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Strong CP?

● I've told you that the CKM matrix is the only source of 
CP violation in the Standard Model.

● Is this true?  What is “the Standard Model”?
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Then

QCD
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Neutron electric dipole moment

● If the θQCD parameter is ≠ 0, there is CP 
violation in the strong interaction

→ observable neutron electric dipole moment

● But: |dn| < 2.9 × 10−26 e cm (PRL 97 (2006) 131801)

Tim Gershon
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If neutron were the size of the earth, +/– charges separated by < 10 μm
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The strong CP problem

● But: |dn| < 2.9 × 10−26 e cm (PRL 97 (2006) 131801)

● Corresponds to θQCD < 10−9

– Why is it so small?  Is it zero?

– Does some new symmetry forbid it?

– e.g. Peccei-Quinn theory
● predicts the axion

● various experiments (e.g. CAST, PVLAS, ADMX) search for 
axions, which are also a potential dark matter candidate
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Precision physics with electric & 
magnetic moments

● Electric dipole moments are CP violating 
– essentially zero in the SM, but can be much larger BSM 

with sources of flavour-conserving CPV

|de| < 8.7 x 10-29 e cm [Science 343 (2014) 6168, 269]

● Magnetic dipole moments are CP conserving
– sensitive to the structure of quantum fields

● Dirac predicted ge = 2 (RQM)

● Schwinger predicted ae = (ge–2)/2 = 0.0011614 (QED)

● ae now calculated to 10 loops in QED (PRL 109 (2012) 111807)

– ae = 0.00115965218178  (77)

Tim Gershon
Flavour & CPV



 8

(g-2)
μ
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Theory predictions Experiment

New experiment at FNAL will reduce uncertainty by factor ~2
Improvements in theory uncertainties also anticipated
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Rare Decays
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B
(s)

0→μ+μ–

Killer app. for new physics discovery

● Very small in the SM
– no tree-level FCNC

– CKM suppression

– helicity suppression

● Huge NP enhancement possible (tan β = ratio of Higgs vevs)

● Clean experimental signature

BR(B s→μ
+
μ

−
)
SM

= (3.3±0.3)×10−9 BR(B s→μ
+
μ

−
)
MSSM

∝ tan6
β/M A0

4
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B
(s)

0→μ+μ–
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Searches over 30 years
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B
(s)

0→μ+μ– – analysis ingredients 

● Produce a very large sample of B mesons
● Trigger efficiently on dimuon signatures
● Reject background

– excellent vertex resolution (identify displaced vertex)

– excellent mass resolution (identify B peak)
● also essential to resolve B0 from Bs

0 decays

– powerful muon identification (reject background from B decays with 
misidentified pions)

– typical to combine various discriminating variables into a multivariate 
classifier

● e.g. Boosted Decision Trees algorithm
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B
(s)

0→μ+μ–

latest results from CMS & LHCb
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LHCb PRL 111 (2013) 101805CMS PRL 111 (2013) 101804

Events weighted by S/(S+B) Only events with BDT > 0.7

4.0σ4.3σ
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B
(s)

0→μ+μ– – combined results
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B(B
s

0→μ+μ−) = (2.9±0.7) × 10−9
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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 Bd→K*0μ+μ–

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

Build an effective theory for b physics
– take the weak part of the SM
– integrate out the heavy fields (W,Z,t)
– (like a modern version of Fermi theory for weak interactions) 

Wilson coefficients
● encode information on the weak scale
● are calculable and known in the SM (at least to leading order)
● are affected by new physics

For K*μμ we care about C
7
 (also affects b→sγ), C

9
 and C

10
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Theory of B→K*μ+μ–

● Given for inclusive b→sμ+μ– for simplicity
– physics of exclusive modes ≈ same but equations are more 

complicated (involving form factors, etc.)

● Differential decay distribution

This term gives a 
forward-backward asymmetryTim Gershon
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Angular analysis of B0 → K*0μ+μ−

Analysis performed in bins of dimuon 
invariant mass squared (q2)

LHCb JHEP 08 (2013) 131
See also CDF PRL 108 (2012) 081807,

BaBar PRD 86 (2012) 032012,
Belle PRL 103 (2009) 171801,

ATLAS-CONF-2013-038 & 
CMS PLB 727 (2013) 77
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Angular analysis of B0 → K*0μ+μ−

First measurement of 
zero-crossing point of A

FB

q2

0
 = (4.9 ± 0.9) GeV2/c4

Consistent with SM expectation 

Tim Gershon
Flavour & CPV

LHCb JHEP 08 (2013) 131
See also CDF PRL 108 (2012) 081807, BaBar PRD 86 (2012) 032012,

Belle PRL 103 (2009) 171801, ATLAS-CONF-2013-038 & CMS PLB 727 (2013) 77
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New observables in B0 → K*0μ+μ−
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LHCb PRL 111 (2013) 191801 

Interesting 
tension with 

the SM 
prediction



  21

Future flavour physics projects
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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

● Physics case:

– “exploration” of 1st phase will become “precision studies” 

– new opportunities for exploration open up (e.g. testing 
consistency of CP violation in tree vs. loop processes) 

Tim Gershon
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LHC upgrade and the all important trigger

Already running here

higher luminosity 
→ need to cut harder at L0 to keep rate at 1 MHz 

→ lower efficiency

● readout detector at 40 MHz
● implement trigger fully in software → efficiency gains
● run at L

inst
 up to 2 1033/cm2/s
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LHCb detector upgrade
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LHCb upgrade timeline

● 2011
– Letter of Intent: CERN-LHCC-2011-001

● 2012
– Framework TDR: CERN-LHCC-2012-007

● Endorsed by LHCC and approved by CERN Research Board (minutes)
● LHCb upgrade features prominently in draft European Strategy for Particle Physics

– See also arXiv:1208.3355 for physics discussion

● 2013
– Sub-detector TDRs

● 2014-17
– Final R&D, production and construction 

● 2018 (LS2)
– Installation of upgraded LHCb detector (requires 18 months)

← now approved

Tim Gershon
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http://cdsweb.cern.ch/record/1333091?ln=en
https://cdsweb.cern.ch/record/1443882?ln=en
http://cds.cern.ch/record/1499619/files/M-202.pdf
http://arxiv.org/abs/arXiv:1208.3355
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Upgrade – expected sensitivities

● 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
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Other future flavour experiments

● SuperKEKB/Belle2 & SuperB
– B→τν, inclusive measurements, τ physics, …

● Rare kaon decays
– K+→π+νν (NA62, CERN); K0→π0νν (K0T0, J-PARC) 

● Muon to electron conversion (charged lepton flavour 
violation)
– COMET/PRIME (J-PARC); mu2e (FNAL)

– –
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B→τν and charged Higgs limits

● Pure leptonic decays of charged B mesons very clean
– clean SM prediction

– clean effect of charged Higgs boson (2HDM or SUSY)

BR B
 l

 
SM

=
GF mB

8
ml

21− ml
2

mB
2 

2

f B
2 ∣V ub∣

2
B BR B

 l 
NP

= BR B
 l 

SM 1− mB
2

mH
2 tan2

 
2

Belle PRD 82 (2010) 071101
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Peter Križan, Ljubljana

e- 2.6 A

e+ 3.6 A

To obtain x40 higher luminosity

Colliding bunches

Damping ring

Low emittance gun

Positron source

New beam pipe
& bellows

Belle II

New IR

TiN-coated beam pipe 
with antechambers

Redesign the lattices of HER & 
LER to squeeze the emittance 

Add / modify RF systems 
for higher beam current

New positron target / 
capture section

New superconducting 
/permanent final focusing 
quads near the IP

Low emittance 
electrons to inject

Low emittance 
positrons to inject

Replace short  dipoles 
with longer ones (LER)

KEKB to SuperKEKB
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Belle II Detector

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 (fwd)

Central Drift Chamber
He(50%):C2H6(50%), small cells, 
long lever arm,  fast electronics

EM Calorimeter:
CsI(Tl), waveform sampling (barrel)
Pure CsI + waveform sampling (end-caps)

Vertex Detector
2 layers DEPFET + 4 layers 
DSSD

Beryllium beam pipe
2cm diameter



Peter Križan, Ljubljana

Goal of Belle II/SuperKEKB

We will reach 50 ab-1

 in 2022

9 months/year
20 days/month

Commissioning 
starts in 2015.

Shutdown
for upgrade
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The holy grail of kaon physics: K→πνν

Next generation experiments should 
measure these decays for the 1st time

● K+→π+νν (NA62, CERN)
● K0→π0νν (K0T0, J-PARC)
● Proposals also at FNAL

Tim Gershon
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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 KL
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(KL

0→π+π–) ~ 2 10–3)

Tim Gershon
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Summary

● We still don't know:

– why there are so many fermions in the SM

– what causes the baryon asymmetry of the Universe

– where exactly the new physics is …

– … and what it's flavour structure is
● Prospects are good for progress in the next few years

● We need a continuing programme of flavour physics 
into the 2020s

– complementary to the high-pT programme of the LHC

Tim Gershon
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– http://pdg.lbl.gov/

● Heavy Flavour Averaging Group (HFAG)
– http://www.slac.stanford.edu/xorg/hfag/

● CKMfitter & UTfit
– http://ckmfitter.in2p3.fr/ & http://www.utfit.org/
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– Phys.Rept. 494 (2010) 197, eConf C100906
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– CP violation, I.I.Bigi and A.I.Sanda (CUP)

– CP violation, G.C.Branco, L.Lavoura & J.P.Silva (OUP)
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http://pdg.lbl.gov/
http://www.slac.stanford.edu/xorg/hfag/
http://ckmfitter.in2p3.fr/
http://www.utfit.org/
http://nucl.annualreviews.org/
http://dx.doi.org/10.1016/j.physrep.2010.05.003
http://www.slac.stanford.edu/econf/C100906/
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Back up

Tim Gershon
Flavour & CPV



40

b→sγ rate and photon energy spectrum

Archetypal FCNC probe for new physics

Belle PRL 103 (2009) 241801 

BBX sE 1.7 GeV=3.45±0.15±0.40×10−4

consistent with the SM predictionTim Gershon
Flavour & CPV … but SM also predicts that the photon is polarised
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b→sγ photon polarisation measurement

● Search for time-dependent asymmetry 

– Observable effect requires NP: left-handed current & new CP 
phase

Excellent prospects for LHCb with B
s
→φγ

NPB 867 (2013) 1

Tim Gershon
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First measurement of photon 
polarisation in b→sγ transitions

● New LHCb measurement
– uses B+→K+ππγ decays

– compare γ direction relative to K+ππ plane 

Tim Gershon
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LHCb-CONF-2013-009

A
ud

 proportional to polarisation

(unfortunately, constant of 
proportionality has large uncertainty) 
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Effective operators

Four-fermion operators (except 
Q

7γ
 & Q

8g
) – dimension 6

Tim Gershon
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Future projects
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

KLOE-2, NA62, KOTO

τ-charm factory

Belle-2, SuperB,
LHCb upgrade

great progress in theory
anticipated 

Project X

Tim Gershon
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