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La physique des saveurs
Journée de Physique de la SFP. Quelle stratégie pour demain ??

Need to measure many observables using 
complementary detectors!



Bounds on New Flavour Physics
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• Generic flavour structure [𝜿~O(1)] ruled out at the TeV scale 
• ΛNP ~ 1 TeV requires 𝜿 to inherit the strong SM suppressions (GIM) 

• Virtual production of new particles: 
probe very high energy scale, beyond 
the energy available in the accelerator
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Back to the future

• Historically, indirect observations of “new physics” has often 
been the portal to infer properties of heavy particles before 
experiments with sufficient energy to produce them.  

• Kaon semileptonic branching fractions: 1970 

‣ Solution proposed by Glashow, Iliopoulos, Maiani (GIM):   
- No flavour changing neutral current (FCNC) 
- FCNC are suppressed by loop diagrams 
- charm quark prediction 

𝜇+ 𝜇+𝜈𝜇 𝜇−

s̅s̅ du

W + Z 0

B(K0 ! µ+µ�)

B(K+ ! µ+⌫µ)
=

7⇥ 10�9

0.64
' 10�8

K+ K0

Discovery of the J/𝝍 at SLAC and Brookhaven in 1974
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Back to the future

• Observation of CP violation in kaons: 1964 

In 1973 Kobayashi and Maskawa proposed an explanation based on the 
existence of at least 3 generations of quarks  

• B meson mixing: 1987 
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In 1987, the Argus 
experiment measured:

�mB ⇠ 0.00002⇥
⇣

mt
GeV/c2

⌘2
ps�1

⇠ 0.5 ps�1

First hint that the yet unseen top quark 
was much heavier than expected! 
Discovered in 1995 at the Tevatron:
mt = 173.21± 0.51± 0.71GeV/c2

discovery of the Upsilon at Fermilab in 1977

mt > 50GeV/c2
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LFV, EDMs  
(g−2)𝜇,e CKM from 

trees

Lattice

ΔF = 2 
Observables

Bs,d → 𝜇+𝜇− 
Bs,d → 𝜏+𝜏−

B+
 → 𝜏+𝜈𝜏B → Xs𝛾 

B → K*𝛾

B → Xsℓ+ℓ− 
B → K(*)ℓ+ℓ−

K → π𝜈𝜈̅

B → Xs𝜈𝜈̅ 
B → K(*)𝜈𝜈̅

𝜀′/𝜀

Charm 
Top

+ LLPs &  
   hidden sector
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Correlations between observables is 
extremely powerful to constrain NP models!
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Experiments with wide 
range physics program
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DISCLAIMER: 

Due to time constraints, 
will concentrate on a (biased) 

selection of flavour physics topics 
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GDR Intensity Frontier

[full document]

[website]

http://gdrintensityfrontier.in2p3.fr/GDR-InF-ESPP.pdf
http://gdrintensityfrontier.in2p3.fr
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Experiments & timescales
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Wide physics program experiments

• LHCb (+Upgrades) and Belle2 major running experiments in the next decade: 

2010-2012 2015-2018 2021-2023 2026-2029 2031-…LS1 LS2 LS3 LS4

Current LHCb Today

Run1 Run2
ℒ  = 4×1032 cm-2s-1 ℒ  = 2×1033 cm-2s-1

LHC era HL-LHC era

Run3 Run4 Run5 …

LHCb upgrade 1a LHCb upgrade 1b LHCb upgrade 2

3 fb-1 9 fb-1 23 fb-1 50 fb-1 300 fb-1

Belle 2

∫ℒ =  

50 ab-1

‣ Belle II will dominate measurements of final states with missing 
energy, multiple photons and of inclusive decays  

‣ LHCb Upgrades will dominate measurements with charged particles in 
final states with the possibility to access all b-hadron decays 

important complementarity!
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CKM precision measurements

• Huge success in the last 20 years from CLEO, LEP, Tevatron, B-factories & LHCb 
drawing a consistant SM-like CKM picture: 

2002 2009 2016
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CKM precision measurements
• From Marcella Bona @ CKM2018:
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𝛾 measurements

• Use tree decays of B ± → DK± which lead to the 
same final state with interference between D0

  — D0̅
    

decays to the same final state  

• Combination of results from several modes 
using different experimental methods: 

- GLW:  CP-even final states  

[PLB 265 (1991) 172]  
[PLB 253 (1991) 483]  

- ADS:   CF or DCS final states 
[PRL 78, 3257 (1997)]  
[PRD 63 (2001) 036005]  

- GGSZ: 3 body final states 
[PRD 68 (2003) 054018] 

Cabibbo favored (CF) Doubly Cabibbo suppressed (DCS)

external 
measurements

http://www.sciencedirect.com/science/article/pii/037026939190034N
http://www.sciencedirect.com/science/article/pii/037026939191756L
http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/0008090
http://arxiv.org/abs/hep-ph/0303187
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𝛾 measurements

• World average currently dominated by LHCb combination (~16 measurements) 

‣ LHCb combination: 

‣ World average: 

‣ Slight tension with loop-determination: � = (65.6+1.0
�3.4)

�
<latexit sha1_base64="JBZIY2295WG8oXm84AmnoS/GIs4="></latexit><latexit sha1_base64="JBZIY2295WG8oXm84AmnoS/GIs4="></latexit><latexit sha1_base64="JBZIY2295WG8oXm84AmnoS/GIs4="></latexit><latexit sha1_base64="JBZIY2295WG8oXm84AmnoS/GIs4="></latexit>
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[CKMFitter]

[LHCb-CONF-2018-002]

http://www.slac.stanford.edu/xorg/hfag/
http://ckmfitter.in2p3.fr/
https://cds.cern.ch/record/2319289
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Interference in mixing & decay

�e↵
d,J/ K0

S
= [42.2± 1.5]�

�SM
d = [47.8± 2.6]�

B𝒔0  —B̅𝒔0   mixing phase:  𝝓sB0  —B̅0   mixing phase:  𝝓d

‣ Golden mode: B0  → 𝑱/𝝍 KS0 ‣ Golden mode: B𝒔
0
  → 𝑱/𝝍 𝝓

�e↵
s,cc̄s = �0.021± 0.031 rad

�SM
s = �0.037± 0.001rad
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LHCb
JHEP 11 (2017) 170

0.76 ± 0.03

Belle5S
PRL 108 (2012) 171801

0.57 ± 0.58 ± 0.06

Average
HFLAV

0.70 ± 0.02

HFLAVHFLAV
Moriond 2018
PRELIMINARY

[CKMFitter]

[HFLAV]

[CKMFitter]

[HFLAV]

http://ckmfitter.in2p3.fr/
http://www.slac.stanford.edu/xorg/hfag/
http://ckmfitter.in2p3.fr/
http://www.slac.stanford.edu/xorg/hfag/
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CKM precision measurements

• Toward the very-high precision era:

LHCb Upgrade Ia — 23 fb-1

LHCb Upgrade II — 300 fb-1

Belle2 — 50 ab-1
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Flavour anomalies: @ loop 

• Flavour Changing Neutral Currents (FCNCs) forbidden at tree level in 
the SM and only occur as loop-suppressed ⇒ typical exclusive BF ~ 10-5 

• NP can contribute, affect decay rates and angular distributions  

• Model independent description in effective field theory (EFT): 



!26Simon Akar SFP | La physique des saveurs

Flavour anomalies: @ loop 

• Branching fractions of rare b → sµ+µ− decays 

‣ Data consistently below SM predictions  
‣ Sizeable hadronic theory uncertainties 
‣ Tensions at 1−3σ level 
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Flavour anomalies: @ loop 

• Angular distributions of b → sµ+µ− decays 

‣ Local tensions (2.8 σ and 3.0 σ) in q2 bins [4.0, 6.0] and [6.0, 8.0] GeV2/c4 for P′5  
‣ Significances depend on hadronic charm-loop uncertainties 
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Flavour anomalies: @ loop 

• Lepton Flavour Universality tests RK∗ and RK 
‣ Unlike P′5 very robust SM prediction:

‣ Local tensions 2.1−2.6 σ depending on q2 bin 
‣ LHCb updates of RK∗ and RK with Run 2 data in preparation, as well as other RX 

‣ LHCb upgrades and Belle2  will allow unprecedented precision (@ % level)



‣ First observation of B𝒔
0
  → µ+µ− (7.8 σ) by single experiment with 4.4 fb−1  

of data (incl. 1.4 fb−1 Run 2) by LHCb [PRL 118 (2017) 191801]: 

‣ First eff. lifetime meas. τ(B𝒔0  → µ+µ−) = 2.04 ± 0.44 ± 0.05 ps as complementary probe 
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Flavour anomalies: @ loop 

• But also non-anomalous results, with strong constraints on NP models
‣ The very rare decay B𝒔

0
  → µ+µ−  
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Flavour anomalies: @ tree 

• LFU tests in semileptonic b → c𝓵𝝂 decays: RD∗ and RD
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ū, d̄

c

`�

⌫̄`

(a)

b `�

⌫̄`

(b)

Vub

ū
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‣ Modified coupling in particular possible to third generation τ  
‣ All measurements see excess wrt. SM prediction: combined tension ∼ 3.8σ  
‣ LHCb Run 2 updates ongoing, additional b-hadron modes in preparation (B𝒔

0
  ,  Bc+  , 𝛬b0  …)  

‣ LHCb Upgrades and Belle2 will allow angular analysis to determine spin structure of NP
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Flavour anomalies: interpretations 

• EFT approach, a major tool: 
‣ Starting from SM (or extensions) and integrating out heavy/energetic degrees of freedom  
‣ Several global fits of recent experimental results performed, all in good agreement suggesting 

large deviation in vector operator coupling C9

From Alberto Pich @ LHCb implication workshop 2018
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Flavour anomalies: interpretations 

• EFT approach, a major tool: 
‣ Possible NP candidates: “The Return of the LeptoQuark” 

[Buttazzo et al, 1706.07808]
[Angelescu et al, 1808.08179]

‣ Disfavours colourless vectors (W′,Z′) and coloured 
scalars (S1, S3 leptoquarks) + high pT constraints  

‣ Favours U1 vector leptoquark, which also passes 
direct LHC production limits 

[Buttazzo et al, 1706.07808]
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LFV in charged leptons

• LFU models often imply Lepton Flavor Violation (LFV): 
‣ Allowed regions from direct search of U1 leptoquark @LHC and bounds from cLFV searches 

‣ In SM, cLFV arises only from neutrino oscillations  
⇒ any observed signal is contribution from NP!
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LFV in charged leptons

• cLFV tau decays: 
‣ Belle2 is also a tau factory: O(1010) tau pairs produced @50 ab-1 

‣ Belle2: two orders of magnitude improvement on current bounds on multiple cLFV 
processes  

Radiative decay:  
𝜏 → ℓ γ 

3-body decays:  
𝜏 → ℓi ℓj ℓk  

Meson(s) & charged lepton:  
𝜏 → ℓh ; 𝜏 → ℓhi hj  

cLFV exotic modes: 
𝜏 → ℓ hi hj ; 𝜏 → pμμ 

- Full event reconstruction allows to tag signal from other side 𝜏 
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LFV in charged leptons

• cLFV in muons:  dedicated experiments 
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LFV in charged leptons

• cLFV in muonic atoms:  µ − e conversion 

‣ Staging approach: Phase I to achieve 10−15 sensitivity and then Phase II (increased beam 
intensity & final detector) to achieve 10−17 sensitivity



‣ In SM dn(CKM) ~10−32 e.cm  
‣ Current experimental limit dn < ~10−26 e.cm  
 
⇒ large discovery potential
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Neutron EDM

• New sources of CP violation needed to explain baryonic asymmetry of the Universe  
• Particle with non-zero permanent Electric Dipole Moment (EDM) violates P & T, thus CP 

under CPT conservation

• Nuclear Magnetic Resonance technique: 
Larmor precession Additional precession 

due to EDM

Apply static B, E||B 
Look for 𝛥𝜔 on reversal of E  
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Neutron EDM

• nEDM & n2EDM @ PSI  

‣ Using Ultra Cold Neutrons (trapped) 
- T close to 𝜏(neutron) 

‣ Main challenges:  
- Number of neutrons 
- B field stability (~0.03 pT) / uniformity (~pT)   
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LLPs & hidden sector

• Compact Detector for Exotics at LHCb (CODEX-b):

‣ LLPs predicted by many NP models 
‣ ATLAS, CMS (high pT) LHCb (softer pT) already 

providing limits on such particles 

‣ CODEX-b is particularly interesting 
for 1GeV LLPs, such as 
- dark photons 
- light CP-even scalar, 𝜑, that 

mixes with the Higgs (𝜃≪1)

[Proposal, arxiv:1708.09395]

‣ Other proposals such as MATHUSLA 
- Above ATLAS (on the ground)  
- much larger decay volume (x100) wrt CODEX-b
[arxiv:1606.06298]

https://arxiv.org/pdf/1708.09395.pdf
https://arxiv.org/pdf/1606.06298.pdf
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LLPs & hidden sector

• Search for Hidden Particles (SHIP):

‣ Hidden particles have very feeble couplings, hence they are (very) long-lived: 
- The 60m-long, in-vacuum SHiP decay volume allows us to be sensitive to extremely low couplings 

‣ Hidden particles from D and B decays have large pT: 
- SHiP large geometrical acceptance maximizes detection of decay products

‣ General purpose detector at the new beam dump facility at the SPS in >2026  
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LLPs & hidden sector

• Search for Hidden Particles (SHIP):
‣ General purpose detector at the new beam dump facility at the SPS in >2026  

‣ Wide physics program, such as 
- Light Dark Matter mediators 
- Dark (Pseudo)-Scalars; 
- Dark Photons  

Dark Photons decaying to SM particles 
DM annihilation via Dark Scalars 

mediators then decaying to SM particles 
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LLPs & hidden sector

• Search for Hidden Particles (SHIP):
‣ General purpose detector at the new beam dump facility at the SPS in >2026  

‣ Wide physics program, such as 
- Light Dark Matter mediators 
- Dark (Pseudo)-Scalars; 
- Dark Photons  

- Axion Like Particles  

ALP decaying to a photon pair 
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LLPs & hidden sector

• Search for Hidden Particles (SHIP):
‣ General purpose detector at the new beam dump facility at the SPS in >2026  

‣ Wide physics program, such as 
- Light Dark Matter mediators 
- Dark (Pseudo)-Scalars; 
- Dark Photons  

- Axion Like Particles  
- Heavy Neutral Leptons 

HNL coupling to 
SM neutrinos
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FCC

• Will only discuss physics opportunity in the context of a FCC-ee machine
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FCC

• Will only discuss physics opportunity in the context of a FCC-ee machine

Making use of huge Z production (6.5 1012 
pairs) for flavour-physics studies
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FCC

• Comparison of accumulated b-hadrons in two ee machines

‣ LFV in Z decays 
‣ BSM in ΔF = 2 transitions 
‣ Unique access to the decay B → K*𝜏+𝜏−  

- Using 3-prong 𝜏 decay  
- partial reconstruction technique to solve 

the kinematics of the decay  
- angular analysis would allow tremendous 

constraints on NP models 

• FCC-ee ideal to study for instance:
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Summary

• Flavour physics is at the heart of the SM and has demonstrated in 
the past to be a powerful tool to look for NP 

• Up to now no unambiguous NP signal emerged…but tensions are present 
‣ several complementary observables are needed (benefiting from their correlations) 
‣ both experimental (LHCb, Belle II, but also GPD, NA62, BESIII,…) 

and theoretical improvements (Lattice QCD, LCSR) are needed! 

• The absence of positive results is also very helpful in the search of NP 
‣ many NP scenarios are now strongly constrained! 

• Many new exciting results are expected in the coming years!  
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Additional material
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LHCb and Belle2

• Wide and highly complementary physics program
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LHCb and Belle2

BEAST II 
Phase 2

Phase 3: Physics 
Feb. 2019
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LHCb and Belle2

• LHCb versus B factories (naive/rough comparison)

B factories LHCb

Statisitcs 😕 😃
Cleanness 😃 😕

heavy flavour 
hadrons produced  

B+, B0, dedicated run 
for Bs, charm 

B+, B0, Bs, Bc, baryons, 
and lot of charm 

neutrino modes 😃 😕
Trigger bias  😃 😕
𝝁 / e modes 😕/😃 😃/😕

‣ Some measurements can only be done by B factories or LHCb   

‣ Cross-check and competition for common measurements 

important complementarity!
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The LHCb experiment 
Physics performances — Run I

• Integrated luminosity 
• 1 fb-1 @   7 TeV (2011) 
• 2 fb-1 @   8 TeV (2012) 
• 2 fb-1 @ 13 TeV (2015+2016) 

• Excellent LHCb performances 
• > 99% detector channels working 
• > 99% collected data good for analysis 
• Stable operations with L ~ 2×Ldesign 

• luminosity leveling 
• Displaced pp beams 
• Constant running conditions  
• Lower instantaneous luminosity 
• Lower pile-up 
• Better tracking and PID performances Ldesign ~ 2x1032 cm-2s-1
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The LHCb detector

~12 MHz 
visible 

interactions 
(2012)

Collisions
@ 40 MHz

RICH detectors
K/π/p separation

Calorimeters
energy measurement 
particle identification

Muon system

Tracking system
momentum resolution 
∆p/p = 0.4% — 0.6%Vertex detector

reconstruct vertices 
decay time resolution: 46 fs 
IP reconstruction: 20 𝜇m

• Forward General-Purpose Detector at the LHC 
• ~30 % of heavy quark production cross-section with just 4% of solid angle

y

z

x
z ~ 20 m 
y ~ 10 m 
x ~ 13 m

• Two-level trigger:
- L0 hardware  (12 → 1 MHz) 
- HLT software (  1 → 0.005 MHz)

Very good 𝛆(𝝁) 
Good 𝛆(h)



!54Simon Akar SFP | La physique des saveurs

The LHCb Upgrade Phase-I

Vertex detector

~30 MHz 
visibles 

interactions

Collisions
@ 40 MHz

RICH detectors
replace HPDs 
New electronics

Calorimeters
reduce PMT gain 
Updated electronics

Tracking system

Muon system
New electronics

New

New

• Full Software Trigger:  
30 → (0.02 — 0.1) MHz
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The LHCb Upgrade Phase-II

Vertex detector

~30 MHz 
visibles 

interactions

Collisions
@ 40 MHz

ECAL

New

New
New
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SUPER KEKB
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SUPER KEKB
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Belle2

• Belle II @ SuperKEKB : 
‣ 50 ab-1 en 5 ans (10 ab-1/an) 

‣ Complémentarité avec LHCb: 
- mesures inclusives 

B → XS  γ,     B → XS  ℓℓ, … 

- modes avec énergie manquante  
B → 𝜏𝜈,     B → D(*) 𝜏𝜈,   B → K* 𝜈𝜈,   𝜏 decays… 

- modes neutres 
B → γγ,     B → KS

0  π0 γ,    B → KS
0  π−π+ γ… 

‣ Défi majeur 
- Luminosité instantanée ×40 
- Contrôle des bruits de fonds machine 

phase 1 : 2016  
phase 2 : mars → juillet 2018

BEAST II 
Phase 2

Phase 3: Physics 
Feb. 2019

Frontière en intensité

(×50 ∫ℒ )  
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Belle II overview



BEAST II

Simon Akar SFP | La physique des saveurs

• PLUME (developed @ IPHC): 
- Standalone mini-tracker: unique information on machine induced background  
- CMOS detector of 16×106 pixels  
- Very light self-stiffened detector: 0.4% of X0  

2 CMOS ladders around the beam pipe: 
   - one inclined: scan background in the whole vertex detector radius range. 
   - one ∼ // to beam pipe: fit of helix tracks.  

!60
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Vertex detector (VXD)
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Central Drift Chamber (CDC)
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PID barrel: Time Of Propagation (TOP)
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PID endcaps: Aerogel (ARICH)
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Electromagnetic Calorimeter : (ECL)
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KL and Muon detector : (KLM)
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B𝒔0  /B0   → µ+µ−  & NP constraints
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SHIP
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SHIP
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• Decay fully described by three helicity angles 𝛀 = (𝞱𝓵, 𝞱K, 𝝓) and q2 = m2
𝓵𝓵 

• Angular observables, FL, AFB, Si appearing in the full 
decay rate are combinations of K* amplitudes 
depending on WC C7

(′), C9
(′), C10(′) and form factors (FF) 

• Large part of theory uncertainty due to hadronic FF 

• Introduced the Pi(′) observables, less dependent on FF:  

Angular analysis of B  → K *𝓵＋𝓵− decays

P2 = �2

3

AFB

(1� FL)
P 0
4,5,8 =

S4,5,8p
FL(1� FL)

P 0
6 =

S7p
FL(1� FL)

[S. Descotes-Genon et al., JHEP, 05 (2013) 137]

Also for B+ decays with KS
0  or π0

http://arxiv.org/abs/1303.5794
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• In a nutshell: 
‣ hadronic tag of the other B ⇒ access missing mass (m2

miss) 

‣ beam constraints variables used to enhance S/B 
‣ tau reconstructed in  𝜏 → ℓ𝜈𝜈,   ℓ = {e,𝜇} 
‣ D meson reconstructed in D → 2h(3h),   h = {h0,h+} 
‣ RD(*) measured from 2D fit to m2

miss and E*ℓ 

RD(*) in Babar

RD = 0.440 ± 0.072 
RD* = 0.332 ± 0.030

Statistically limited and 
systematics dominated by 
knowledge of the shapes
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• In a nutshell: 
‣ hadronic (HT) and semileptonic (ST) tagging of the other Bm2

miss 

‣ beam constraints variables used to enhance S/B 
‣ tau reconstructed in  𝜏 → ℓ𝜈𝜈,   ℓ = {e,𝜇} 
‣ D meson reconstructed in D → 2h(3h),   h = {h0,h+} 
‣ RD(*) measured from 2D fit to m2

miss and NN output 

RD(*) in Belle

RD = 0.375 ± 0.069 
RD* = 0.293 ± 0.041

HT

RD* = 0.302 ± 0.032ST

Statistically limited

R(D)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

R
(D
*)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0

1

2

3

4

SM
BaBar
Belle

)4/c2(GeV2
missM

0.2− 0 0.2 0.4 0.6 0.8

Ev
en
ts

20

40

60

80

100

120

140

160
ντ D*→B
ντ D→B
ν D*l→B
ν Dl→B

other BG
ν D**l→B

'NBo
8− 6− 4− 2− 0 2 4 6

Ev
en
ts

10

20

30

40

50

60

70

80

)4/c2(GeV2
missM

0.2− 0 0.2 0.4 0.6 0.8

Ev
en
ts

50

100

150

200

250

300
ντ D*→B

ν D*l→B

other BG

ν D**l→B

'NBo
8− 6− 4− 2− 0 2 4 6

Ev
en
ts

5

10

15

20

25

Dℓ−

D*ℓ−

Phys. Rev. D 92, 072014 (2015)  
Phys. Rev. D 94, 072007 (2016) 

https://arxiv.org/abs/1507.03233
https://arxiv.org/abs/1607.07923


!73Simon Akar SFP | La physique des saveurs

• Experimentally very challenging! 
‣ both initial and final states not constrained  

• In a nutshell: 
‣ tau reconstructed only in  𝜏 → 𝜇𝜈𝜈 

‣ D* reconstructed only in D*+ → D0 [K−π+] π+ 
‣ RD* measured from 3D fit to m2

miss , E*𝜇 and q2 = m2
ℓ𝜈 

RD* in LHCb
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RD* = 0.336 ± 0.040

Systematically limited, 
dominated by size of simulated 

samples for templates

Phys. Rev. Lett. 115, 111803 (2015)  

https://arxiv.org/abs/1506.08614
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• Experimentally very challenging! 
‣ both initial and final states not constrained  

• In a nutshell: 
‣ tau reconstructed only in  𝜏 → πππ𝜈 
‣ fully hadronic final state: D*+ → D0 [K−π+] π+ 
‣ Normalise to B → D* −π+π+π− and use B(B → D*µ𝜈) from B factories  
‣ RD* measured from 3D fit to 𝜏 decay time, BDT and q2  

RD* in LHCb

RD* = 0.286 ± 0.038

Systematically limited, 
dominated by knowledge of 

B(B → D*µ𝜈)
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• Experimentally very challenging! 

Tau polarisation
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• Belle results: 

Tau polarisation

Belle: Phys. Rev. Lett. 118, 211801 (2017)  

https://arxiv.org/abs/1612.00529
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Tau LFV
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FCC

• Will only discuss physics opportunity in the context of a FCC-ee machine
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