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Not enough

 7

• What happened to all the antimatter?

• What is the nature of dark matter?

• Is there a reason for the mass hierarchy?
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• What happened to all the antimatter?

• What is the nature of dark matter?

• Is there a reason for the mass hierarchy?

• Answer

➡ There must be more

➡ Main quest: 

‣ Identify new particles
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Two roads to discovery

New particles = New planets

 8ESA/Hubble
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Direct searches

 9

Reach limited by amount of fuel
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Indirect searches

Look for subtle deviations 
in known processes

 10David A. Aguilar (CfA)

D. Kipping et al.  
ApJ 795 (2014) 25
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Precision physics
• How to achieve precision particle physics measurements?

➡ Repeat many times

‣ e.g. measure many particle decays of the same type

• Two uncertainties

➡ Statistical

‣ Generally scales with 1/√N̅
➡ Systematic

‣ Depends on external sources:  
Limitations of methodology and tools

‣ A priori independent on N

• How to achieve per-mille level precision?

 11
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Triggering is key

• Select 1 in ~3000 collisions to keep

➡ Other data are lost: choose carefully

• Still over 60×109 events per year

➡ Several Petabytes in storage

➡ Fully online calibrated data

➡ Processing on the world-wide grid

➡ Need similar amount of simulated data

 12
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Indirect searches

• Two routes to success

➡ Rare processes

‣ Rare and forbidden decays

‣ Small asymmetries

➡ High-precision measurements of 
well-known processes

‣ Large asymmetries

‣ Symmetry tests: e.g. lepton 
universality

• New particles can contribute in 
quantum loops
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Small new effects can cause  
large relative changes

Small new effects can cause  
large changes w.r.t.  

precision of prediction
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Flavourful experiments
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Other experiments with significant  
flavour physics output:  
ATLAS, CDF, CMS, D0

(II) CLEO

High-energy proton-proton collisions
→ General purpose flavour experiment

Fixed target rare kaon decay experiments

Threshold production experiments

Kaon Charm/Tau Beauty



@MarcoGersabeckRipples in Flavour Space

Outline
• Matter-antimatter asymmetries

➡ The bigger picture

1. Production

➡ The source of precision

2. Mixing

➡ The need for precision

3. CP violation

➡ Uncover the mysteries of the up-quark sector

4. Multi-body decays

➡ Interference reveals the details

• Future directions

➡ Upgrade programmes

 15
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Enter antimatter

 16

Arthur Schuster by William Orpen
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Matter-antimatter 
asymmetry

• CP symmetry:  
Particle ↔ Anti-particle exchange

 17

Charge
Parity
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CP violation

 18
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Flavour physics:
Fast-tracking discoveries

• K0-K̅0 mixing and smallness of K0→μ+μ-

➡ GIM mechanism predicts charm quark in 1970

• Kaon CP violation

➡ KM mechanism predicts bottom and top quarks in 1973

• Charm & bottom quarks discovered: 1974+1977

• B0-B0̅ oscillations discovered in 1987

➡ Requires mtop > 50 GeV to deactivate GIM cancellation

• Top quark discovered: 1995

 19
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4 flavoured neutral mesons

• K0: ds ̅
• B0: db̅
• Bs: sb̅

• D0: cu̅

 20
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The flavour of the weak interaction

• Mesons have defined flavour eigenstates

➡ Determines quark content

• Eigenstates of weak Hamiltonian differ

➡ Determines mass and lifetime

• Each set is a linear combination of the other

 21

|M1,2⟩ = p |M0⟩ ± q |M0⟩

F ( |M0⟩
0 ) = + ( |M0⟩

0 ), F ( 0
|M0⟩) = − ( 0

|M0⟩)

ℋ ( |M1⟩
0 ) = λ1 ( |M1⟩

0 ), ℋ ( 0
|M2⟩) = λ2 ( 0

|M2⟩)



1 — Production
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The very beginning

• Cosmic showers

• Observed in emulsion chambers

• 500 hours aboard a cargo plane
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Charmonium
ӟ ψ
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Production
• Charm production as precision measurements

➡ Constrain gluon parton distribution 
function

➡ Constrains on charm production in 
atmosphere

‣ High-energy neutrino background, e.g. 
for IceCube

 25
Gauld, Rojo, PRL 118 (2017) 072001Gauld, Rojo, PRL 118 (2017) 072001
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2 — Mixing
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Mixing discovery

 29
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Mixing discovery

• Rotation of mixing parameters by 
strong phase difference between 
CF and DCS amplitudes: x,y → x’,y’

 29
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3 — CP violation



Mixing-related CP violation
= indirect CP violation

CP violation:
|q/p|≠1
ϕ≡arg(q/p)≠0,π

Hamiltonian eigenstates:
|D1,2⟩=p|D0⟩±q|D̅0⟩

CP symmetry:
q=±p
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AΓ = −aCPind

• Measure asymmetry of effective lifetimes of D0 and D̅0 decays to CP 
eigenstate

➡ =0 if physical states are CP eigenstates

➡ ≠0 implies CP violation

• Two methods, two final states, one result (2011-12 data, 3 fb-1)

➡ AΓ(K+K−)= (−0.30±0.32±0.10)×10-3

➡ AΓ (π+π−)= (+0.46±0.58±0.12)×10-3

• Preliminary update (2015-16 data, 1.9 fb-1)

➡ AΓ(K+K−)= (+0.13±0.35±0.07)×10-3

➡ AΓ (π+π−)= (+1.13±0.69±0.08)×10-3

 33
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CP violation overview

• No sign of CP violation 
…yet

 35

Asymmetry in mixing rate

CP violating weak phase

No CP violation
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Can we do better?

• Superweak constraint

➡ Assumes no new decay-specific 
weak phase

➡ Cuichini et al. (2007)

➡ Kagan, Sokoloff (2009)

• Reducing to 3 parameters

➡ tanΦ ≈ (1-|q/p|)x/y

➡ Huge improvement in precision

 36

Constraint



Direct CP violation

Decay rate asymmetry:

aCPdir ≡
Г(D0→f)-Г(D̅0→f)

 

Г(D0→f)+Г(D̅0→f)
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CPV in decay

• Once upon a time, it looked like there was…

➡ … but that saga got seemingly discontinued

• A growing number of decay modes explored

➡ Phase-space integrated vs resonance structures

• A number of methods explored

➡ Model-(in)dependent, (un)binned, triple products, …
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PLB 740 (2015) 158ACP(D0→K+K-) - ACP(D0→π+π-) PLB 769 (2017) 345

p-value for 
agreement with 
CP symmetry
(0.6±0.2)%

D0→π+π-π+π-D0→π+π-π0

p-value for 
agreement with 

CP symmetry
(2.6±0.5)%
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ΔACP returns
• Measure difference in time-integrated  

CP asymmetry between K+K− and  
π+π− decays

➡ Expect improved sensitivity due to sign 
flip in CKM structure and cancellation 
of systematic uncertainties

‣ Vus ~ −Vcd

• Full Run 1+2 result (9 fb-1) determined 
from prompt charm (π tag) and  
charm from B decays (μ tag)

➡ ΔACP = (−15.4±2.9)×10-4

• First observation of CPV in charm decays
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Theory perspective*

 40

*a brief snapshot that cannot do justice to the amount of work done here

BSM!

SM

BSM! Z’?

SM
“in SM requires mild non-perturbative 

enhancement  due to rescattering amplitudes”
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CP violated in charm!

• Direct CPV in 
charm

• No hint for 
indirect CPV

• SM or BSM?

➡ Open question 
for now

• Need theoretical 
advances and more 
measurements

 41



4 — Multi-body decays
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Dalitz plots

 43

JHEP 04 (2016) 033

D0→KSπ−π+
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Dalitz plots

 43
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Dalitz plots

• Dalitz plot density is modulus squared 
of a sum of complex amplitudes 
|Atot|2 = |∑Aresonance|2

• Interference regions contain rapid 
phase variation

➡ Superb playground for CP violation

 43
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Latest model

• Joint BaBar and Belle 
amplitude analysis of 
D0→KSππ

• 1.2M candidates

• Prime candidate to 
perform time-
dependent analysis to 
measure x

➡ Feasible both for 
Belle II and LHCb

 44

Phys. Rev. Lett. 121, 261801 (2018)  
Phys. Rev. D 98, 112012 (2018)
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Phys. Rev. Lett. 121, 261801 (2018)  
Phys. Rev. D 98, 112012 (2018)

Individual fit contributions
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Latest measurement
• D0→KSπ+π− requires time-dependent amplitude 

analysis

➡ Gives access to mixed and unmixed rates and 
strong phase differences

‣ Measures individual mixing (x,y) and CPV 
parameters  
(|q/p|, ϕ)

➡ Measurement based on lifetime ratios in bins 
with similar strong-phase difference (3 fb-1)

 45

LHCb, arXiv:1903.08726
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Multi-body decays
• Give access to full set of mixing and CP violation observables

➡ In particular: sensitivity to x

➡ Require amplitude models

‣ Liaise with theory community on new techniques

➡ Or quantum-correlated measurements

‣ BESIII experiment can provide these

• In last ten years time-dependent measurements almost only in 
D0→KSπ+π−
➡ A missed opportunity?

➡ Recent work by BABAR on D0→π+π−π0

➡ Surely something for Belle II

➡ Very promising studies at LHCb
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Future directions
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Where to now?
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Yuval Grossman, Experimental Summary, CHARM 2012

Ligeti

Grossman

Looks like BSM,
can’t rule out SM effects

Looks like SM,
can’t rule out BSM effects



@MarcoGersabeckRipples in Flavour Space

LHCb Upgrades
• Charm CP violation has been 

discovered in decays

➡ What about indirect CP 
violation?

• Will require much more data to

➡ Identify underlying sources 

➡ Challenge SM level in both 
direct and indirect CPV

• LHCb is the best bet for charm 
for the foreseeable future

➡ Best shot at BSM physics in the 
up-quark sector
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Charm the challenge champion

• Charm among the  
most abundant  
particles produced 

➡ At LHC and  
e+e− running at Υ(4S)

• Technical challenges therefore driven by charm

➡ Data selection/reconstruction/storage

➡ Simulation

➡ Data analysis
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High rates of low pT particles require complex 
decisions early on in trigger chain
→ Coarse decisions come with heavy penalties
→ Need to avoid burning detectors for little gain
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Fitting large data sets is a growing challenge
→ Will need more and more sophisticated models
→ Playground for new approaches, e.g. with GPUs
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A flavourful decade

• Plus lots of activity on charged lepton flavour

➡ MEG, mu3e, mu2e, COMET, g-2, …
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BESIII
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LHCb Upgrade I

 52

Construction in progress!
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• LHCb now taken over leading role in charm physics

• Production

➡ The source of precision

• Mixing

➡ First evidence for positive mass difference

• CP violation

➡ Discovered in direct CP violation: is it SM?

• Multi-body decays

➡ Interference reveals the details 

• Need LHCb upgrades to probe to Standard Model level precision

• Next decade will be flavourful

➡ Belle II, BESIII, COMET, g-2, LHCb upgrades, MEG, mu2e, mu3e, NA62

Conclusion
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