
SUSY2021, 23-28 August 2021

Studying CP Violation in  
the B System 

A
T
L
A
S 

BELLE 

1999 1999 

2001 

Babar, Belle, CDF, D0 

2010

BELLE II 

2014 

SUPERB? 

LHCb, ATLAS, CMS 

LHCb upgrade, Belle II, SuperB?  Yuehong Xie
Central China Normal University

Flavour Physics @ LHC
(On behalf of LHCb, covering LHC highlights)

LHC

1999

2018



Outline

 Flavour physics program at LHC

 Mixing, CP violation and CKM unitarity 

 Rare decays and lepton flavour universality 

 Summary and future prospects
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 Mixing and CP violation at LHCb
Adam Davis, Flavour session， 25/08/2022

 Flavour anomalies at LHCb
Miriam Lucio Martinez,  Flavour session, 26/08/2022 

 ATLAS measurements of CP violation and rare decays processes 
with beauty mesons 
Maria Smizanska,  Flavour session, 27/08/2022 

LHC talks on flavour physics in parallel sessions



Flavour physics program at LHC  
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Role of flavour physics
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 Key open HEP questions 

 What is the origin of matter-antimatter asymmetry in the Universe? 

 Is there physics beyond the Standard Model and what is the form? 

 Precision study of  flavour and CP symmetry breaking can 

probe BSM physics at energy scale unaccessible directly at 

colliders 

 Looking for new sources of CP violation

Precision flavour measurements to overconstrain CKM matrix

 Looking for new phenomena in rare or forbidden decays

Flavour changing neutral current

Lepton flavor universality violation  

Lepton flavor number violation

…



LHC: heavy flavour factory

Large production cross sections:

𝜎 𝑏ത𝑏𝑋 ∼ 0.2% × 𝜎𝑝𝑝
inelas,  𝜎 𝑐 ҧ𝑐𝑋 ∼ 4% × 𝜎𝑝𝑝

inela𝑠

All species of b- and c-hadrons: 

𝐵0, 𝐵𝑠
0, 𝐵+, 𝐵𝑐

+, 𝛬𝑏
0 , 𝐷0, 𝐷+, 𝐷𝑠

+, 𝛬𝑐
+, 𝐽/𝜓, Ξ𝑐𝑐

++, 𝑃𝑐 , …

 ATLAS/CMS: ~180fb-1

 Covering ~4𝜋 solid angle

 No hadron identification 

 General purpose,  B physics focusing 

on 𝜇+𝜇−𝑋 final states
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 LHCb: 3(Run1)+6(Run 2) fb-1

 Forward spectrometer  (2 < 𝜂 < 5)

 Excellent vertexing, PID, tracking and 

flexible trigger

 CP violation, rare decays, spectroscopy, 

QCD, electroweak, heavy ion, …

 LHC



Mixing, CP violation and 

CKM unitarity test
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CKM mixing matrix 
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 Test of Unitarity by measuring 

 Angles (CP violating) and sides (CP conserving)

 Origin of CPV in SM: nonzero CKM weak phase  (𝜼 ≠ 𝟎 )

𝑽𝒕𝒅 𝒆
−𝒊𝜷 −|𝑽𝒕𝒔|𝒆

𝒊𝜷𝒔CPV in charm |𝑽𝒖𝒃|𝒆
−𝒊𝜸

LHC dominating

B factories dominating, 
LHC catching up



𝑩𝒔
𝟎 mixing phase 𝝓𝒔 = −𝟐𝜷𝒔

𝐞𝐟𝐟
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𝝓𝒔: sensitive to new physics in 𝑩𝒔
𝟎 mixing. 

Golden channel: 𝑩𝒔
𝟎 → 𝑱/𝝍𝝓(→ 𝑲+𝑲−)

ACP 𝑡 =
Γത𝐵𝑠

0
→𝑓

𝑡 − Γ𝐵𝑠0→𝑓 𝑡

Γത𝐵𝑠
0
→𝑓

𝑡 + Γ𝐵𝑠0→𝑓 𝑡
≈ −𝜂𝑓sin𝜙𝑠 sin Δms𝑡

NP?

 Good flavor tagging & time reconstruction performance essential

tagging power 𝝈𝒕 features

ATLAS 1.75% 70 fs new Inner B-Layers improve 𝜎𝑡

CMS ~10% 75 fs new DNN  OS muon tagger

LHCb 4.73% 45 fs excellent K/𝜋 separation & vertex reconstruction



𝑩𝒔
𝟎 → 𝑱/𝝍𝝓 analyses
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 Signal reconstruction & selection

LHCb, EPJC 80 (2020) 601

ATLAS, EPJC 81 (2021) 342

CMS, PLB 816 (2021) 136188

48.5k

453k 1.9fb−1

 Tagged 4-dimensional time-angular fit 

117k



𝝓𝒔 and 𝚫𝚪𝐬 results
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ATLAS, EPJC 81 (2021) 342

CMS, PLB 816 (2021) 136188

LHCb, EPJC 80 (2020) 601

Collab. Decay Modes 𝝓𝒔 (mrad) 𝚫𝚪𝐬 (𝐩𝐬−𝟏)

ATLAS 𝐽/𝜓𝐾+𝐾− −87 ± 41 0.0657 ± 0.0057

CMS 𝐽/𝜓𝐾+𝐾− −21 ± 45 0.1032 ± 0.0106

LHCb 𝐽/𝜓𝐾+𝐾−, 𝐽/𝜓𝜋+𝜋−, 𝐷𝑠
+𝐷𝑠

− −42 ± 25 0.0813 ± 0.0048

HFLAV Above+CDF+D0 −50 ± 19 0.082 ± 0.005

SM prediction from CKMfitter −37 ± 1 0.091 ± 0.013

 World average
 LHCb 𝒃 → 𝒄ത𝒄𝒔 combination



CPV in 𝑩𝒔
𝟎 → 𝑲+𝑲−
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ACP 𝑡 =
Γത𝐵𝑠0→𝑓 𝑡 − Γ𝐵𝑠0→𝑓 𝑡

Γത𝐵𝑠0→𝑓 𝑡 + Γ𝐵𝑠0→𝑓 𝑡
=
−C𝑓cos Δm𝑠𝑡 + S𝑓sin(Δm𝑠𝑡)

cosh
ΔΓ𝑠𝑡
2

+ A𝑓
Δsinh

ΔΓ𝑠𝑡
2

 Flavour-tagged time-dependent analysis with 2015+2016 data 

𝐒𝐊𝐊 = 𝟎. 𝟏𝟐𝟑 ± 𝟎. 𝟎𝟑𝟒 ± 𝟎. 𝟎𝟏𝟓

CKK = 0.164 ± 0.034 ± 0.014

AKK
Δ = −0.83 ± 0.05 ± 0.09

JHEP 03 (2021) 075

First observation of time-dependent 

CP violation in 𝑩𝒔
𝟎 decays!



𝑲𝝅 puzzle confirmed 
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𝐴CP 𝐾+𝜋0 = 0.025 ± 0.015 ± 0.006 ± 0.003

 Anomaly in CP asymmetries of 𝑩 → 𝑲𝝅 decays

 Most precise 𝑨𝑪𝑷 𝑲+𝝅𝟎 with LHCb Run2 data 

𝛥𝐴CP 𝐾𝜋 = 𝐴CP 𝐾+𝜋0 − 𝐴CP 𝐾+𝜋− ≈ 0.124 ± 0.021

𝛥𝐴CP 𝐾𝜋 ≈ 0 expected based on isospin symmetry. 5.5𝜎 discrepancy!

WA: 𝐴CP 𝐾+𝜋0 = 0.040 ± 0.021 𝐴CP 𝐾+𝜋0 = 0.031 ± 0.013

𝜟𝑨𝑪𝑷 𝑲𝝅 = 𝟎. 𝟏𝟏𝟓 ± 𝟎. 𝟎𝟏𝟒 (𝟖𝝈 from zero)

PRL 126 (2021) 091802



𝐕𝐮𝐛/𝐕𝐜𝐛 puzzle
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b→ ulν

• Inclusive: high background 

Vub = 4.25 ± 0.30 × 10−3

Vub/Vcb = 0.102 ± 0.007

• Exclusive: need LQCD  inputs 

Vub = 3.67 ± 0.15 × 10−3

Vub/Vcb = 0.093 ± 0.004

 Tension between inclusive and exclusive determinations

b→ clν

• |𝐕𝐮𝐛/𝐕𝐜𝐛| in 𝚲𝐛
𝟎→ 𝒑𝝁−ഥ𝝂𝝁 by LHCb

[Nature Physics 11 (2015) 743]

Vub

Vcb
= 0.083 ± 0.004 ± 0.004



𝐕𝐮𝐛/𝐕𝐜𝐛 in 𝑩𝒔
𝟎 → 𝑲−𝝁+𝝂𝝁
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PRL 126 (2021) 081804

 Measure 𝐑𝐁𝐅 = 𝐁𝐅 𝑩𝒔
𝟎 → 𝑲−𝝁+𝝂𝝁 /𝐁𝐅 𝑩𝒔

𝟎 → 𝑫𝒔
−𝝁+𝝂𝝁

 Determine 𝐕𝐮𝐛/𝐕𝐜𝐛 through 𝐑𝑩𝑭 = 𝐕𝐮𝐛/𝐕𝐜𝐛
𝟐 𝐅𝐅𝑲/𝐅𝐅𝑫𝒔

𝐵𝑠
0 → 𝐷𝑠

−𝜇+𝜈𝜇𝐵𝑠
0 → 𝐾−𝜇+𝜈𝜇 high 𝑞2𝐵𝑠

0 → 𝐾−𝜇+𝜈𝜇 low 𝑞2

Low 𝑞2: LCSR FF𝐾 = 4.14 ± 0.38 ps−1

Vub

Vcb
low = 0.061 ± 0.004

High 𝑞2: LQCD FF𝐾 = 3.32 ± 0.46 ps−1

Vub

Vcb
high = 0.095 ± 0.008

Consistent with other excl. measurements

Run1



Improvement on 𝚫𝐦𝐬
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Δ𝑚𝑑 ,
Δ𝑚𝑑

Δ𝑚𝑠

 LHCb combination

arXiv:2104.04421

𝑩𝒔
𝟎 → 𝑫𝒔

−𝝅+

Δms = 17.7656 ± 0.0057 ps−1

SM prediction: Δms = 18. 4−1.2
+0.7 ps−1

𝑷 𝒕 ∼ 𝒆−𝚪𝐬𝐭 𝐜𝐨𝐬𝐡
𝚫𝚪𝐬𝐭

𝟐
± 𝐜𝐨𝐬 𝚫𝐦𝐬𝐭

 Run2 analysis of 𝑩𝒔
𝟎 → 𝑫𝒔

−𝝅+

Luzio, Kirk, Lenz, JHEP 12 (2019) 009



Update on 𝑫𝟎-ഥ𝑫𝟎 mixing
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First observation of non-zero mass difference of 𝑫𝟎 mass eigenstates!

arXiv:2106.03774

 Time-dependent Dalitz analysis of 𝑫𝟎 → 𝑲𝑺
𝟎𝝅+𝝅− with Run 2 data

𝑡/𝜏

𝑥 = 0

Yield ratio of -b and b

𝑥 = 3.98−0.54
+0.56 × 10−3 𝑦 = 4.6−1.4

+1.5 × 10−3

 𝑫𝟎-ഥ𝑫𝟎 oscillation observed but mass difference poorly known 

𝑦 =
𝛤1−𝛤2

2𝛤
= 0.68−0.07

+0.06 % ≠ 0

𝑥 =
𝑚1−𝑚2

𝛤
= 0.37 ± 0.12 %

ൿ|𝐷1,2 = 𝑝 ۧ|𝐷0 ± 𝑞 ۧ|ഥ𝐷0



Updated 𝑫𝟎 parameters 
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𝑫𝟎 mixing and CP violation parameters improved significantly.

arXiv:2106.03774 

 Combination with 𝑫𝟎 → 𝑲−𝝅+ and 𝑫𝟎 → 𝒉+𝒉−(𝒉 = 𝑲,𝝅)

both non-zero

consistent with CP symmetry

𝐷0-ഥ𝐷0 parameters from a combination of beauty and charm measurements 

presented by Adam Davis in the Flavour session on 25/8  



LHC: pushing the frontier
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When LHC started Current status 

And significant improvements in 𝜸, sin2𝜷 … 

LHCb: 

𝜸 = 𝟔𝟓. 𝟒−𝟒.𝟐
+𝟑.𝟖 °

Previous WA: 

𝜸 = 𝟕𝟑. 𝟓−𝟓.𝟏
+𝟒.𝟐 °

LHCb: 

𝐬𝐢𝐧𝟐𝜷 = 𝟎. 𝟕𝟔 ± 𝟎. 𝟎𝟑

WA: 

𝐬𝐢𝐧𝟐𝜷 = 𝟎. 𝟕𝟎 ± 𝟎. 𝟎𝟐

LHCb-CONF-2021-001

preliminary



Rare decays
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FCNC 𝒃 → 𝒔𝒍+𝒍− decays
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 FCNC 𝒃 → 𝒔𝒍+𝒍− decays described by effective Hamiltonian 

𝐻 = −
4GF

2
VtbVts

∗ σ𝑖 𝐶𝑖 𝑂𝑖 +
𝐾

ΛNP
2 𝑂𝑗

(6)

New physics can affect Wilson coefficients 𝐶𝑖 and/or add new operators 𝑂𝑗

7: photon penguin; 9,10: EW penguin; S,P: （pseudo-）scalar penguin

 Sensitivity to Wilson coefficients

 Theoretically clean probes of NP

 Pure leptonic decays

 Special angular observables

 Ratio between 𝑒/𝜇/𝜏



𝑩(𝒔)
𝟎 → 𝝁+𝝁−
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 Very rare, theoretically clean, with high 

sensitivity to NP

More than 30 years of pursuit 

BSM 𝐵𝑠
0 → 𝜇+𝜇− = 3.66 ± 0.14 × 10−9

BSM 𝐵0 → 𝜇+𝜇− = 1.03 ± 0.05 × 10−10

Beneke, Bobeth, JHEP 10 (2019 232)

o LHC 2011-2016 

combination

 LHCb Run2 

update



LHC combination of 𝑩(𝒔)
𝟎 → 𝝁+𝝁−
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 ATLAS, CMS and LHCb results using 2011-2016 data

𝑩 𝑩𝒔
𝟎 → 𝝁+𝝁− 𝑩 𝑩𝟎 → 𝝁+𝝁−

ATLAS 2.8−0.7
+0.8 × 10−9 < 2.1 × 10−10

CMS 2.9 ± 0.7 ± 0.2 × 10−9 < 3.6 × 10−10

LHCb 3.0 ± 0.6−0.2
+0.3 × 10−9 < 3.4 × 10−10

Average 2.69−0.35
+0.37 × 10−9 < 1.6 × 10−9

JHEP 04 (2019) 098 JHEP 04 (2020) 188 PRL 118 (2017) 191801

 Combination results consistent with SM at 2.1𝝈 LHCb-CONF-2020-002



Update on 𝑩(𝒔)
𝟎 → 𝝁+𝝁−

 BF with full Run1+Run2 sample

𝐵 𝐵𝑠
0 → 𝜇+𝜇− = 3.09−0.43 −0.11

+0.46 +0.15 × 10−9

𝐵 𝐵0 → 𝜇+𝜇− < 2.6 × 10−10 @90% CL

𝐵 𝐵𝑠
0 → 𝜇+𝜇−𝛾;𝑚 𝜇𝜇 > 4.9 GeV < 2.0 × 10−9

𝜏eff 𝐵𝑠
0 → 𝜇+𝜇− = 2.07 ± 0.29 ± 0.03 ps

arXiv:2108.09283,

arXiv:2108.09284

23New results agree with previous results  and SM predictions

 Effective lifetime  



𝑩𝒔
𝟎 → 𝝓𝝁+𝝁− BF update
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arXiv: 2105.14007

 BF from  Run 1+2 data, with 𝑩𝒔
𝟎 → 𝑱/𝝍𝝓 for normalization   

𝐵 𝐵𝑠
0 → 𝜙𝜇+𝜇− = 8.14 ± 0.21 ± 0.16 ± 0.13 ± 0.09 ± 0.39 × 10−7

𝟏. 𝟏 < 𝒒𝟐 = 𝒎𝟐(𝝁𝝁) < 𝟔. 𝟎 𝐆𝐞𝐕𝟐:

 Differential rate

𝟑. 𝟔𝝈 below  SM prediction 

based on LQCD+LCSR 



 Measured values consistently below SM predictions

Caveat: significant theory uncertainties from hadronic form factors

JHEP 06(2014)133 arXiv: 2105.14007

𝒃 → 𝒔𝒍+𝒍− branching fractions
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JHEP 04(2017)142 JHEP 06(2015)115

𝐵𝑠
0 → 𝜙𝜇+𝜇−𝐵+ → 𝐾+𝜇+𝜇−

𝐵0 → 𝐾∗0𝜇+𝜇− Λb
0 → Λ0𝜇+𝜇−



𝑩𝒔
𝟎 → 𝝓𝝁+𝝁− angular analysis  
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arXiv:2107.13428

 Results in general consistent with SM expectations

 Untagged angular observables  

CP average: 𝐹𝐿 , 𝑆3, 𝑆4, 𝑆7 CP asymmetries: 𝐴𝐹𝐵
𝐶𝑃 , 𝐴5, 𝐴8, 𝐴9



Angular analysis: 𝑩𝟎 → 𝑲∗𝟎𝝁+𝝁−
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+

 K
+

-

W
2

K-

K*

Bq

• 8 independent CP-averaged observables: FL, AFB, S3,4,5,7,8,9

• Form factors cancel at leading order: 𝑷𝒊
′ = 𝑺𝒊/ 𝑭𝐋(𝟏 − 𝑭𝐋)



Update on 𝑩𝟎 → 𝑲∗𝟎𝝁+𝝁−
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 Tension of 𝑷𝟓
′ with SM seen in Run 1 result persists with new data 

PRL 125 (2020) 011802 

Run 1 Run1+2016

4.0 < 𝑞2 < 6.0 GeV2 2.8𝜎 2.5𝜎

6.0 < 𝑞2 < 8.0 GeV2 3.0𝜎 2.9𝜎



𝑷𝟓
′ comparison 
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PRL 125 (2020) 011802 

PRL 118 (2017) 111801

JHEP 10 (2018)  047 

PLB 781 (2018)  517 

JHEP 09 (2010) 089

JHEP 12 (2014) 125



𝑩+ → 𝑲∗+𝝁+𝝁−

30

PRL 126 (2021) 161802 

 First analysis of 𝑩+ → 𝑲∗+𝝁+𝝁− using full Run1+Run2 sample

𝑷𝟓
′ : pattern consistent with that seen in 𝐵0 → 𝐾∗0𝜇+𝜇−

𝑷𝟐 =
𝟐

𝟑
𝑨𝑭𝑩/(𝟏 − 𝑭𝑳): tension of 3.0𝜎 with SM in 6.0 < 𝑞2 < 8.0 GeV2



Lepton flavor universality test
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• 𝐑𝑲(∗) = 𝟏. 𝟎𝟎𝟎 ± 𝟎. 𝟎𝟎𝟏 in the SM, with uncertainties related to 

form factors largely cancelled

• Experimental challenge: electron reconstruction

• Double ratio technique   

Electron Bremstrahlungs recovery

Difficult to recover

𝐑𝑲(∗) =
𝐁(𝑩 → 𝑲 ∗ 𝝁+𝝁− )

𝐁(𝑩 → 𝑲(∗)𝒆+𝒆−)
=
𝐁 𝑩 → 𝑲(∗)𝝁+𝝁− /𝐁 𝑩 → 𝑲(∗)𝑱/𝝍 → 𝝁+𝝁−

𝐁 𝑩 → 𝑲(∗)𝒆+𝒆− /𝐁 𝑩 → 𝑲(∗)𝑱/𝝍 → 𝒆+𝒆



Update on 𝐑𝑲

32

arXiv:2105.14007

 Previous result with Run1+2015+2016 sample

R𝐾 1.1 < 𝑞2 < 6.0 GeV2 = 0.846−0.054 −0.014
+0.060 +0.016 (𝟐. 𝟓𝝈 from SM)

 New result with full Run1+Run2 sample 

R𝐾 1.1 < 𝑞2 < 6.0 GeV2 = 0.846−0.039 −0.012
+0.042 +0.013 (𝟑. 𝟏𝝈 from SM)

PRL 122 (2019)  191801



𝐑𝒑𝑲 and 𝐑𝑲∗

33

JHEP 05 (2020) 040

 Test of LFU in 𝚲𝐛
𝟎 → 𝒑𝑲−𝒍+𝒍− with Run1+2016 data

R𝑝𝐾 0.1 < 𝑞2 < 6.0 GeV2 = 0.86−0.11
+0.14 ± 0.05

 Test of LFU in 𝑩𝟎 → 𝑲∗𝟎𝒍+𝒍− with Run1 data

R𝐾∗ 0.045 < 𝑞2 < 1.1 GeV2 = 0.66−0.07
+0.11 ± 0.05

R𝐾∗ 1.1 < 𝑞2 < 6.0 GeV2 = 0.69−0.07
+0.11 ± 0.05

(2.1-2.3𝝈 from SM)

(2.4-2.5𝝈 from SM)

JHEP 08 (2017) 055



Summary 

34

 CP violation in quark sector is measured with higher 

precision and broadly consistent with the CKM picture 

• Hint of leptonic CP violation at T2K experiment  

 A few anomalies in 𝒃 → 𝒔𝒍+𝒍− transitions  persist, such as 

hints of LFUV, anomalous angular distributions

• Any connection with the anomaly in muon g-2? 

 More results in the pipeline, and many interesting results not 

mentioned, e.g. spectroscopy and production

 Exciting opportunities expected with upgraded LHCb

detector (50 𝐟𝐛−𝟏), its phase-2 upgrade (300 𝐟𝐛−𝟏),  and  

ATLAS & CMS B physics programs at HL-LHC



Backup slides
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CP violation milestones 
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Time-integrated 

CP violation in

𝑩𝒔
𝟎 → 𝑲+𝝅−

Time-dependent 

CP violation in

𝑩𝒔
𝟎 → 𝑲+𝑲−



Search for 𝑩(𝒔)
𝟎 → 𝒆+𝒆−

37CDF: B 𝐵𝑠
0 → 𝑒+𝑒− < 2.8 × 10−7, B 𝐵0 → 𝑒+𝑒− < 8.3 × 10−8

 Extremely rare in the SM (helicity and CKM suppression )   

LHCb: 𝐵 𝐵𝑠
0 → 𝑒+𝑒− < 9.4 × 10−9, 𝐵 𝐵0 → 𝑒+𝑒− < 2.5 × 10−9

PRL 124 (2020) 211802

B 𝐵𝑠
0 → 𝑒+𝑒− = 8.60 ± 0.36 × 10−14,

B 𝐵0 → 𝑒+𝑒− = 2.41 ± 0.13 × 10−15

 Could be enhanced to 𝟏𝟎−𝟖 and  𝟏𝟎−𝟏𝟎 by new physics

 LHCb limits @90% using 2011-2016 data 



Lepton flavour violation

B 𝐵+ → 𝐾+𝜇+𝜏− < 3.9 × 10−5 @90%CL B 𝐵+ → 𝐾+𝜇+𝜏− < 7 × 10−9 @70%CL

B 𝐵0 → 𝑒±𝜇∓ < 3.9 × 10−5 @90%CL B 𝐵𝑠
0 → 𝑒±𝜇∓ < 6.0 × 10−5 @90%CL

JHEP 06 (2020) 129 PRL 123 (2019) 241802

JHEP 03 (2017) 078
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𝑹𝑫 ∗ =
𝐁 ഥ𝑩→𝑫∗𝝉−ത𝝂𝝉

𝐁 ഥ𝑩→𝑫∗𝒍−ത𝝂𝝉
(𝒍 = 𝝁, 𝒆)
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Overall tension of 

𝟑. 𝟏𝝈 with SM


