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Outline

● Flavour physics – what and why?
– CP violation and the CKM matrix

● The LHC and the LHCb detector
– Data taking performance in 2011 and 2012

● Selected highlights of results so far
– Rare decays

– CP violation 

● The LHCb upgrade
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Flavour physics – 
What and why?

Tim Gershon
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What is flavour physics?

Tim Gershon
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Mysteries of flavour physics

● Why are there so many different fermions?

● What is responsible for their organisation into 
generations / families?

● Why are there 3 generations / families each of quarks 
and leptons?

● Why are there flavour symmetries?

● What breaks the flavour symmetries?

● What causes matter–antimatter asymmetry?

Tim Gershon
 Flavour Physics at LHCb
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Dirac's prescience

Concluding words of 1933 Nobel lecture

  “If we accept the view of complete symmetry between positive 
and negative electric charge so far as concerns the fundamental 
laws of Nature, we must regard it rather as an accident that the 
Earth (and presumably the whole solar system), contains a 
preponderance of negative electrons and positive protons. It is 
quite possible that for some of the stars it is the other way 
about, these stars being built up mainly of positrons and 
negative protons. In fact, there may be half the stars of each 
kind. The two kinds of stars would both show exactly the same 
spectra, and there would be no way of distinguishing them by 

present astronomical methods.”
Tim Gershon

 Flavour Physics at LHCb
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Matter-antimatter asymmetry

● Consider violation of the 
“complete symmetry between positive and negative electric charge”

● In particle physics, the charge conjugation (C) operator 
inverts all internal quantum numbers

● It is usually discussed together with other discrete 
symmetries

– parity (P) : inversion of all spatial coordinates
– time-reversal (T) : as the name suggests ...

(will not discuss T today)

● Require CP violation to distinguish absolutely between 
matter and antimatter

Tim Gershon
 Flavour Physics at LHCb
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Discovery of CP violation
● 1964: J.W.Cronin,V.L.Fitch et al. discover K

L
0→π+π–

–  K
L

0 was previously thought to be CP-odd state (K
2

0)

Tim Gershon
 Flavour Physics at LHCb



 9

The need for more quarks

● In 1973, Kobayashi & Maskawa showed that CP 
violation could not be accommodated in a theory with 
only four quark fields
– At that time only up, down & strange were known

– Quarks largely considered as a mathematical model,
not as real physical entities

– Existence of charm hypothesised (GIM mechanism)
... but discovery not until the next year

● Among possible extensions, KM considered
– Introduction of a third family (bottom and top) of quarks

– Quark mixing following the scheme introduced by Cabibbo 
Tim Gershon

 Flavour Physics at LHCb
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The Cabibbo-Kobayashi-Maskawa 
Quark Mixing Matrix

V CKM=
V ud V us V ub

V cd V cs V cb

V td V ts V tb


Dirac medal 2010 Nobel prize 2008

Tim Gershon
 Flavour Physics at LHCb
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CKM phenomenology

● CKM theory is highly predictive
– huge range of phenomena over a massive energy scale 

predicted by only 4 independent parameters

● CKM matrix is hierarchical 
– theorised connections to quark mass hierarchies, or (dis-)similar 

patterns in the lepton sector
● origin of CKM matrix from diagonalisation of Yukuwa (mass) matrices 

after electroweak symmetry breaking

– distinctive flavour sector of Standard Model not necessarily 
replicated in extended theories → strong constraints on models

● CKM mechanism introduces CP violation

– only source of CP violation in the Standard Model (m
ν
 = θ

QCD
 = 0)

Tim Gershon
 Flavour Physics at LHCb
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Range of CKM phenomena
nuclear transitions

kaons

pion decays

charm

bottom

top

neutrino interactions

PIBETA

hyperon decays
tau decays

NA48, KTeV, KLOE, ISTRA 

KEDR, FOCUS, CLEO, BES

BABAR, BELLE, LHCb

CDF, D0, ATLAS, CMS

hadronic matrix elements

chiral perturbation theory

heavy quark effective theories

perturbative QCD

lattice QCD

dispersion relations

flavour symmetries

CHORUS

operator product expansion

W decays

ALEPH, DELPHI, L3, OPAL

Tim Gershon
 Flavour Physics at LHCb
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Hierarchy of CKM matrix elements
Wolfenstein parametrisation of the four free parameters

V CKM = 
V ud V us V ub

V cd V cs V cb

V td V ts V tb
 = 

1−
1
2


2
 A

3
−i 

− 1−
1
2


2 A 
2

A
3
1−−i   −A

2 1
O 

4


Expansion parameter
λ = sin(θ

c
) ~ 0.22 Source of CP violation

Tim Gershon
 Flavour Physics at LHCb
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What breaks the flavour symmetries?

● In the Standard Model, the vacuum expectation value of 
the Higgs field breaks the electroweak symmetry 

● Fermion masses arise from the Yukawa couplings of the 
quarks and charged leptons to the Higgs field (taking m

ν
=0)

● The CKM matrix arises from the relative misalignment of 
the Yukawa matrices for the up- and down-type quarks 

● Consequently, the only flavour-changing interactions are 
the charged current weak interactions
– no flavour-changing neutral currents (GIM mechanism)

– not generically true in most extensions of the SM 

– flavour-changing processes provide sensitive tests
Tim Gershon
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The Sakharov conditions

● Proposed by A.Sakharov, 1967
● Necessary for evolution of matter dominated universe, from 

symmetric initial state
– (i) baryon number violation; (ii) C & CP violation; (iii) thermal inequilibrium

● Widely accepted that SM CPV insufficient to explain observed 
baryon asymmetry of the Universe

● To create a larger asymmetry, require
– new sources of CP violation that occur at high energy scales

● Where might we find it?
– lepton sector: CP violation in neutrino oscillations
– quark sector: discrepancies with KM predictions
– gauge sector, extra dimensions, other new physics: precision 

measurements of flavour observables are generically sensitive to
 additions to the Standard ModelTim Gershon

 Flavour Physics at LHCb
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Flavour physics at LHCb

● LHCb is an experiment designed to study (mainly)
– flavour-changing interactions of charm and beauty quarks 

● But quarks feel the strong interaction and hence hadronise
– various different charmed and beauty hadrons

– many, many possible decays to different final states  

● Hadronic uncertainties can obscure interpretation
● On the other hand, hadronisation greatly increases the 

observability of CP violation effects
– the strong interaction can be seen either as the “unsung 

hero” or the “villain” in the story of quark flavour physics
I. Bigi, hep-ph/0509153

Tim Gershon
 Flavour Physics at LHCb
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The LHC and the LHCb detector
Data taking performance in 2011 and 2012

Tim Gershon
 Flavour Physics at LHCb
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Flavour physics at hadron colliders

Tim Gershon
 Flavour Physics at LHCb

from Val Gibson HCPSS 2009
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Heavy flavour production @ LHCb

"Measurement of σ(pp→bbX) at √s = 7 TeV in the forward region"
    Physics Letters B 694 (2010) 209

“Prompt charm production in pp
collisions at √s = 7 TeV”
LHCb-CONF-2010-013

“Measurement of J/ψ production in 
pp collisions at √s = 7 TeV”

Eur. Phys. J. C 71 (2011) 1645

–

Tim Gershon
 Flavour Physics at LHCb
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Geometry

● In high energy collisions, bb pairs produced 
predominantly in forward or backward directions

● LHCb is a forward spectrometer

– a new concept for HEP experiments 

The LHCb Detector
JINST 3 (2008) S08005

–

Tim Gershon
 Flavour Physics at LHCb

Precision primary and secondary 
vertex measurements

Excellent K/π separation 
capability
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LHCb detector features

● Tracking and calorimetry
– basic essentials of any collider experiment!
– muon chambers

● VELO
– reconstruct displaced vertices

● RICH
– particle ID (K/π separation)

● Trigger
– fast and efficient

Tim Gershon
 Flavour Physics at LHCb
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VELO

Tim Gershon
 Flavour Physics at LHCb

Material imaged used beam gas collisions
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RICH

Tim Gershon
 Flavour Physics at LHCb
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e+e– vs. pp collisions

Tim Gershon
 Flavour Physics at LHCb

Main relative strengths:
● e+e– facilities allow to “reconstruct everything in the event”

● excellent for modes with missing particles (e.g. ν) and inclusive measurements
● hadron colliders provide enormous cross-section and distinctive displaced vertex

● high yields and low backgrounds in modes with high trigger efficiencies  
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The LHC

Tim Gershon
 Flavour Physics at LHCb
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LHC performance 2011

LHCb design luminosity: 2 1032/cm2/sTim Gershon
 Flavour Physics at LHCb
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Note “luminosity levelling”

Tim Gershon
 Flavour Physics at LHCb



 28Data taking efficiency close to 91 % 

1.1/fb on tape
Average #interactions/visible event (μ) ~ 1.5

c.f. design value ~ 0.4; 2010 data taking up to 2.5

OctoberMarch

2011 data taking

Tim Gershon
 Flavour Physics at LHCb
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What does ∫Ldt = 1/fb mean?

● Measured cross-section, in LHCb acceptance
σ(pp→bbX) = (75.3 ± 5.4 ± 13.0) μb

PLB 694 (2010) 209
● So, number of bb pairs produced

1015 x 75.3 10–6 ~ 1011

● Compare to combined data sample of e+e– “B factories” 
BaBar and Belle of ~ 109 BB pairs

for any channel where the (trigger, reconstruction, stripping, offline) 
efficiency is not too small, LHCb has world's largest data sample

● p.s.: for charm, σ(pp→ccX) = (6.10 ± 0.93) mb
LHCb-CONF-2010-013

–

–

–

–

Tim Gershon
 Flavour Physics at LHCb



 30

2012 data taking (so far)

Tim Gershon
 Flavour Physics at LHCb

March May

Target of 1.5/fb recorded in 2012

Compared to 2011
● Higher √s → higher cross-sections
● Similar value of μ (1.6)
● Higher HLT o/p (4.5 kHz) → improved ε
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The all important trigger

L0 – high p
T
 signals in 

calorimeters & muon chambers

HLT1 – find high p
T
 tracks; 

associate L0 signals with tracks 
& displaced vertices

HLT2 – inclusive signatures + 
exclusive selections using full 
detector information

Write to tape

Challenge is 
● to efficiently select most 

interesting B decays
● while maintaining 

manageable data rates

Main backgrounds
● “minimum bias” inelastic 

pp scattering
● other charm and beauty 

decays

Handles
● high p

T
 signals (muons)

● displaced vertices

LHCb trigger scheme

Tim Gershon
 Flavour Physics at LHCb

3 kHz 
(2011)

↓
4.5 kHz
(2012)
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Selected highlights of results so far
Rare Decays

Tim Gershon
 Flavour Physics at LHCb
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B
s
→μ+μ–

Killer app. for new physics discovery

BR B s



−

SM

= 3.3±0.3×10−8 BR B s



−

MSSM

∝ tan6
/M A0

4

Tim Gershon
 Flavour Physics at LHCb

Very rare in Standard Model due to
● absence of tree-level FCNC
● helicity suppression
● CKM suppression

… all features which are not necessarily 
reproduced in extended models
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LHCb (1/fb) arXiv:1203.4493

Standard Model expectation, e.g. (3.2 ± 0.2) x 10–9 
Buras,  arXiv:1012.1447

Latest results on B
s
→μ+μ–

Tim Gershon
 Flavour Physics at LHCb

N.B. Should be corrected up by 9% since time-integrated 
branching fraction is measured (arXiv:1204.1737)
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Implications
G.Dissertori Moriond QCD summary talk:

“Numbers most often mentioned: 3.2 x 10–9 and 125”

N. Mahmoudi at Moriond

… before ...

Tim Gershon
 Flavour Physics at LHCb
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Implications
G.Dissertori Moriond QCD summary talk:

“Numbers most often mentioned: 3.2 x 10–9 and 125”
“the wow plot”

N. Mahmoudi at Moriond

… after ...

Simple TeV-scale
models with 
large tan β
~ ruled out

Tim Gershon
 Flavour Physics at LHCb
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B→K*μ+μ–

● b→sl+l– processes also governed by FCNCs
– rates and asymmetries of many exclusive processes sensitive to 

NP

● Queen among them is B
d
→K*0μ+μ–

– superb laboratory for NP tests
– experimentally clean signature
– many kinematic variables … 
– … with clean theoretical predictions (at least at low q2)

Tim Gershon
 Flavour Physics at LHCb
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LHCb-CONF-2012-008

Tim Gershon
 Flavour Physics at LHCb

https://cdsweb.cern.ch/record/1427691?ln=en
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LHCb-CONF-2012-008

ZOOM

First measurement of the zero-crossing point of the forward-backward asymmetry
q2

0
 = (4.9+1.1

−1.3
) GeV2

(SM predictions in the range 4.0 –  4.3 GeV2) Tim Gershon
 Flavour Physics at LHCb

https://cdsweb.cern.ch/record/1427691?ln=en
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First observation of B+ → π+μ+μ−

Previous best < 6.9 10–8 
(Belle, 90% CL, full dataset)

Rarest B decay observed to date! 

5.2σ

LHCb-CONF-2012-006
1/fb

Tim Gershon
 Flavour Physics at LHCb

https://cdsweb.cern.ch/search?ln=en&as=1&cc=LHCb+Conference+Contributions&m1=o&p1=LHCb&f1=&op1=n&m2=a&p2=tbc&f2=title&op2=a&m3=a&p3=LHCb-CONF-2012-006&f3=reportnumber&action_search=Search&c=LHCb+Conference+Contributions&c=&sf=&so=a&rm=&rg=10&sc=1&of=hb
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Selected highlights of results so far
CP violation

Tim Gershon
 Flavour Physics at LHCb
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Charmless two-body decays

● Excellent channel to profit from displaced vertex trigger
● Particle ID extremely important

Tim Gershon
 Flavour Physics

LHCb arXiv:1202.6251

LHCb-CONF-2012-007

K+π–

π+π– K+K–

π+K–

Tim Gershon
 Flavour Physics at LHCb

LHCb-CONF-2011-042

π+π–

K+K–

LHCb arXiv:1202.6251 also now see suppressed decays

https://cdsweb.cern.ch/record/1426663?ln=en
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First evidence for CP violation 
in the B

s
 sector

LHCb arXiv:1202.6251

Tim Gershon
 Flavour Physics at LHCb

A
CP

(B
s
 → Kπ) = 0.27 ± 0.08 (stat) ± 0.02 (syst)

[NB. Also A
CP

(B
d
 → Kπ) = −0.088 ± 0.011 (stat) ± 0.008 (syst)]

consistent with, and more precise than, previous measurements
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B→DK decays
“GLW” method (D → CP eigenstates)

E
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e 
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n 
(γ

≠0
)

LHCb arXiv:1203.3662

Tim Gershon
 Flavour Physics at LHCb

B→DK decays
give theoretically clean

way to measure
CKM phase
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B→DK decays
“ADS” method (suppressed D decays)
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Tim Gershon
 Flavour Physics at LHCb

LHCb arXiv:1203.3662

B→DK decays
give theoretically clean

way to measure
CKM phase
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Evidence for CP violation in D → h+h– decays
LHCb PRL 108 (2012) 111602 

Measurement of CP asymmetry at pp collider requires knowledge of production and 
detection asymmetries; e.g. for D0→f, where D meson flavour is tagged by D*+→D0π+ decay

final state detection asymmetry 
vanishes for CP eigenstate

Cancel asymmetries by taking difference of raw asymmetries in two different final states
(Since A

D
 and A

P
 depend on kinematics, must bin or reweight to ensure cancellation)

D0→K+K– 
1.4M events

D0→π+π– 
0.4M events

Tim Gershon
 Flavour Physics at LHCb
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LHCb PRL 108 (2012) 111602 

Result, based on 0.62/fb of 2011 data
ΔA

CP
 = [−0.82 ± 0.21(stat.) ± 0.11(syst.)]%

ΔA
CP

 related mainly to direct CP violation
(contribution from indirect CPV suppressed by 

difference in mean decay time)

Evidence for CP violation in D → h+h– decays

Tim Gershon
 Flavour Physics at LHCb

Naively expected to be much smaller
in the Standard Model 
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Φ
s
 = –2β

s
 (B

s
→J/ψφ)

● VV final state
three helicity amplitudes 

→ mixture of CP-even and CP-odd

disentangled using angular & time-dependent distributions
→ additional sensitivity

many correlated variables

→ complicated analysis 

● LHCb also uses B
s
→J/ψf

0
 (f

0
→π+π–)

– CP eigenstate; simpler analysis

– fewer events; requires input from J/ψφ analysis (Γ
s
, ΔΓ

s
)

Tim Gershon
 Flavour Physics at LHCb
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CP violation in B
s
 → J/ψφ & J/ψππ

LHCb-PAPER-2011-028
0.37/fb

LHCb-CONF-2012-002
LHCb-PAPER-2012-005
LHCb-PAPER-2012-006

All 1/fb

LHCb-CONF-2012-002

Tim Gershon
 Flavour Physics at LHCb

https://cdsweb.cern.ch/record/1426261?ln=en
https://cdsweb.cern.ch/record/1423592?ln=en
https://cdsweb.cern.ch/search?ln=en&cc=LHCb+Papers&sc=1&p=LHCb-PAPER-2012-005&f=&action_search=Search
https://cdsweb.cern.ch/search?ln=en&cc=LHCb+Papers&p=LHCb-PAPER-2012-006&f=&action_search=Search&c=LHCb+Papers&c=&sf=&so=d&rm=&rg=10&sc=1&of=hb
https://cdsweb.cern.ch/record/1423592?ln=en
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CP violation in B
s
 → J/ψφ & J/ψππ

LHCb-PAPER-2011-028
LHCb-CONF-2012-002
LHCb-PAPER-2012-005
LHCb-PAPER-2012-006

● Ambiguity resolution
● Tagged time-dependent angular analysis of J/ψφ with 1/fb
● Amplitude analysis to determine CP content of J/ψππ
● Tagged time-dependent analysis of J/ψππ

Tim Gershon
 Flavour Physics at LHCb

https://cdsweb.cern.ch/record/1426261?ln=en
https://cdsweb.cern.ch/record/1423592?ln=en
https://cdsweb.cern.ch/search?ln=en&cc=LHCb+Papers&sc=1&p=LHCb-PAPER-2012-005&f=&action_search=Search
https://cdsweb.cern.ch/search?ln=en&cc=LHCb+Papers&p=LHCb-PAPER-2012-006&f=&action_search=Search&c=LHCb+Papers&c=&sf=&so=d&rm=&rg=10&sc=1&of=hb
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The LHCb upgrade

Tim Gershon
 Flavour Physics at LHCb
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LHCb upgrade

● To fully exploit LHC potential for heavy flavour physics 
will require an upgrade to LHCb
– full readout & trigger at 40 MHz to enable high L running

– “high L” = 1033/cm2/s (so independent of machine upgrade)

– planned for 2018 shutdown

● With full software trigger, LHCb upgrade will be a 
general purpose detector in the forward region
– physics case extends far beyond flavour physics

– (e.g. search for long-lived exotic particles)

Tim Gershon
B physics experiments
Tim Gershon

 Flavour Physics at LHCb
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The all important trigger

L0 – high p
T
 signals in 

calorimeters & muon chambers

HLT1 – find high p
T
 tracks; 

associate L0 signals with tracks 
& displaced vertices

HLT2 – inclusive signatures + 
exclusive selections using full 
detector information

Write to tape

Challenge is 
● to efficiently select most 

interesting B decays
● while maintaining 

manageable data rates

Main backgrounds
● “minimum bias” inelastic 

pp scattering
● other charm and beauty 

decays

Handles
● high p

T
 signals (muons)

● displaced vertices

LHCb trigger scheme

Tim Gershon
 Flavour Physics at LHCb

Limitation is at 1 MHz L0 o/p

3 kHz 
(2011)

↓
4.5 kHz
(2012)
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LHCb detector upgrade

Tim Gershon
 Flavour Physics at LHCb

Alternative option:
Si pixels 
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Probably already
out-of-date

Timescale

Tim Gershon
 Flavour Physics at LHCb
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Upgrade – expected sensitivities

Tim Gershon
 Flavour Physics at LHCb

● sample sizes in most exclusive B and D final states far larger 
than those collected elsewhere

● no serious competition in study of B
s
 decays and CP violation



 57

Steps towards the LHCb upgrade

Tim Gershon
 Flavour Physics at LHCb
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The need for more precision

● “Imagine if Fitch and Cronin had stopped at the 1% 
level, how much physics would have been missed”

 – A.Soni
● “A special search at Dubna was carried out by Okonov 

and his group. They did not find a single K
L

0→π+π–  

event among 600 decays into charged particles 
(Anikira et al., JETP 1962). At that stage the search 
was terminated by the administration of the lab. The 
group was unlucky.”

– L.Okun
(remember: B(K

L

0→π+π–) ~ 2 10–3)

Tim Gershon
 Flavour Physics at LHCb



 59

Summary

● Concept of LHCb definitely proved
– Dedicated experiment for heavy flavour physics (forward 

spectrometer) at a hadron collider

● Many world leading results already with 2011 data … and 
many more to come
– Significant increase in available samples with 2012 data

● Standard Model still survives
– Not a cause for depression!  Now probing regions where “realistic” 

new physics effects might appear

● LHCb upgrade to be installed in 2018
– Essential next step forward for flavour physics 

Tim Gershon
 Flavour Physics at LHCb
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BACK UP



61

What is flavour physics?

“The term flavor was first used in particle 
physics in the context of the quark model of 
hadrons. It was coined in 1971 by Murray 

Gell-Mann and his student at the time,
Harald Fritzsch, at a Baskin-Robbins ice-

cream store in Pasadena. Just as ice cream 
has both color and flavor so do quarks.”

RMP 81 (2009) 1887

Tim Gershon
 Flavour Physics at LHCb
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Discovery of parity violation

● In 1956, T.D.Lee and C.N.Yang (Nobel prize 1957) 
pointed out that parity conservation had not been 
tested in the weak interaction

● C.S.Wu et al. were the first to make such a test, 
using β decays of 60Co 

– Other immediate confirmations:

(π→μ→e) decay (L.M.Lederman et al.), 

              (K→μ→e) decay, Λ0 decay, ...Tim Gershon
 Flavour Physics at LHCb
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P & C violation but CP conservation

● L.Landau proposed CP as the true matter-
antimatter symmetry
– observed P violation is also C violation 

ν
L

ν
R

ν
L

ν
R

– –

P

P

C C
CP Only left-handed neutrinos and right-

handed antineutrinos take part in weak 
interactions

ν
R
 and ν

L
 are unphysical–

Tim Gershon
 Flavour Physics at LHCb
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C violation vs CP violation

● C violation allows one to say

“Nuclei are orbited by electrons, which are emitted together 
with right-handed antineutrinos in beta decay”

● This does not provide an absolute distinction 
between matter and antimatter

● CP violation allows one to say

“Nuclei are orbited by electrons, which are emitted less often 
in semileptonic decays of the long-lived neutral kaon”

Tim Gershon
 Flavour Physics at LHCb
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
2


2
 1−

2


2


Unitarity Triangles

Build matrix of phases between pairs of CKM matrix elements
Φ

ij
 = phase between remaining elements when row i and column j removed

unitarity implies sum of phases in any row or column = 180° → 6 unitarity triangles

“The Unitarity Triangle”

β ≡ φ
1

α ≡ φ
2

γ ≡ φ
3

β
s

φ
D
/2

PLB 680 (2009) 328

Tim Gershon
 Flavour Physics at LHCb
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2011 data reprocessing completed in 8 weeks

Start October End November

2011 data reprocessing

Tim Gershon
 Flavour Physics at LHCb
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Radiative B decays

SM prediction: (–0.7 ± 0.5)% hep-ph/0406055
“The error to the direct CP asymmetry must get smaller than 1%. … 

This is not possible without the super B factory.”
… in fact also possible with LHCb

LHCb-CONF-2012-004
1/fb

Tim Gershon
 Flavour Physics at LHCb

http://arxiv.org/abs/hep-ph/0406055
https://cdsweb.cern.ch/record/1424352?ln=en
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B
s

0 → D+D
s

–

first observation

B
(s)

0 → D
(s)

+D
(s)

– & D0D0–
B

s

0 → D
s

+D
s

–

477 ± 23 signal events 

B
s

0 → D+D–

first observation

B
s

0 → D0D0

first observation

–

LHCb-CONF-2012-009
1/fb

Tim Gershon
 Flavour Physics at LHCb

https://cdsweb.cern.ch/search?ln=en&as=1&cc=LHCb+Conference+Contributions&m1=o&p1=LHCb&f1=&op1=n&m2=a&p2=tbc&f2=title&op2=a&m3=a&p3=LHCb-CONF-2012-009&f3=reportnumber&action_search=Search&c=LHCb+Conference+Contributions&c=&sf=&so=a&rm=&rg=10&sc=1&of=hb


 69

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

∝V cbV us
∗

∝V ubV cs
∗

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

–Tim Gershon
 Flavour Physics at LHCb
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Why is B→DK so nice?

● For theorists:
– theoretically clean: no penguins; factorisation works

– all parameters can be determined from data

● For experimentalists:
– many different observables (different final states)

– all parameters can be determined from data

– γ & δ
B
 (weak & strong phase differences), r

B
 (ratio of amplitudes)

γ

γ
Tim Gershon

 Flavour Physics at LHCb
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The other Unitarity Triangles

● High statistics available at LHCb will allow sensitivity 
to smaller CP violating effects

– CP violating phase in B
s
 oscillations (O(λ4))

● B
s
 oscillations (Δm

s
) measured 2006 (CDF) 

– CP violating phase in D0 oscillations (O(λ5))

● D0 oscillations (x
D
 = Δm

D
/Γ

D
 & y

D
 = 2ΔΓ

D
/Γ

D
) measured 2007 (Babar, 

Belle, later CDF)

● Observations of CP violation in both K0 and B0 systems 
won Nobel prizes!

Tim Gershon
 Flavour Physics at LHCb
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B0 → π+π– & B
s

0 → K+K–

7155 ± 97 signal 
events

5359 ± 96 signal 
events

First CP violation measurements in these channels 
at a hadron collider (B0 → π+π–) / ever (B

s

0 → K+K–) LHCb-CONF-2012-007

Tim Gershon
 Flavour Physics at LHCb
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● Naive SM expectation is for decays to be tree-dominated
● Penguin contributions are possible for singly-Cabibbo-

suppressed decays but CKM suppression is severe
● So CP violation effects should be O(10–4) … or should they?

● Implications of the LHCb Evidence for Charm CP Violation arXiv:1111.4987
● Direct CP violation in two-body hadronic charmed meson decays arXiv:1201.0785
● CP asymmetries in singly-Cabibbo-suppressed D decays to two pseudoscalar mesons 

arXiv:1201.2351
● Direct CP violation in charm and flavor mixing beyond the SM arXiv:1201.6204
● New Physics Models of Direct CP Violation in Charm Decays arXiv:1202.2866
● Repercussions of Flavour Symmetry Breaking on CP Violation in D-Meson Decays arXiv:1202.3795
● On the Universality of CP Violation in Delta F = 1 Processes arXiv:1202.5038
● The Standard Model confronts CP violation in D0→π+π− and D0→K+K− arXiv:1203.3131
● A consistent picture for large penguins in D → pi+pi-, K+K- arXiv:1203.6659
● ...

Evidence for CP violation in D → h+h– decays

… and many others!  Further experimental input 
needed to clarify whether CPV is SM or NP

Tim Gershon
 Flavour Physics at LHCb
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Time-dependent CP Violation 
Formalism

● Generic (but shown for B
s
) decays to CP eigenstates

Tim Gershon
 Flavour Physics at LHCb
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Time-dependent CP Violation 
Formalism

● Generic (but shown for B
s
) decays to CP eigenstates

ACP
dir


2
 A 

2
 ACP

mix


2
=1

CP violating asymmetries CP conserving parameter

ACP
dir = CCP =

1−∣CP∣
2

1∣CP∣
2 A =

2 ℜCP

1∣CP∣
2 ACP

mix = SCP =
2 ℑCP 

1∣CP∣
2

Tim Gershon
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B
s
→J/ψφ formalism

± signs differ for 
B

s
 and B

s

–

Tim Gershon
 Flavour Physics at LHCb
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