⇤0,
D

0 ! K

+

⇡

�). The observables measured are

A

DK⇤0,K⇡
fav

= �0.03 ± 0.04 ± 0.02 ,

R

DK⇤0,K⇡
+

= 0.06 ± 0.03 ± 0.01 ,

R

DK⇤0,K⇡
� = 0.06 ± 0.03 ± 0.01 ,

where the first uncertainty is statistical and the second is systematic. The statistical
correlations are given in Table 15, and the systematic correlations in Table 16.

2.7 B0! DK+⇡�, D ! h+h� GLW-Dalitz, 3 fb�1

Information from the GLW-Dalitz analysis of B0! DK

+

⇡

�, D0 ! h

+

h

� decays performed
using 3 fb�1 [8] is added to the combination for the first time. The variables x

DK⇡
± =

r

DK⇡
B cos(�DK⇡

B ± �) and y

DK⇡
± = r

DK⇡
B sin(�DK⇡

B ± �) are determined, from a simultaneous
Dalitz plot fit to D

0 ! K

�
⇡

+, D ! K

+

K

� and D ! ⇡

+

⇡

� samples, as described in
Refs. [38, 39]. The results are

x

DK⇡
� = �0.02 ± 0.13 ± 0.14 ,

y

DK⇡
� = �0.35 ± 0.26 ± 0.41 ,

x

DK⇡
+

= 0.04 ± 0.16 ± 0.11 ,

y

DK⇡
+

= �0.47 ± 0.28 ± 0.22 ,

where the first uncertainty is statistical and the second is systematic. The correlations are
given in Tables 17 and 18 in the Appendix. Constraints on hadronic parameters are also
obtained in this analysis, as described in Sec. 3.5.

2.8 B0 ! DK⇤0, D ! K0
S
⇡+⇡� GGSZ, 3 fb�1

Inputs from the model-dependent GGSZ analysis of B0 ! DK

⇤0, D ! K

0

S⇡
+

⇡

� decays
using 3 fb�1 of data [10] are included in the combination for the first time. The observables
x

DK⇤0
± = r

DK⇤0
B cos(�DK⇤0

B ± �) and y

DK⇤0
± = r

DK⇤0
B sin(�DK⇤0

B ± �) are measured by fitting
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the D ! K

0

S⇡
+

⇡

� Dalitz plot using a model from BaBar [40]. The results are

x

DK⇤0

� = �0.15 ± 0.14 ± 0.03 ± 0.01 ,

y

DK⇤0

� = 0.25 ± 0.15 ± 0.06 ± 0.01 ,

x

DK⇤0

+

= 0.05 ± 0.24 ± 0.04 ± 0.01 ,

y

DK⇤0

+

= �0.65 ± 0.24 ± 0.08 ± 0.01 ,

where the first uncertainty is statistical, the second is systematic and the third is from the
Dalitz plot fit model. The correlations are given in Tables 19 and 20 in the Appendix.

A model-independent GGSZ analysis [24] is also performed by LHCb on the same data
sample. Currently, the model-dependent analysis has the best sensitivity to the parameters
x± and y±. Therefore the model-dependent results are used in the combination.

2.9 B+ ! DK+⇡+⇡�, D ! h+h� GLW/ADS, 3 fb�1

The inputs from the LHCb GLW/ADS analysis of B

+ ! DK

+

⇡

+

⇡

�, D

0 ! h

+

h

�

decays [11], which uses 3 fb�1 of data, are included in the combination for the first time.
The observables are defined in analogy to Eqs. (1–4) and (6) and are found to be

R

DK⇡⇡
CP = 1.040 ± 0.064 ,

A

DK⇡⇡,K⇡
fav

= 0.013 ± 0.019 ± 0.013 ,

A

DK⇡⇡,KK
CP = � 0.045 ± 0.064 ± 0.011 ,

A

DK⇡⇡,⇡⇡
CP = � 0.054 ± 0.101 ± 0.011 ,

R

DK⇡⇡,K⇡
+

= 0.0107 ± 0.0060 ± 0.0011 ,

R

DK⇡⇡,K⇡
� = 0.0053 ± 0.0045 ± 0.0006 ,

where the first uncertainty is statistical and the second is systematic. For RDK⇡⇡
CP , the

single uncertainty includes both statistical and systematic contributions. The correlations
are given in Tables 21 and 22 in the Appendix.

2.10 B0
s ! D⌥

s K
± time dependent, 1 fb�1

The inputs from the time-dependent analysis of B0

s ! D

⌥
s K

± decays [20–22] using 1 fb�1

of data [12] are identical to those used in Ref. [3]. The observables are CP sensitive
coe�cients of the time evolution of B0

s ! D

⌥
s K

± decays. The time-dependent decay rates
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of the initially produced flavour eigenstates |B0

s (t = 0)i and |B0

s(t = 0)i are given by

d�B0
s!f (t)

dt
=

1

2
|Af |2(1 + |�f |2)e��st


cosh

✓
��st

2

◆
+ A

��

f sinh

✓
��st

2

◆

+ Cf cos (�mst)� Sf sin (�mst)
i
, (7)

d�B0
s!f (t)

dt
=

1

2
|Af |2

����
p

q

����
2

(1 + |�f |2)e��st


cosh

✓
��st

2

◆
+ A

��

f sinh

✓
��st

2

◆

� Cf cos (�mst) + Sf sin (�mst)
i
, (8)

where �f ⌘ (q/p)(Āf/Af ) and Af (Āf ) is the decay amplitude of a B

0

s to a final state f (f̄).
The parameter �ms is the oscillation frequency for B0

s mesons, �s is the average B0

s decay
width, and ��s is the decay-width di↵erence between the heavy and light mass eigenstates
in the B0

s system, now known to be positive [41]. The CP asymmetry observables are A��

f ,
Cf and Sf for final state f . The complex coe�cients p and q relate the B

0

s meson mass
eigenstates, |BL,Hi, to the flavour eigenstates, |B0

s i and |B0

si,
|BLi = p|B0

s i+ q|B0

si , (9)

|BHi = p|B0

s i � q|B0

si , (10)

with |p|2+ |q|2 = 1. Similar equations can be written for the CP -conjugate decays replacing
Sf by S

¯f , and A

��

f by A

��

¯f
, and, assuming no CP violation in either the decay or mixing

amplitudes, C
¯f = �Cf . In our convention f is the D�

s K
+ final state and f̄ is D+

s K
�. The

results for the observables are

Cf = 0.53 ± 0.25 ± 0.05 ,

A

��

f = �0.37 ± 0.42 ± 0.20 ,

A

��

¯f = �0.20 ± 0.41 ± 0.19 ,

Sf = �1.09 ± 0.33 ± 0.08 ,

S

¯f = 0.36 ± 0.33 ± 0.08 ,

where the first uncertainty is statistical and the second is systematic. The statistical
correlations are given in Table 23, and the systematic correlations in Table 24 in the
Appendix.

3 Auxiliary inputs

3.1 Charm system input from HFAG

The GLW/ADS measurements need more input to constrain the charm system in three
areas: the D0 ! K

�
⇡

+ and D

0 ! ⇡

�
K

+ decays (rK⇡
D , �K⇡

D ); charm mixing (xD, yD); and
direct CP violation in D

0 ! h

+

h

� decays (Adir

CP (KK), Adir

CP (⇡⇡)). These are taken from a
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recent HFAG [32] charm fit (CHARM 2015, “Fit 3”, CP violation allowed). These do not
include the latest results on �ACP from LHCb [33] but their impact has been checked
and found to be negligible. The observables are

xD = 0.0037 ± 0.0016 ,

yD = 0.0066 ± 0.0009 ,

�

K⇡
D = 3.35 ± 0.21 ,

R

K⇡
D = 0.00349 ± 0.00004 ,

A

dir

CP (⇡⇡) = 0.0010 ± 0.0015 ,

A

dir

CP (KK) = � 0.0015 ± 0.0014 .

Here the value of �K⇡
D was shifted by ⇡ to comply with our phase convention. The parameter

R

K⇡
D is related to the amplitude ratio r

K⇡
D through

R

K⇡
D = (rK⇡

D )2 . (11)

The correlations of the charm parameters are given in Table 26 in the Appendix.

3.2 The D0 ! K±⇡⌥⇡+⇡� and D0 ! K±⇡⌥⇡0 CLEO-c and
LHCb measurements

The ADS measurements with D

0 ! K

±
⇡

⌥
⇡

0 and D

0 ! K

±
⇡

⌥
⇡

+

⇡

� reach the best
sensitivity when combined with knowledge of the hadronic parameters describing the D

decays. These are the ratio, phase and coherence factors of the two decays: rK2⇡
D , �K2⇡

D ,


K2⇡
D and r

K3⇡
D , �K3⇡

D , K3⇡
D . In the previous combination �

K3⇡
D and 

K3⇡
D were constrained

using a measurement published in [42]. That likelihood was very non-Gaussian and was
consequently taken directly as input into the � combination. This was also done for
�

K2⇡
D and 

K2⇡
D . Recently an analysis of D0 ! K

±
⇡

⌥
⇡

+

⇡

� decays has been performed by
LHCb [43] that is sensitive to r

K3⇡
D , �K3⇡

D and 

K3⇡
D . Furthermore, an updated measurement

has been performed using the CLEO-c data, and the results have been combined together
with those from the LHCb analysis [44] to yield contraints and correlations of the six
relevant parameters; rK3⇡

D , �K3⇡
D , K3⇡

D , rK2⇡
D , �K2⇡

D , K2⇡
D . These are included as Gaussian

constraints in this combination. The e↵ect of using the Gaussian constraints rather than
the full likelihood has been investigated and found to be negligible. The values used are



K3⇡
D = 0.32 ± 0.10 ,

�

K3⇡
D = 2.97 ± 0.66 ,



K2⇡
D = 0.81 ± 0.07 ,

�

K2⇡
D = 3.14 ± 0.30 ,

r

K3⇡
D = 0.0552 ± 0.0007 ,

r

K2⇡
D = 0.0440 ± 0.0012 .

The correlation matrix is given in Table 25 in the Appendix.
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analysis. The resulting values are taken from the LHCb GLW-Dalitz analysis described in
Ref. [8]. They are



DK⇤0

B = 0.958± 0.008± 0.024,

R̄

DK⇤0

B = 1.020± 0.020± 0.060,

�̄DK⇤0

B = 0.020± 0.025± 0.110.

These are taken to be uncorrelated with each other and with the xDK⇤0
± , yDK⇤0

± parameters
for the B

0 ! DK

⇤0 decay that are determined from the same analysis.

3.6 Constraint on �s

The time-dependent measurement of B0

s ! D

⌥
s K

± measures �� 2�s. In order to interpret
this as a measurement of �, the weak phase �2�s is constrained to the measured value of
�s, taken from the LHCb measurements of B0

s ! J/ hh [48] decays:

�s = �0.010± 0.039 rad .

4 Statistical treatment

The strategy is to maximise a likelihood function built from the product of the probability
density functions (PDFs) fi of experimental observables ~Ai,

L(~↵) =
Y

i

fi( ~A
obs

i |~↵) , (13)

where ~

A

obs

i are the measured values of the observables from an input analysis, and ~↵ is
the set of parameters. The subscript i denotes the contributing inputs as summarised
in Secs. 2 and 3. For each of the input measurements it is assumed that the observables
follow a Gaussian distribution

fi( ~A
obs

i |~↵) / exp

✓
�1

2
( ~Ai(~↵)� ~

A

obs

i )T V

�1

i ( ~Ai(~↵)� ~

A

obs

i )

◆
, (14)

where Vi is the experimental covariance matrix, which includes statistical and systematic
uncertainties and their correlations. Correlations between the statistically independent
input measurements are assumed to be zero.

The evaluation of this combination follows a frequentist approach. A �

2-function is
defined as �2(~↵) = �2 lnL(~↵), where L(~↵) is defined in Eq. 13. The best-fit point is
given by the global minimum of the �2-function, �2(~↵

min

). To evaluate the confidence
level (CL) for a given value of a parameter, e.g. � = �

0

in the following, the value of
the �2-function at the new minimum is considered, �2(~↵0

min

(�
0

)). The associated profile
likelihood function for the parameters is L̂(�

0

) = exp(��2(~↵0
min

)/2). Then a test statistic is

12

analysis. The resulting values are taken from the LHCb GLW-Dalitz analysis described in
Ref. [8]. They are



DK⇤0

B = 0.958± 0.008± 0.024,

R̄

DK⇤0

B = 1.020± 0.020± 0.060,

�̄DK⇤0

B = 0.020± 0.025± 0.110.

These are taken to be uncorrelated with each other and with the xDK⇤0
± , yDK⇤0

± parameters
for the B

0 ! DK

⇤0 decay that are determined from the same analysis.

3.6 Constraint on �s

The time-dependent measurement of B0

s ! D

⌥
s K

± measures �� 2�s. In order to interpret
this as a measurement of �, the weak phase �2�s is constrained to the measured value of
�s, taken from the LHCb measurements of B0

s ! J/ hh [48] decays:

�s = �0.010± 0.039 rad .

4 Statistical treatment

The strategy is to maximise a likelihood function built from the product of the probability
density functions (PDFs) fi of experimental observables ~Ai,

L(~↵) =
Y

i

fi( ~A
obs

i |~↵) , (13)

where ~

A

obs

i are the measured values of the observables from an input analysis, and ~↵ is
the set of parameters. The subscript i denotes the contributing inputs as summarised
in Secs. 2 and 3. For each of the input measurements it is assumed that the observables
follow a Gaussian distribution

fi( ~A
obs

i |~↵) / exp

✓
�1

2
( ~Ai(~↵)� ~

A

obs

i )T V

�1

i ( ~Ai(~↵)� ~

A

obs

i )

◆
, (14)

where Vi is the experimental covariance matrix, which includes statistical and systematic
uncertainties and their correlations. Correlations between the statistically independent
input measurements are assumed to be zero.

The evaluation of this combination follows a frequentist approach. A �

2-function is
defined as �2(~↵) = �2 lnL(~↵), where L(~↵) is defined in Eq. 13. The best-fit point is
given by the global minimum of the �2-function, �2(~↵

min

). To evaluate the confidence
level (CL) for a given value of a parameter, e.g. � = �

0

in the following, the value of
the �2-function at the new minimum is considered, �2(~↵0

min

(�
0

)). The associated profile
likelihood function for the parameters is L̂(�

0

) = exp(��2(~↵0
min

)/2). Then a test statistic is

12

8 Conclusion

Observables measured by LHCb that have sensitivity at tree-level to the CKM angle �,
along with supplementary information from other experiments, are combined to determine
an improved contraint on �. The e↵ect of D0–D0 mixing on the decay rate is taken into
account where relevant, with consideration of the experimental decay-time acceptances of
the individual measurements. The combination results in a best fit value of � = 70.9� and
the confidence intervals

� 2 [62.4, 78.0]� @68% CL ,

� 2 [51.0, 85.0]� @95% CL .

Taking the best fit value and the 68% CL interval, � is found to be

� = (70.9 +7.1
�8.5)

�
.

This result was cross-checked using a Bayesian interpretation, which shows good agreement.
The results for � are in agreement with the world averages [50,51] and the previous

LHCb average, � = (73+9

�10

)� [3]. This combination leads to a significantly smaller error
than the previous combination and replaces it as the most precise determination of � from
a single experiment to date.
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• 𝑩 → 𝒇 described by effective Hamiltonian

38/ 135

Effective field theory
Transition B ! f described by an effective Hamiltonian hf |Heff|Bi, with

Heff = �4GFp
2

VtbV ⇤
tq

X

i

( CiOi|{z}
Left�handed

+ C0
i O0

i| {z }
Right�handed

)

Computed by splitting into:
Ci (Wilson coefficients): short distance (perturbative) effective couplings, can be
computed in terms of fundamental couplings of the SM and beyond
hf |Oi |Bi: long distance (non perturbative), computed using QCD at low energy or
extracted by phenomenological analysis. Oi are local operators:
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𝑪𝒊, 𝑪𝒊+ －Wilson coefficients: could be calculated peturbatively
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Heff = �4GFp
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VtbV ⇤
tq

X

i

( CiOi|{z}
Left�handed

+ C0
i O0

i| {z }
Right�handed

)

Computed by splitting into:
Ci (Wilson coefficients): short distance (perturbative) effective couplings, can be
computed in terms of fundamental couplings of the SM and beyond
hf |Oi |Bi: long distance (non perturbative), computed using QCD at low energy or
extracted by phenomenological analysis. Oi are local operators:

Olivier Leroy (CPPM) Overview of Flavor Physics 12 February 2016 38 / 56

𝑶𝒊, 𝑶𝒊+ －local operators: 𝒇 𝑶𝒊 𝑩 non perturbative, can only be
extracted by model & phenomenological analysis
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• Very	rare	in	the	Standard	Model

may be modified by NP

• Intensively searched
for over 30 years

39/ 135

B ! µ+µ�

B0
s,d ! µ+µ� are loop processes very suppressed in the SM.

Involved Wilson coefficients C(0)
S,P and C(0)

10
Precise theoretical prediction [C. Bobeth et al, PRL 112 (2014) 101801]:
BSM(B0

s ! µ+µ�) = (3.66 ± 0.23)�9

BSM(B0! µ+µ�) = (1.06 ± 0.09)�10

Sensitive to new physics
e.g. BMSSM(B0

s ! µ+µ�) / tan6 �, where tan� = v2/v1 is the ratio of
neutral Higgs field vacuum expectation values
Intensive searches over the past 30 years...

Olivier Leroy (CPPM) Overview of Flavor Physics 12 February 2016 39 / 56

C. Bobeth et al., PRL 112(2014) 101801

charged current is the decay of the ⇡+ meson, which consists of an up (u) quark of
electrical charge +2/3 of the charge of the proton and a down (d) antiquark of charge
+1/3. A pictorial representation of this process, known as a Feynman diagram, is shown
in Fig. 1a. The u and d quarks are ‘first generation’ or lowest mass quarks. Whenever a
decay mode is specified in this Letter, the charge conjugate mode is implied.

The B+ meson is similar to the ⇡+, except that the light d antiquark is replaced by the
heavy ‘third generation’ (highest mass quarks) beauty (b) antiquark, which has a charge
of +1/3 and a mass of ⇠5GeV/c2 (about five times the mass of a proton). The decay
B+ ! µ+⌫, represented in Fig. 1b, is allowed but highly suppressed because of angular
momentum considerations (helicity suppression) and because it involves transitions be-
tween quarks of di↵erent generations (CKM suppression), specifically the third and first
generations of quarks. All b hadrons, including the B+, B0

s

and B0 mesons, decay predom-
inantly via the transition of the b antiquark to a ‘second generation’ (intermediate mass
quarks) charm (c) antiquark, which is less CKM suppressed, in final states with charmed
hadrons. Many allowed decay modes, which typically involve charmed hadrons and other
particles, have angular momentum configurations that are not helicity suppressed.

The neutral B0

s

meson is similar to the B+ except that the u quark is replaced by
a second generation strange (s) quark of charge �1/3. The decay of the B0

s

meson to
two muons, shown in Fig. 1c, is forbidden at the elementary level because the Z0 cannot
couple directly to quarks of di↵erent flavours, that is, there are no direct ‘flavour changing
neutral currents’. However, it is possible to respect this rule and still have this decay occur
through the ‘higher order’ transitions such as those shown in Fig. 1d and e. These are
highly suppressed because each additional interaction vertex reduces their probability of
occurring significantly. They are also helicity and CKM suppressed. Consequently, the
branching fraction for the B0

s

! µ+µ� decay is expected to be very small compared to
the dominant b antiquark to c antiquark transitions. The corresponding decay of the B0
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Figure 1 | Feynman diagrams related to the B0
s ! µ+µ� decay: a, ⇡+ meson decay

through charged-current process; b, B+ meson decay through the charged-current process; c, a
B0

s

decay through the direct flavour changing neutral current process, which is forbidden in the
SM, as indicated by the large red “X; d and e, higher-order flavour changing neutral current
processes for the B0

s

! µ+µ� decay allowed in the SM; and f and g, examples of processes for
the same decay in theories extending the SM, where new particles, denoted as X0 and X+, can
alter the decay rate.
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𝑩𝒔,𝒅 → 𝝁𝝁
• Combination	of	CMS	&	LHCb

à first	observation	of	𝑩𝒔 → 𝝁𝝁
à first	evidence	of	𝑩𝒅 → 𝝁𝝁

2016/8/5 Weihai High Energy Physics School 2016 45

CMS and LHCb, Nature 522 (2015) 68



Possible anomalies
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• Test	lepton	universality	
LHCb, PRL 115(2015) 112001

𝑅 𝐷∗ = ℬ 𝐵 → 𝐷∗𝜏𝜈 /ℬ 𝐵 → 𝐷∗𝜇𝜈

𝑅 𝐷 = ℬ 𝐵 → 𝐷𝜏𝜈 /ℬ 𝐵 → 𝐷𝑙𝜈

𝟑. 𝟗𝝈
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• Test	lepton	universality	
LHCb, PRL 113(2014) 151601

𝑅} = ℬ 𝐵U → 𝐾U𝜇𝜇 /ℬ 𝐵U → 𝐾U𝑒𝑒

2. 𝟔𝝈
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• Higher statistics for Not-So-Rare mode 𝐵" → 𝐾∗𝜇𝜇
à full angular CP-averaged angular distribution

LHCb, JHEP 02(2016) 104

15	Conference	on	New	Physics	at	the	
Large	Hadron	Collider	

George	Lafferty																							
Manchester	and	CERN	

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

•  Another	flavour-changing	neutral	currrent	
process,	sensi>ve	to	new	physics	in	loops	

•  Decay	angular	distribu>on		
•  described	by	angles	µl, µK , Á	

J/ ! µ+µ�

P 0
5 = S5p

FL(1�FL)

2

•  Depends	on	QCD	effects	in	B	→	K*	transi>on	
•  Wilson	coefficients	(short	distance)	
•  Form	factors	(long	distance)	

•  Studied	in	terms	of	op>mal	observables	Pi’	
•  Op>mal	observables	P4’, P5’, P6’, P8’ are	free	of	form	factor	uncertain>es		
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• Higher statistics for Not-So-Rare mode 𝐵" → 𝐾∗𝜇𝜇
à full angular CP-averaged angular distribution
à optimized observables: leading 𝐵" → 𝐾∗" form-factor uncertainties cancel
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These relationships reduce the number of independent CP -averaged observables from eleven

to eight. The relations between the observables also hold to a good approximation for q2 <

1GeV2/c4 and are therefore adopted for the full q2 range. The S1c observable corresponds to

the fraction of longitudinal polarisation of the K∗0 meson and is therefore more commonly

referred to as FL, with

FL = S1c =
|AL

0 |2 + |AR
0 |2

|AL
0 |2 + |AR

0 |2 + |AL
∥ |2 + |AR

∥ |2 + |AL
⊥|2 + |AR

⊥|2
. (2.3)

It is also conventional to replace S6s by the forward-backward asymmetry of the dimuon sys-

tem AFB, with AFB = 3
4S6s. The CP -averaged angular distribution of the B0→ K∗0µ+µ−

decay can then be written as

1

d(Γ + Γ̄)/dq2
d4(Γ + Γ̄)

dq2 dΩ⃗
=

9

32π

[
3

4
(1− FL) sin

2 θK + FL cos
2 θK

+
1

4
(1− FL) sin

2 θK cos 2θl

− FL cos
2 θK cos 2θl + S3 sin

2 θK sin2 θl cos 2φ

+ S4 sin 2θK sin 2θl cosφ+ S5 sin 2θK sin θl cosφ

+
4

3
AFB sin2 θK cos θl + S7 sin 2θK sin θl sinφ

+ S8 sin 2θK sin 2θl sinφ+ S9 sin
2 θK sin2 θl sin 2φ

]
.

(2.4)

Additional sets of observables, for which the leading B0 → K∗0 form-factor uncer-

tainties cancel, can be built from FL and S3–S9. Examples of such optimised observables

include the transverse asymmetry A(2)
T [23], where A(2)

T = 2S3/(1−FL), and the P (′)
i series

of observables [24]. In this paper the notation used is

P1 =
2S3

(1− FL)
= A(2)

T ,

P2 =
2

3

AFB

(1− FL)
,

P3 =
−S9

(1− FL)
,

P ′
4,5,8 =

S4,5,8√
FL(1− FL)

,

P ′
6 =

S7√
FL(1− FL)

.

(2.5)

The definition of the P ′
i observables differs from that of ref. [24], but is consistent with the

notation used in the LHCb analysis of ref. [8].

In addition to the resonant P-wave K∗0 contribution to the K+π−µ+µ− final state,

the K+π− system can also be in an S-wave configuration. The addition of an S-wave

component introduces two new complex amplitudes, AL,R
S , and results in the six additional
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• Higher statistics for Not-So-Rare mode 𝐵" → 𝐾∗𝜇𝜇
à full angular CP-averaged angular distribution
à optimized observables: leading 𝐵" → 𝐾∗" form-factor uncertainties cancel

LHCb, JHEP 02(2016) 104

JHEP02(2016)104

These relationships reduce the number of independent CP -averaged observables from eleven

to eight. The relations between the observables also hold to a good approximation for q2 <

1GeV2/c4 and are therefore adopted for the full q2 range. The S1c observable corresponds to

the fraction of longitudinal polarisation of the K∗0 meson and is therefore more commonly

referred to as FL, with

FL = S1c =
|AL
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|AL
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0 |2 + |AL
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P2 =
2

3

AFB

(1− FL)
,

P3 =
−S9

(1− FL)
,

P ′
4,5,8 =

S4,5,8√
FL(1− FL)

,

P ′
6 =

S7√
FL(1− FL)

.

(2.5)

The definition of the P ′
i observables differs from that of ref. [24], but is consistent with the

notation used in the LHCb analysis of ref. [8].

In addition to the resonant P-wave K∗0 contribution to the K+π−µ+µ− final state,

the K+π− system can also be in an S-wave configuration. The addition of an S-wave

component introduces two new complex amplitudes, AL,R
S , and results in the six additional

– 3 –

J
H
E
P
0
2
(
2
0
1
6
)
1
0
4

]4c/2 [GeV2q
0 5 10 15

1P

-2

-1

0

1

2
LHCb

SM from DHMV

]4c/2 [GeV2q
0 5 10 15

2P

-2

-1

0

1

2
LHCb

SM from DHMV

]4c/2 [GeV2q
0 5 10 15

3P

-2

-1

0

1

2
LHCb

SM from DHMV

]4c/2 [GeV2q
0 5 10 15

4'
P

-2

-1

0

1

2
LHCb

SM from DHMV

]4c/2 [GeV2q
0 5 10 15

5'
P

-2

-1

0

1

2
LHCb

SM from DHMV

]4c/2 [GeV2q
0 5 10 15

6'
P

-2

-1

0

1

2
LHCb

SM from DHMV

]4c/2 [GeV2q
0 5 10 15

8'
P

-2

-1

0

1

2
LHCb

SM from DHMV

Figure 8. The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from ref. [14].
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• Higher statistics for Not-So-Rare mode 𝐵" → 𝐾∗𝜇𝜇
à full angular CP-averaged angular distribution
à optimized observables: leading 𝐵" → 𝐾∗" form-factor uncertainties cancel
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17	
Conference	on	New	Physics	at	the	

Large	Hadron	Collider	

George	Lafferty																							

Manchester	and	CERN	

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

•  Distribu>ons	of	the	observables	are	

largely	compa>ble	with	the	SM	

predic>ons,	apart	from	P5’	

•  Local	devia>ons	of	2.8¾	and	3.0¾ 

•  Can	be	accommodated	by	modifying	the	

real	part	of	the	vector	coupling	strength	

of	the	decays,	<(C9)	
	

•  Requires	a	shiw	from	SM	value	

corresponding	to	3.4¾ 
•  A	lot	of	theory	work	ongoing	to	

bever	understand	this	effect	

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

par>cle)	or	an	unexpectedly	large	

hadronic	effect?	

“DHMV”	SM	predic>ons	from		

S.	Descotes-Genon	et	al.,	JHEP	12,	125	(2014)	
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𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝑲I at LHCb
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Observation of J/ψp Resonances Consistent 
With Pentaquark States  
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Predicted at the birth date of the quark model 
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The elusive pentaquark

2016/8/5 Weihai High Engergy Physics School 2016 55

Recent reviews:
• K. H. Hicks, Eur. Phys. J. H37, 1 (2012);
• T. Liu, Y. Mao, B.-Q. Ma, Int. J. Mod. Phys. A29, 1430030 

(2014).

C. G. Wohl in PDG2008:

The only advance in particle physics thought worthy 
of mention in the American Institute of Physics “Physics 
News in 2003” was a false alarm. The whole story - the 
discoveries themselves, the tidal wave of papers by 
theorists and phenomenologists that followed, and the 
eventual “undiscovery” - is a curious episode in the 
history of science.



A practical course on statistical fluctuations

2016/8/5
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JLAB-CLAS
- points:         2003
- histogram:  2006

(30x stat.)



Surprise in 𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝑲I

2016/8/5 57

• Revisited	with	improved	selection	in	3	fb-1.	

LHCb, PRL 115(2015) 072001

～26000 signals in 3 fb-1

Λb
0 → J /ψ pK−

Weihai High Energy Physics School 2016



𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝑲I at LHCb

2016/8/5 Weihai High Energy Physics School 2016 58

• First	observation	of	the	decay	with	1	fb-1,	unexpected	large	yield

• Used	to	measure	𝜦𝒃𝟎 lifetime

• Absolute	branching	ratio	measured

something	strange	seen	in	𝒎𝑱/𝝍𝒑

LHCb, PRL 111(2013) 102003

LHCb, PL B734 (2014) 122

LHCb, Chin. Phys. C 40 (2016) 011001



Surprise in 𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝑲I

• A	clear	feature	shown	in	Dalitz plot		

2016/8/5 59

LHCb, PRL 115(2015) 072001

𝚲 𝟏𝟓𝟐𝟎 → 𝒑𝑲I

efficiency 

Weihai High Energy Physics School 2016
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Amplitude analysis of 𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝑲I

2016/8/5 61

• 6D	amplitude:		𝒎𝒑𝑲\ &	5	decay	angles

• 2	models	for	𝜦∗ → 𝒑𝑲I contributions	based	on	PDG	

- Extended	model	allows	all	LS	couplings	of	each	resonance,	

and	include		poorly	motivated	states	→ 146	parameters

- Reduced	model uses	only	well	motivated	states	→ 64 parameters

- Other	possibilities	checked,	including	isospin violating	decays	of

𝜮∗𝟎 ’s,		adding	two	new		𝜦∗ states	with	free	mass	&	width,	

non-resonance	contributions,	…,	would	not	change	the	conclusion

LHCb, PRL 115(2015) 072001

Weihai High Energy Physics School 2016



Discovery of pentaquark states

• Need	two	new	states	in	𝑱/𝝍𝒑	to	fit	the	data	(no	𝑱/𝝍𝑲I states!	)
LHCb, PRL 115(2015) 072001

𝑷𝒄(𝟒𝟒𝟓𝟎)

𝑷𝒄(𝟒𝟑𝟖𝟎)
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Discovery of pentaquark states

2016/8/5 63

• Need	two	new	states	in	𝑱/𝝍𝒑 to	fit	the	data	(no	𝑱/𝝍𝑲I states!	)
LHCb, PRL 115(2015) 072001

Weihai High Energy Physics School 2016

Results
[LHCb, Phys. Rev. Lett. 115 (2015) 072001, arXiv:1507.03414]

State JP Mass [MeV/c2] Width [MeV] Fit Fraction [%]

Pc(4380)+
3
2
�

4380 ± 8 ± 29 205 ± 18 ± 86 8.4 ± 0.7 ± 4.2

Pc(4450)+
5
2
+

4449.8 ± 1.7 ± 2.5 39 ± 5 ± 19 4.1 ± 0.5 ± 1.1
⇤(1405) 15 ± 1 ± 6
⇤(1520) 19 ± 1 ± 4

These fit fractions are converted into branching fractions
[LHCb, to appear in Chin.Phys.C., arXiv:1509.00292]

B(⇤0
b ! P+

c (4380)K�)B(P+
c ! J/ p) =

�
2.56 ± 0.22 ± 1.28 + 0.46

� 0.36

� ⇥ 10�5

B(⇤0
b ! P+

c (4450)K�)B(P+
c ! J/ p) =

�
1.25 ± 0.15 ± 0.33 + 0.22

� 0.18

� ⇥ 10�5

�(�2 lnL) Significance
0 ! 1P+

c 14.72 12�
1 ! 2P+

c 11.62 9�
0 ! 2P+

c 18.72 15�

The significances are determined using the extended model.
Patrick Koppenburg Exotic Spectroscopy at LHCb 03/12/2015 — PSI Colloquium [81 / 94]

LHCb, Chin. Phys. C 40 (2016) 011001
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Heavy ion program at LHCb

• LHCb	collects	data	from	colliding	beams	&	fixed	targets

2016/8/5 65

SMOG: System for Measuring the Overlap with Gas

• Injection of noble gas 
into interaction region

• Simple and robust 
system

Weihai High Energy Physics School 2016

• Used for a precise luminosity determination:
1.1% accuracy at RUNI LHCb, JINST 9 (2014) P12005



Heavy ion program at LHCb

• LHCb	fully	instrumented	in	the	forward	region	(𝟐 < 𝜼 < 𝟓)
- heavy	ion	collisions	in	a	unique	kinematic	area:

low	𝒑𝑻,	large	𝒚,	very	small	or	large	𝒙

2016/8/5 66

pPb data taking
• pPb data collected at nucleon-nucleon (NN) center-of-mass energy [\\ = 5/TeV
• Asymmetric beams: NN center-of-mass system shifted by ΔZ = 0.46 in p direction

p Pb

Pb p

p+Pb collisions (forward)
Rapidity coverage: 1.5 < Z∗ < 4
data collected: bcde~1.1/nb?h

Pb+p collisions (backward)
Rapidity coverage: −5 < Z∗ < −2.5
data collected: bcde~0.5/nb?h

Z∗: rapidity defined in NN center-of-mas frame

Two beam configurations:

Moriond'QCD,'2016 725/03/2016

Weihai High Energy Physics School 2016



LHCb heavy ion data taking
• LHCb able to collect pp, pPb, PbPb, and also p or Pb fixed target collisions

! At different center-of-mass energy and rapidity coverage

Moriond'QCD,'2016 6

p-Pb
p-p
Pb-Pb
p-GAS
Pb-GAS

Ebeam pp p-GAS p-Pb Pb-GAS Pb-Pb

450 GeV 0.9 TeV

1.38 TeV 2.76 TeV

2.5 TeV 5 TeV 69 GeV

3.5 TeV 7 TeV

4.0 TeV 8 TeV 87 GeV 5 TeV 54 GeV

6.5 TeV 13 TeV 110 GeV 8.2 TeV 69 GeV 5.1 TeV

7.0 TeV 14 TeV 115 GeV 8.8 TeV 72 GeV 5.5 TeV

Already collected

GAS targets: He, Ne, Ar, Kr, Xe

Different sizes of colliding system
25/03/2016

LHCb rapidity coverage in rest frame

Heavy ion program at LHCb
• Data	taking,	more	in	2016

2016/8/5 Weihai High Energy Physics School 2016 67



Heavy ion program at LHCb
• Heavy	flavor	productions	in		𝒑𝐏𝐛	&	𝐏𝐛𝒑 :		𝑱/𝝍,𝝍 𝟐𝑺 , 𝜰 𝒏𝒔 ,𝑫

2016/8/5 68

𝑫𝟎 𝑫𝟎

LHCb, JHEP 02 (2014) 072,
JHEP 07 (2014) 094,
JHEP 03 (2016) 133,
LHCb-CONF-2016-003

𝑫𝟎 𝑫𝟎

forward backward

𝚼(𝐧𝐒) 𝚼(𝐧𝐒)

forward backward



Heavy ion program at LHCb

• Fixed	target	runs

• Expect	more	results	in	2016

2016/8/5 69

Prospects of LHCb heavy ion studies
• Fixed target beam configuration implements the SMOG

System for Measuring the Overlap with Gas
! Injection of noble gas into interaction region

! Allows to study p or Pb-Gas collisions at different [íí

• LHCb also collected PbPb collisions in 2015, more data are expected in next years

Moriond'QCD,'2016 18

2015 pNe fixed target run at [íí = 110/GeV 2013 PbNe fixed target run at [íí = 54/GeV

293± 17 8 ± 3

25/03/2016

𝑱/𝝍 𝑱/𝝍

Weihai High Energy Physics School 2016



LHCb Trigger in RUN II 

TURBO	stream	introduced	in	2015

• 5	kHz	of	12	kHz	go	to	TURBO
• Only	trigger	information	saved

→ smaller	event,	faster	analysis

→	Used	for	high	yield	exclusive		
trigger	lines:	𝑱/𝝍,𝑫𝟎,𝑫U,…	

2016/8/5 70

First QUICK results at 13 TeV:
- 𝑱/𝝍 production       JHEP 10 (2015) 172
- charm production   JHEP 03 (2016) 159
- Z production            LHCb-CONF-2016-002

Weihai High Energy Physics School 2016



𝑱/𝝍 cross section at 𝒔� = 𝟏𝟑 TeV

71

• A	quick	measurement	of	𝑱/𝝍 cross-section	at	 𝒔� = 𝟏𝟑 TeV	
based	on		𝟑. 𝟎𝟐 ± 𝟎. 𝟏𝟐	𝐩𝐛I𝟏 of	data

J/ cross section at
p
s = 13TeV

[LHCb, JHEP 10 (2015) 172, arXiv:1509.00771]

 [TeV]s
5 10
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ψJ/LHCb Prompt 

 [TeV]s
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0

1
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4

-b-fromψJ/LHCb 
FONLL

σ 1±FONLL, 

-b-fromψJ/LHCb 
FONLL

σ 1±FONLL, 

Double-di↵erential cross-sections are de-
termined in J/ pT < 14 GeV/c and
2 < y < 4.5

Total cross-sections :

�J/ (LHCb) = 15.30 ± 0.03 ± 0.86µb

�J/ /b(LHCb) = 2.34 ± 0.01 ± 0.13µb

where the systematic uncertainty is dom-
inated by the luminosity

Naively applying a factor 5.2 from Pythia:

�bb(4⇡) = 515 ± 2 ± 53µb

where there is no uncertainty for the ex-
trapolation
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𝑃� < 14	GeV/𝑐, 2 < 𝑦 < 4.5	

J/ cross section at
p
s = 13TeV

[LHCb, JHEP 10 (2015) 172, arXiv:1509.00771]
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The trigger found 106 J/ ! µ+µ�

in 3.02 ± 0.12 pb�1 with J/ 
pT < 14 GeV/c and 2 < y < 4.5

Analysis based on trigger
candidates — No o✏ine processing

Mass resolution of ⇠ 12 MeV/c2,
compatible with Run I data

Data is binned in pT and y and the
pseudo decay time

tz =
(zJ/ � zPV)MJ/ 

pz
is used to determine the fraction of
J/ -from-b
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LHCb, JHEP 10 (2015) 172
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quasi proper lifetime variable
to separate 𝑱/𝝍 from prompt/from b



Summary

LHCb	has	made	great	progress	with	LHC	RUNI	&	RUNII	data

• most precise	single-experiment	measurement	of	𝜸,	and	many	other	measurements	
consistent	with	SM

• tensions	between	experiment/theory	seen	in	FCNC	and other processes,	but	not	
conclusive

• discovery	of	two	pentaquark states	𝑷𝒄 𝟒𝟒𝟓𝟎 and  𝑷𝒄 𝟒𝟑𝟖𝟎 . Model 
independent analysis shown consistent result. 

• promising results from the heavy ion program
• first results from RUNII data

Data sample will be tripled in RUN II, stay tuned!
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