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Selected topics (bias): 
More talks in the Flavour and Precision physics sessions, also in two highlight talks

• Recent measurements of CP violation                         Yinghui Guan
• Lepton Favor Universality experimental highlights   Liang Sun

More LHCb results are selected

Created by the Bing ‘Image Creator’



Torwarding to the new physics
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Indirect search 

Direct search 
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New Physics



Flavor physics 

Fundamental questions :
Matter-antiMatter asymmetry in the Universe

Any physics beyond the Standard model (BSM) 

Precision study of flavour and CP symmetry breaking can probe 
BSM physics at energy scale inaccessible directly at colliders

Looking for new sources of CP violation

Precision flavour measurements to test the Standard Model(SM)

Looking for new phenomena in rare or forbidden decays
Flavour changing neutral current 

Lepton flavour universality violation 

Lepton flavour number violation 
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Flavour: lepton and quark
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Flavour changings are see in both 
lepton and quark sectors

However,
• In tree level, neutral lepton only
• In quark sector, two transitions

• Charge Current: 
• 𝒃 → 𝒄𝒍−𝝂, tree level

• Neutral current (FCNC):
• 𝒃 → 𝒔, loop level



Flavour physics is a key-tool 

CP violation and FCNC: sensitive probes of short distance physics
Probed scales: ≫ 1 TeV, depending on 𝐶𝑁𝑃
Many tests limited by statistics not by systematics nor theory

𝐴 𝜓𝑖 → 𝜓𝑗 + 𝑋 = 𝐴0
𝐶𝑆𝑀

𝑣2
+

𝐶𝑁𝑃

Λ𝑁𝑃
2 , where Λ𝑁𝑃

2 (𝐶𝑁𝑃) is NP scale (coupling)

1964: 𝑪𝑷 violation in the decay of Kaon meson
Observation of 𝐾𝐿 → 𝜋𝜋

7/3/2023 Flavour and Precision Physics, Hang Yin 6Phys. Rev. Lett. 13 (1964) 138 

⟹ Three generations



Indirect search 

𝜷 decay of the neutron:
Phenomena taking place at ~ 1 GeV reveals physics at the 100 GeV 
scale
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𝑀~1 GeV

𝑀~1 GeV



GIM mechanism and charm quark

Cabibbo angle theory explained the hadronic decay of kaon, and 
many other experimental results at that time

However, for the 𝑲𝟎 decays:
ℬ 𝐾+ → 𝜇+𝜈𝜇 = 63.56 ± 0.11 %

Not observed yet, at that time
ℬ(𝐾𝐿

0 → 𝜇+𝜇−) = 6.84 ± 0.11 × 10−9
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𝑴𝟏 ∝ 𝒈𝑾
𝟒 𝒄𝒐𝒔𝜽𝒄𝒔𝒊𝒏𝜽𝒄 𝑴𝟏 ∝ 𝒈𝑾

𝟐 𝒔𝒊𝒏𝜽𝒄

Observed at 1973, [Phys. Rev. Lett. 30 (1973) 1336]



GIM mechanism and charm quark

1970: Led Glashow, Illiopoulos and Maiani to postulate existence of 
an extra quark (4th quark, charm quark) 

Before discovery of charm quark in 1974
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𝑴𝟏 ∝ 𝒈𝑾
𝟒 𝒄𝒐𝒔𝜽𝒄𝒔𝒊𝒏𝜽𝒄 𝑴𝟐 ∝ −𝒈𝑾

𝟒 𝒄𝒐𝒔𝜽𝒄𝒔𝒊𝒏𝜽𝒄

Same final state to sum ampliutdes
𝑴 𝟐 = 𝑴𝟏 +𝑴𝟐

𝟐 ≈ 𝟎
Cancellation not exact because 𝒎𝒖 ≠ 𝒎𝒄

PRD 2 (1970) 1285-1292



CKM matrix

Extend ideas to three quark flavours: Cabibbo, Kobayashi, Maskawa
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CKM

ud us ub

cd cs cb

td ts tb

V V V

V V V V

V V V




= 
 
 

Weak eigenstates Mass eigenstates

Timeline:
Sep. 1972: predict 3 generations
Nov. 1974: discovery of 𝐽/Ψ (𝑐 quark)
July. 1977: discovery of Υ (𝑏 quark)
Fed. 1995: discovery of top quark 

Prog. of Theor. Phys., 49 (1973) 652-657



CKM: wolfgenstein parameterization
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CP violation: if and only if 𝜼 ≠ 𝟎



Sensitivity
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meson leptons HiggsEDM Top Direct

arXiv: 1910.11775

Light region:  couplings ∼ 𝑶(𝟏)
Shadow regions: couplings of Minimal Flavour Violation 



What do we have?
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3.2 𝝈

JHEP 06 (2014) 133

PRL 126 (2021) 141801 

More heavy flavour results from LHCb can be found in
Kechen Li’s parallel talk 

Many anomalies in both heavy quark and lepton sectors …

LHCb-Paper-2023-016

LHCb-Paper-2023-013

https://indico.ihep.ac.cn/event/18269/contributions/134262/


Facilities

LHC
LHCb

ATLAS/CMS

Belle-II

BES-III

g-2, COMET, mu2e
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The LHCb experiment

The LHCb detector is single-arm forward spectrometer
Designed for the heavy flavour physics, with 2 < 𝜂 < 5
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Vertex 
Locator

Tracking 
Stations RICH

Detectors

Magnet

Muon
Chambers

Calorimeters

JINST 3 (2008) S08005
Int. J. Mode. Phys. A30 (2015) 1530022



The ATLAS and CMS experiments
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Covering ~𝟒𝝅 solid angle
No hadron identification

General purpose detector, 𝑩 phyiscs focusing 
on 𝝁+𝝁−𝑿 final state

JINST 3 (2008) S08003
JINST 3 (2008) S08004



Belle-II experiment

SuperKEKB accelerator: 7 GeV 𝒆− + 4 GeV 𝒆+
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𝒆−

𝒆+

arXiv:1011.0352
NIM Phs. Res. A 907, 188 (2018)



Belle-II experiment

SuperKEKB accelerator: 7 GeV 𝒆− + 4 GeV 𝒆+
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New luminosity world record: 𝟒. 𝟕 × 𝟏𝟎𝟑𝟒 𝒄𝒎−𝟐 𝒔−𝟏



BES-III experiment

Electron-positron collider: center-of-mass energy of ranging 
between 2 to 5 GeV

Charm, charmonium, light hadron, 𝜏 lepton, QCD …
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NIM A 614, 345 (2010)



The mu2e experiment

Search for coherent, neutrinoless conversion of muon into electron 
in a muonic atom (Fermilab)
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8 kW, 8 GeV
p beam

arXiv:1501.05241



The COMET experiment

COherent Muon to Electron Transition 

Search for 𝝁− +𝑵 → 𝒆− +𝑵 (J-PARC)
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3.2 kW, 8 GeV
p beam

Phase I 

PTEP 2020 (2020) 3, 033C01
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Selected topics: anomalies



Lepton Flavour Universality (LFU)

In SM, EW couplings to each lepton generation are identical (except 
Yukawa)

However, New Physics (NP) could contribute to these couplings 
(particularly 3rd generation of leptons)

Ratio of branching fraction of different lepton species ideal for this 
LFU test
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𝑹 𝑯𝒄 =
𝑩𝑭(𝑯𝒃→𝑯𝒄𝒍𝝂)

𝑩𝑭(𝑯𝒃→𝑯𝒄𝒍
′𝝂)

, where 𝒍, 𝒍′ = 𝒆, 𝝁, 𝝉

𝑯𝒄 could be 𝑫∗+, 𝑫𝟎, 𝑫+, 𝑫𝒔
+, 𝚲𝒄

+, ⋯



Hints of NP since 2012

Babar Collaboration
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PRL 109, (2012) 101802
PRD 88, (2013) 072012



New result from the LHCb

LHCb experiment update 𝑹(𝑫∗− ) measurement recently (13 TeV)
𝜏 and 𝜇 channel 
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LHCb-paper-2022-052
arXiv:2305.01463

𝑅 𝐷∗− = 0.247 ± 0.015 𝑠𝑡𝑎𝑡. ± 0.015 𝑠𝑦𝑠𝑡. ± 0.012(𝑒𝑥𝑡)



Combination 

With new results from the LHCb, world average becomes:
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World average
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3.2 𝝈

Long standing 3 𝝈 deviation in the heavy flavour physics!



Lepton Favour universality

Flavour changing neutral current: FCNC
𝑏 → 𝑠 transition 

Rare penguin decays, suppressed in the SM

< 10−6, mediated via loops
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New physics

SM



What we can measure?

Differential branching fraction: (𝒅𝑩(𝑩 → 𝑯 𝒔 𝝁+𝝁−)/𝒅𝒒𝟐)
large theory uncertainties: hadronic form factor

Angular measurment (𝑷𝟓
′ )

Effective Hamiltonian: 

𝐻𝑒𝑓𝑓 = −
𝐺𝐹

2
𝑉𝑡𝑏𝑉𝑡𝑠

∗ σ𝑖 𝐶𝑖
𝑆𝑀 + Δ𝑖

𝑁𝑃 𝑂𝑖

Wilson coefficients: 𝐶𝑖

Lepton universality ratio
𝑅𝐾, 𝑅𝐾∗ …

Theoretically robust
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Differential BR
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𝐵+ → 𝐾+𝜇+𝜇− 𝐵0 → 𝐾0𝜇+𝜇−

𝐵+ → 𝐾∗+𝜇+𝜇−

𝐵0 → 𝐾∗0𝜇+𝜇−

Λ𝑏 → Λ𝜇+𝜇− 𝐵0 → 𝜙𝜇+𝜇−

PRL 127 (2021) 151801

JHEP 06 (2015) 115

JHEP 04 (2017) 142

JHEP 06 (2014) 133JHEP 06 (2014) 133

JHEP 06 (2014) 133



Angular measurements
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PRL 125 (2020) 011802 PRL 126 (2021) 161802

𝐵+ → 𝐾∗+𝜇+𝜇−
𝐵0 → 𝐾0𝜇+𝜇−



Improved LU measurement from LHCb

Simultaneous analysis of 𝑹𝑲 and 𝑹𝑲∗

Electron mode:
mis-ID background found

Muon mode:
consistent with before

Still statistically 
dominated
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LHCb-Paper-2022-045, arXiv:2212.09153
LHCb-Paper-2022-046, arXiv:2212.09152

https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/LHCb-PAPER-2022-045.html
https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/LHCb-PAPER-2022-046.html


In agreement with SM

𝑹𝑲 and 𝑹𝑲∗ consistent with 1
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LHCb-Paper-2022-045, arXiv:2212.09153
LHCb-Paper-2022-046, arXiv:2212.09152

https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/LHCb-PAPER-2022-045.html
https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/LHCb-PAPER-2022-046.html
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Selected topics: precision



𝑩𝒅,𝒔
𝟎 → 𝝁+𝝁− search 

Golden modes in NP searches:
 Flavour Changing Neutral current

No tree diagram, only higher orders

Helicity suppressed 

Possible new physics in the loops

Precise SM prediction:
𝐵 𝐵𝑠

0 → 𝜇+𝜇− = 3.66 ± 0.14 × 10−9

𝐵 𝐵0 → 𝜇+𝜇− = 1.03 ± 0.05 × 10−10
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PRL 112 (2014) 101801
JHEP 10 (2019) 232



𝑩𝒅,𝒔
𝟎 → 𝝁+𝝁− search 

Golden modes in NP searches
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Mod. Phs. Lett. A 35 (2020) 2030017



𝑩𝒅,𝒔
𝟎 → 𝝁+𝝁− search 

Golden modes in NP searches: precisely predicted in the SM
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LHCb-CONF-2020-002



𝑩𝒅,𝒔
𝟎 → 𝝁+𝝁− status 
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arXiv: 2211.13030

PLB 842 (2023) 137955

New CMS value in line with the SM

More data are needed to 
improve precision 



Unitarity triangle

The unitarity triangle exploits the relation:
𝑉𝑢𝑑𝑉𝑢𝑏

∗ + 𝑉𝑐𝑑𝑉𝑐𝑏
∗ + 𝑉𝑡𝑑𝑉𝑡𝑏

∗ = 0
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𝜶 = 𝝓𝟐 = 𝐚𝐫𝐠(−
𝑽𝒕𝒅𝑽𝒕𝒃

∗

𝑽𝒖𝒅𝑽𝒖𝒃
∗ )

𝜸 = 𝝓𝟑 = 𝐚𝐫𝐠(−
𝑽𝒖𝒅𝑽𝒖𝒃

∗

𝑽𝒄𝒅𝑽𝒄𝒃
∗ )

𝜷 = 𝝓𝟏 = 𝐚𝐫𝐠(−
𝑽𝒄𝒅𝑽𝒄𝒃

∗

𝑽𝒕𝒅𝑽𝒕𝒃
∗ )



𝜸 direct measurement

𝑩± → 𝑫𝑲±/𝝅± in binned 𝑫𝟎 → 𝑲𝝅𝝅𝝅 phase space

Phase space regions with difference in sensitivity due to different 
strong phase

One of the most precise single direct measurement of 𝜸
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LHCb-PAPER-2022-017, arXiv:2209.03692

v


𝜸 combination

Combining all LHCb results for 𝜸
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Good agreement with CKM fitter
Limited by statistics 

LHCb-CONF-2022-003

𝟔𝟑. 𝟖−𝟑.𝟕
+𝟑.𝟓

For the strong phase of D meson, we need input from BESIII
For example: 𝝍 𝟑𝟕𝟕𝟎 → 𝑫ഥ𝑫 [PRD 101 (2020) 112002]

https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/LHCb-CONF-2022-003.html


The future 
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Belle-II
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STFC (Super tau-charm factory)
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arXiv:2303.15790

From Gang Li’s talk at
Aug. 2022

Rich of Physics: unique for 
physics with 𝑐 and 𝜏 lepton

https://indico.ihep.ac.cn/event/16065/contributions/43666/attachments/61922/71364/GLI-STCF-CEPC.pdf


LHCb upgrade 
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CERN-LHCC-2017-003
CERN-LHCC-2018-027

Opearte at up to 𝟏. 𝟓 × 𝟏𝟎𝟑𝟒𝒄𝒎−𝟐𝒔−𝟏 and collect 300 𝒇𝒃−𝟏+



CEPC

100 km double ring design (30 MW SR power, upgradeable to 50 MW)

Switchable between Higgs/Z/W modes without hardware change 

New baseline for Linac (C-band, 2 GeV)
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FCC-ee

Similar design: longer timescale, higher design luminosity 

First 𝒆+𝒆− collisions in the middle of 2040s

Extremely interesting for EW physics, also 𝒃 and 
𝝉 physics 
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The journey of CLFV search …
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Mu2e and COMET aim to 
imporve by a factor 𝟏𝟎𝟒

Phys. Report 532 (2013) 27



Summary

Flavour physics plays key roles in the particle physics

Still many anamolies in the flavour physics
𝑏 → 𝑠𝑙𝑙 differential BR and angular measurements

LFU

g-2

…

A precision flavour physics era ahead of us
Belle II and LHCb upgrades will bring preciesion 

that not been achieved before

New colliders/facilities are coming: STCF, Fcc-ee

Lepton flavour experiments: g-2, COMET, mu2e 
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The Golden Age by Pietro da Cortona



Backup
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𝑩𝟎 mixing to probe top mass

1987: 𝑩𝒅 mixing from ARGUS ( 𝒔 = 𝟏𝟎. 𝟓𝟖 𝐆𝐞𝐕)

Δmd~0.00002 ×
𝑚𝑡

ΤGeV 𝑐2

2

𝑝𝑠−1 ~ 0.5 𝑝𝑠−1
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⟹𝒎𝒕 > 𝟓𝟎 𝐆𝐞𝐕

PLB 192 (1987) 245



𝝁 +𝑵 → 𝒆 +𝑵: experimental technique

Beam of low momentum muons

Muons stopped in AI target

Muons trapped in orbit around the nucleus

Look for 𝜇−𝑁 𝐴, 𝑍 → 𝑒−𝑁 𝐴, 𝑍 events: mono-energetic 𝑒− with 𝐸 ∼ 𝑀𝜇 produced

Normalize to muon captures counting emitted muonic X-rays
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A ratio measurement 

Advantages:
Precision: large b-hardon production and large BF

𝑏 → 𝑐𝑙𝜈 transitions: charge current, tree level, a few percent 

Uncertainties: hadronic form factor uncertainty and other experimental 
uncertainties are cancelled

SM prediction: 0.300 ± 0.008, from Lattice calculations [Phys.Rev.D 92, 034506 (2015), 
Phys.Rev.D 92, 054410 (2015)]

0.254 ± 0.005

Challenges:
Neutrinos: missing neutrinos in the final state, affects the resolution of 

observables @LHCb
Large background: partially reconstructed background contamination 
Size of Simulation: large simulation samples needed for modelling signal and 

bkg
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Hints of NP since 2012

Belle Collaboration
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PRD 92, (2015) 072014
PRL 118, (2017) 211801

PRD 97, (2018) 012004

Phys.Rev.Lett. 124 (2020) 16, 161803



𝝓𝒔 measurements 

CP violation phase arising from interference between mixing and 
decay, precisely predicted

Golden channel exploited by LHCb, ATLAS, CMS: 𝐵𝑠
0 → Τ𝐽 𝜓𝜙

Statistically limited

HFLAV combination: 𝜙𝑠 = −0.041 ± 0.025 𝑟𝑎𝑑
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HFLAV 2021 Average



𝝓𝒔 measurements 

The most precise measurement to date
𝜙𝑠 = −0.039 ± 0.022 ± 0.006 rad 

Updated with full data-set (combined all results)
𝜙𝑠 = −0.050 ± 0.017 rad (23% improvement)

𝜙𝑠
𝑐 ҧ𝑐𝑠 = −0.039 ± 0.016 rad (15% improvement )

Consistent with the prediction of 
global fits assuming SM

No evidence of CP violation 
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LHCb-paper-2023-016, in preparation 

More details can be found in Peilian 
and Vukan’s CERN seminar talk

https://indico.cern.ch/event/1281612/attachments/2664875/4618672/CERN_seminar_sin2beta_phis.pdf


𝜸 angle measurement
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𝜸 = 𝝓𝟑 = 𝐚𝐫𝐠(−
𝑽𝒖𝒅𝑽𝒖𝒃

∗

𝑽𝒄𝒅𝑽𝒄𝒃
∗ )

1. GLW (Gronau-London-Wyler) method: 

𝐷(∗) decay into CP eigenstates, eliminating further hadronic uncertainties 
from the 𝐷(∗) decays

2.  ADS (Atwood-Dunietz-Soni) method:

𝐷(∗) decay with a pattern of Cabibbo dominance/suppression that 
counteracts the colour suppression/dominance of the B decay 

3.  GGSZ (Giri-Grossman-Soffer-Zupan) method:

 Dalitz analysis of three body 𝐷(∗) decays, including a dependence 

on the amplitude mode for 𝐷(∗) decays



𝑩𝒅,𝒔
𝟎 → 𝝁+𝝁− status 
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PRL 128 (2022) 041801

PLB 842 (2023) 137955



Charged lepton falvour violation 
(CLFV)

CLFV processes strongly suppressed in SM
Not forbidden due to neutrino 

oscillation 

rates ∝
𝑚𝜈
4

𝑚𝑊
4 < 10−50

enhanced in the new physics 

𝜇 decays
𝜇 → 𝑒𝛾, 𝜇 → 𝑒𝑒𝑒, 𝜇 + 𝑁 → 𝑒 + 𝑁(′), 𝜇−𝑝𝑝 → 𝑒+𝑛𝑛

𝜏 decays 
𝜏 → 𝑒𝛾, 𝜏 → 𝑒𝑒𝑒

𝜏 → 𝜇𝛾 can be highly enhanced 
in the NP model
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Effective mass scale 

Upper to 104 TeV
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