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LHCb实验最新进展



提纲
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⚫ LHCb实验介绍

⚫ CP破坏相位角的高精度测量

⚫ 稀有衰变和轻子普适性中的反常结果

⚫ 若干常规与非常规强子的发现

⚫ 展望和总结
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ALICE

CMS

LHCb

ATLAS

27公里环形质子-质子加速器， 

每秒4千万次对撞, 设计能量14 TeV 
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大型强子对撞机



LHCb实验

中国单位：
清华大学，华中师范大学，中国科学院大学，武汉大学，
高能所, 华南师范大学，湖南大学，北京大学，兰州大学

LHCb合作组
21个国家，97家单位，1626名成员

• 理解正反物质不对称  （重味强子衰变中的CP破坏）

• 间接寻找新物理效应   （稀有衰变、轻子普适性检验）

• 理解强相互作用机制   （强子性质、新强子态）

• 前向区域的物理研究   （电弱物理、重离子物理、QCD)
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LHCb数据获取（pp 对撞）

第一运行期：Run 1（2011-2012），3 fb-1

第二运行期：Run 2（2015-2018），6 fb-1

第二运行期：Run 3（2022- ），~1 fb-1
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High-precision measurements of 

CP-violating phases 
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CP violation and CKM matrix

When LHC started 

LHCb has achieved  

the most precise 

measurements of 

𝛽, 𝛽𝑠, 𝛾

CP violation in the quark sector successfully described by the CKM matrix

Current picture 
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Run 2 legacy measurement of 𝐬𝐢𝐧𝟐𝜷 arXiv:2309.09728

LHCb: 𝐬𝐢𝐧𝟐𝛃 = 𝟎. 𝟕𝟐𝟒 ± 𝟎. 𝟎𝟏𝟒

New WA:  sin2𝛽 = 0.708 ± 0.011

SM prediction:  sin2𝛽 = 0.731−0.016
+0.029

𝑨𝑪𝑷 𝒕 = 𝐬𝐢𝐧𝟐𝜷 𝐬𝐢𝐧 𝜟𝒎𝒅𝒕
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Most precise measurement of 𝝓𝒔 in 𝑩𝒔
𝟎 → 𝑱/𝝍𝝓

LHCb: 𝝓𝒔
𝒄ത𝒄𝒔 = −𝟎. 𝟎𝟑𝟖 ± 𝟎. 𝟎𝟏𝟖 rad

New WA: 𝜙𝑠
𝑐 ҧ𝑐𝑠 = −0.038 ± 0.018 rad

SM prediction: 𝜙𝑠 = −2𝛽𝑠 = −0.0368−0.009
+0.006 rad 

No sign of CP violation
No significant polarization dependency 

Tension  in ΔΓ𝑠 remains

LHCb ΔΓ𝑠 = 0.0845 ± 0.0044 ± 0.0024 ps−1

ATLAS    ΔΓ𝑠 = 0.0657 ± 0.0043 ± 0.0037 ps−1

CMS      ΔΓ𝑠 = 0.1032 ± 0.0095 ± 0.0048 ps−1

arXiv:2308.01468

𝑨𝑪𝑷 𝒕 ∝ 𝐬𝐢𝐧𝝓𝒔 𝐬𝐢𝐧 𝜟𝒎𝒔𝒕
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𝝓𝒔 in penguin decay 𝑩𝒔
𝟎 → 𝝓𝝓 PRL 131 (2023) 171802

⚫ Penguin-dominated decay sensitive to NP

LHCb: 𝝓𝒔
𝒔ത𝒔𝒔 = −𝟎. 𝟎𝟕𝟒 ± 𝟎. 𝟎𝟔𝟗 rad

SM prediction: 𝜙𝑠
SM = 0.00 ± 0.02 rad 

⚫ Most precise measurement of time-dependent CP 

violation in penguin decays, consistent with SM

𝑨𝑪𝑷 𝒕 ∝ 𝐬𝐢𝐧𝝓𝒔 𝐬𝐢𝐧 𝜟𝒎𝒔𝒕
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𝜸 from 𝑩 → 𝑫𝒉 decays 

⚫ Access 𝛾 from interference of 𝑏 → 𝑢 & 𝑏 → 𝑐
transitions in 𝐵± → 𝐷ℎ± (ℎ = 𝐾, 𝜋) decays 

𝛾, 𝛿𝐵, 𝑟𝐵: to be measured 𝛿𝐷, 𝑟𝐷: external inputs 

⚫ 𝛾 remains a limiting factor for test of CKM unitarity 

PRD 87 (2015) 052 015

arXiv: 1301.2033

BaBar:  𝛾 = 70 ± 18 °

BELLE: 𝛾 = 73−15
+13 °

LHCB-CONF-2022-002LHCb: γ = 63.8−3.7
+3.5 °
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𝜸 measurement methods
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Latest LHCb 𝜸 combination LHCb-CONF-2022-002

Combination of many 𝐵 and 𝐷 decay modes 

Consistent with SM prediction: γ = 65. 5−2.7
+1.1 °

LHCb: 𝜸 = 𝟔𝟑. 𝟖−𝟑.𝟕
+𝟑.𝟓 °

𝐵± → 𝐷𝐾 ∗ ±
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New 𝜸 results using 𝑫 → 𝑲𝑺
𝟎𝒉+𝒉− decays (BPGGSZ) arXiv:2310.04277

𝑥± = 𝑟𝐵 cos(𝛿𝐵 ± 𝛾)

𝑦± = 𝑟𝐵 sin(𝛿𝐵 ± 𝛾)

𝑩± → 𝑫∗𝒉± , 𝑫∗ → 𝑫 𝑲𝑺
𝟎𝒉+𝒉− 𝜸/𝝅𝟎

Most precise single measurement: 𝜸 = 𝟔𝟗−𝟏𝟒
+𝟏𝟑 °𝑩𝟎 → 𝑫(𝑲𝑺

𝟎𝒉+𝒉−)𝑲∗𝟎

𝜸 = 𝟒𝟗−𝟏𝟗
+𝟐𝟐 ° arXiv:2309.0551

𝑐𝑖, 𝑠𝑖: from BESIII/CLEO



Anomalies in rare decays and 

lepton flavour universality test
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𝒃 → 𝒔𝒍+𝒍−
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Tension in differential decay rates

PRD 107 (2023) 119903 PRL 127 (2021) 151801

JHEP 04 (2017) 142
JHEP 06 (2015) 115

𝐵𝑠
0 → 𝜙𝜇+𝜇−𝐵+ → 𝐾+𝜇+𝜇−

𝐵0 → 𝐾∗0𝜇+𝜇− Λb
0 → Λ0𝜇+𝜇−
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Anomalies in binned angular analysis  

𝐵0 → 𝐾∗0𝜇+𝜇− 𝐵+ → 𝐾∗+𝜇+𝜇−

PRL  126 (2021) 161802

Shift of effective coupling 𝑪𝟗 preferred 

8.4 fb−1

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.126.161802
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Possible interpretations

• New physics contributions in 𝑏 → 𝑠𝜇+𝜇− decays?

• Under-estimated form factor uncertainties? 

• Effect of SM charm loops?  Get it from Run 1+ 2016 data   
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Unbinned amplitude analysis of 𝑩𝟎 → 𝑲∗𝟎(𝑲+𝝅−)𝝁+𝝁−
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External inputs

Local form factors constrained to theoretical calculations 
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Fit results for charm loop matrix elements

Fit results with and without 𝑞2 < 0 theory constraints broadly compatible 

LHCb-paper-2023-032, in prep.
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Binned 𝐝ℬ/𝐝𝒒𝟐 and 𝑷𝟓
′ from unbinned results   LHCb-paper-2023-032, in prep.
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Constraints on Wilson coefficients 

Tension between data and SM ∼ 1.9𝜎 in 𝐶9 and up to 1.5𝜎 in 𝐶10. 

Combined discrepancy ∼ 1.4𝜎

LHCb-paper-2023-032, in prep.
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𝚲𝐛 → 𝚲(𝟏𝟓𝟐𝟎)𝝁+𝝁− differential BF PRL  131  (2023) 151801

• High 𝑞2: consistent with SM predictions

• Low 𝑞2: significant variation in theoretical

predictions
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Previous lepton flavour universality tests in 𝒃 → 𝒔𝒍+𝒍−

Previous tension with SM Electron reconstruction challenging
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Updated 𝑹𝑲(∗) measurements PRL  131  (2023) 051803

New results consistent with SM, 

superseding previous results 

Benefitting from tighter PID selection, and 

novel data-driven background modelling 
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Hint of LFU violation in 𝒃 → 𝒄𝒍𝝂

Long standing 3.3𝜎 hint of deviation from LFU 
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LHCb 𝑹(𝑫(∗)) with 𝝉 → 𝝁ഥ𝝂𝝁𝝂𝝉 decays PRL  131  (2023) 111802

Measure 𝑅 𝐷(∗) with Run 1 data,  assuming isospin symmetry for 𝑅 𝐷∗0 and 𝑅 𝐷∗+

𝐷∗+ → 𝐷0𝜋+, 𝐷∗0 → 𝐷0𝜋0 or 𝐷0𝛾

ത𝐵0 → 𝐷∗+𝜇−𝜋+ for normalization 𝑹(𝑫∗)= 𝟎. 𝟐𝟖𝟐 ± 𝟎. 𝟎𝟏𝟖 ± 𝟎. 𝟎𝟐𝟒
𝑹 𝑫 = 𝟎. 𝟒𝟒𝟏 ± 𝟎. 𝟎𝟔𝟎 ± 𝟎. 𝟎𝟔𝟔
𝝆 = −𝟎. 𝟒𝟑
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LHCb 𝑹(𝑫∗) with hadronic 𝝉 decays PRD 108  (2023) 012018

Using 2015+2016 data:  𝑹(𝑫∗)= 𝟎. 𝟐𝟒𝟕 ± 𝟎. 𝟎𝟏𝟓(𝐬𝐭𝐚𝐭) ± 𝟎. 𝟎𝟏𝟓(𝐬𝐲𝐬𝐭) ± 𝟎. 𝟎𝟏𝟐(𝐞𝐱𝐭)

Combination with Run 1: 𝑹(𝑫∗)= 𝟎. 𝟐𝟓𝟕 ± 𝟎. 𝟎𝟏𝟐(𝐬𝐭𝐚𝐭) ± 𝟎. 𝟎𝟏𝟒(𝐬𝐲𝐬𝐭) ± 𝟎. 𝟎𝟏𝟐(𝐞𝐱𝐭)

One of the most precise measurements of 𝑅(𝐷∗)! 

ത𝐵0 → 𝐷∗+3𝜋± for normalization 
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World average of 𝑹(𝑫(∗)) 

Discrepancy with SM remains at 3.3𝜎, p-value = 1.04 × 10−4
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𝑫∗ longitudinal polarization in 𝑩𝟎 → 𝑫∗−𝝉+𝝂𝝉 arXiv:2311.05224

Belle result: 𝐹𝐿
𝐷∗ = 0.60 ± 0.08 ± 0.04

SM predictions:  𝐹𝐿
𝐷∗ ≈ 0.44 − 0.47

LHCb result of 𝐹𝐿
𝐷∗



Recently observed new hadrons 

33



34

Hadrons observed at the LHC

64 by LHCb
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New  naming scheme arXiv: 2206.15233

0
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Pentaquark 𝑷𝝍𝒔
𝚲 𝟒𝟑𝟑𝟖 𝟎 in 𝚲𝐛 → 𝑱/𝝍𝚲𝐩 PRL  131  (2023) 031901

A narrow resonance below Ξ𝑐𝐷
0 threshold observed, > 10𝜎

𝑀 𝑃𝜓𝑠
Λ (4338) = 4338.2 ± 0.7 ± 0.4 MeV

Γ 𝑃𝜓𝑠
Λ (4338) = 7 ± 1.3 ± 1.3 MeV

𝐽 = 1/2 determined, 𝑃 = −1 favoured, 𝑃 = +1 rejected at 90% CL
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New 𝑿(𝟑𝟗𝟔𝟎) in 𝑩+ → 𝑫𝒔
+𝑫𝒔

−𝑲+ PRL  131  (2023) 071901

New resonance below 𝐷𝑠
+𝐷𝑠

− threshold, 12.6𝜎

𝑀 𝑋 3960 = 3956 ± 5 ± 10 MeV

Γ 𝑋 3960 = 43 ± 13 ± 9 MeV

𝐽𝑃𝐶 = 0++

Evidence of another state, 3.8𝜎

𝑀 𝑋0 4140 = 4133 ± 6 ± 6 MeV

Γ 𝑋0 4140 = 60 ± 17 ± 7 MeV

𝐽𝑃𝐶 = 0++
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Observation of 𝑻𝒄ത𝒔𝟎
𝒂 𝟐𝟗𝟎𝟎 ++/𝟎 in 𝑩 → 𝑫𝑫𝒔𝝅 PRL  131  (2023) 041902

First observation of a doubly-charged 

tetraquark and its neutral partner

𝑇𝑐 ҧ𝑠0
𝑎 2900 ++:  𝑀 = 2921 ± 17 ± 20 MeV

Γ = 137 ± 32 ± 17 MeV

𝑇𝑐 ҧ𝑠0
𝑎 2900 0:    𝑀 = 2892 ± 14 ± 15 MeV

Γ = 119 ± 26 ± 13 MeV

Assuming isospin relation

𝑀 = 2908 ± 11 ± 20 MeV

Γ = 136 ± 23 ± 13 MeV

𝐽𝑃 = 0+

𝐵0 → ഥ𝐷0𝐷𝑠
+𝜋− 𝐵+ → 𝐷−𝐷𝑠

+𝜋+
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Evidence of 𝑻𝝍𝒔𝟏
𝜽 𝟒𝟎𝟎𝟎 𝟎 in 𝑩𝟎 → 𝑱/𝝍𝝓𝑲𝑺

𝟎 PRL  131  (2023) 131901

A possible isospin partner of 𝑇𝜓𝑠1
𝜃 4000 + that decays 

to 𝐽𝜓𝐾𝑆
0 is seen with 4.0𝜎

𝑀(𝑇𝜓𝑠1
𝜃 4000 0) = 3991 −10 −17

+12 + 9 MeV

Γ(𝑇𝜓𝑠1
𝜃 4000 0) = 105 −25 −23

+29 +17 MeV

Δ𝑀 = −12 −10 −4
+11 +6 MeV

𝐵+ → 𝐽/𝜓𝜙𝐾+

𝐵0 → 𝐽/𝜓𝜙𝐾𝑆
0

LHCb previously observed the 1+ 𝑍𝑐𝑠(4000)
and  1+or 1−1 𝑍𝑐𝑠 4220

+ decaying to 𝐽/𝜓𝐾+

(also called 𝑇𝜓𝑠1
𝜃 4000 + and 𝑇𝜓𝑠1

𝜃 4220 + )

[PRL 127 (2021) 082001]

𝑀(𝑇𝜓𝑠1
𝜃 4000 +) = 4003 ± 6 −14

+ 4 MeV

Γ 𝑇𝜓𝑠1
𝜃 4000 + = 131 ± 15 ± 26 MeV
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Observation of 𝛀𝐜 𝟑𝟏𝟖𝟓/𝟑𝟑𝟐𝟕
𝟎 states PRL  131  (2023) 131902

Observation of excited states decaying to 𝛯𝑐
+𝐾−

𝑀 Ωc 3185
0 = 3185.1 ± 1.7−0.9

+7.4 ± 0.2 MeV

Γ(Ωc 3185
0) = 50 ± 7 −20

+10 MeV

𝑀 Ωc 3327
0 = 3327.1 ± 2.7 −1.3

+0.1 ± 0.2 MeV

Γ(Ωc 3327
0) = 20 ± 5 −1

+13 MeV

with 𝛯𝑐
+ → 𝑝𝐾−𝜋+
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Observation of excited 𝜩𝒃
𝟎/−

baryons PRL  131  (2023) 171901

Observation of two new baryons with quark content 

𝑏𝑠𝑢 that decay to 𝛯𝑏
0/−

𝜋+𝜋−

𝑀 𝛯𝑏 6087 0 = 6087.24 ± 0.20 ± 0.06 ± 0.50 MeV

Γ 𝛯𝑏 6087 0 = 2.43 ± 0.51 ± 0.10 MeV

𝑀 𝛯𝑏 6095 0 = 6095.36 ± 0.15 ± 0.03 ± 0.50 MeV

Γ(𝛯𝑏 6095 0) = 0.50 ± 0.33 ± 0.11 MeV

𝑄 = 𝑚𝛯𝑏𝜋𝜋 −𝑚𝛯𝑏 − 2𝑚𝜋
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Entering LHCb Run 3

𝐷0
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Vision

Upgrade I

(50 𝐟𝐛−𝟏)

Upgrade II

(300 𝐟𝐛−𝟏)
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Summary 

⚫ CKM mechanism seems to stand the rigorous tests so far  

✓ High-precision measurements of  𝛽, 𝛽𝑠, 𝛾 at LHCb

⚫ Some puzzles with 𝑏 → 𝑠𝑙+𝑙− processes remain

✓ 𝑅(𝐾(∗)) anomalies disappeared

✓ 𝑅(𝐷(∗)) tension between experiments and theory persists

✓ Charm loops unable to explain the anomalies in 𝑏 → 𝑠𝜇+𝜇− rates 

and angular distributions 

⚫ The hadron zoo is quickly expanding

✓ Call for revolutionary development in understanding structure, 

spectroscopy and interaction of hadrons

⚫ Looking forward to data from LHCb Run 3/4/5/6… 
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