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Large Hadron Collider

Proton energy: up to 7 TeV (1012 eV)
             speed:  0.999999991 c
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The LHCb experiment 
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The LHCb trigger (2018)
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• L0, Hardware
– 𝑝! 𝜇" ×𝑝! 𝜇# >(1.5 GeV)2

– 𝑝! 𝜇 > 1.8 GeV
– 𝐸! 𝑒 > 2.4 GeV
– 𝐸! 𝛾 > 3.0 GeV
– 𝐸! ℎ > 3.7 GeV

• High Level Trigger
– Stage1, 𝑝!, IP
– Stage2, full selection



Indirect search for New Physics
• Precision measurement 

of heavy hadron decays
– Flavour-Changing NC
– Flavour-Changing CC

• Probe New Physics at 
high energy scale 
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Indirect search for NP (cont.)
• Overconstrain the CKM triangle
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CKM
f i t t e r

Please see talks of W. Qian, L. Sun, J. Yu

http://ckmfitter.in2p3.fr/www/studies/plots_hllhc18/studies/plots_hllhc18/phase2/ckm_plots_hllhc18_phase2.html
http://ckmfitter.in2p3.fr/www/studies/plots_hllhc18/studies/plots_hllhc18/phase2/ckm_plots_hllhc18_phase2.html


𝑉!" , 𝑉#"
• Some tension between 

exclusive/inclusive
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[PRL 126 (2021) 081804]

𝑉!" , 𝑉#" [Belle,PRL 131 (2023) 211801]

+ w/ exp constraint for 
2𝐵* → 𝜋+ℓ!�̅�ℓ FF
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• Suppressed in SM, could be 
enhanced by New Physics 
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 Effective Lifetime [ps]µµ→s
0B

ATLAS 2015-2016

CMS 2016-2018
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LHCb+CMS 2011-2016
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ATLAS
-1=13 TeV, 26.3 fbs

• 𝐵!" mixing ⇒ effective 𝜏

• Measured by LHCb, CMS, 
ALTAS, not-yet sensitive to AΔΓ

𝐵&( → 𝜇)𝜇* eff. 𝜏

AΔΓ=1 in SM
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1.83!".$"%".$& ± 0.04 ps [CMS, PLB 842 (2023) 137955]

𝜏'' = 2.07 ± 0.29 ± 0.03 ps
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[De Bruyn et al., PRL 109 (2012)  041801]

0.99!"."(%".)$ ± 0.17 ps [ATLAS, arXiv:2308.01171]



𝐵( → 𝐾∗(𝜇)𝜇*

• Described by 𝑞# = 𝑚#(ℓ$ℓ%)
and 𝜃ℓ, 𝜃' , 𝜙

• Many observables!
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𝐵%! → 𝜙𝜇#𝜇$
JHEP 06 (2014) 133

JHEP 06 (2014) 133

JHEP 06 (2014) 133

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

PRL 127 (2021) 151801

𝛬&! → 𝛬𝜇#𝜇$
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Search for 𝐵 → 𝐷𝜇)𝜇*

• Performed w/ all data, 
no signal yet

• Upper limits at 95% CL 
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𝑃67 with 𝐵( → 𝐾∗(𝜇)𝜇*
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• 𝑃() =
*!

+" ,%+"
, less form-factor dependent 

• Also measured by Belle, ATLAS, CMS
[S. Descotes-Genon, et al., JHEP 01 (2013) 048] 
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[Belle, PRL 118 (2017) 111801]
[ATLAS, JHEP 10 (2018) 047]
[CMS, PLB 781 (2018) 517]

Count blue minus red
[P. Koppenburg, arXiv:1606.00999]



Amplitude analysis of 𝐵! → 𝐾∗!𝜇#𝜇$

• Parametrise the decay amplitudes, choices of 
parametrisation introduce model-dependence
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– 𝒞0	
(3), 𝒞"5	

(3)  float, 𝒞6	
(3) fixed to SM

– Local FF, constr. to LCSR+LQCD
– Charm loop parameters ℋ7, 

constrained with
• Exp. info of 𝐵F → 𝜓G𝐾∗F decays 
• Theo. predictions at 𝑞. < 0
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• Impact of charm loops consistent 
with predictions. 

• With extra freedom given by 
𝑐 ̅𝑐, a shift in 𝒞* still prefered 

• Compatibility with SM, 1.8𝜎 in 
𝒞* and 1.4𝜎 global 
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Amplitude analysis of 𝛬"( → 𝑝𝐾*𝛾
• Contributions from 

many 𝛬∗, dominated 
by 𝛬 1520 , 𝛬 1600 ,
𝛬 1800 , 𝛬 1890
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Lepton flavour universality
• In SM, three lepton families (𝑒, 𝜇, 𝜏) have identical 

couplings to the gauge bosons

– which means, e.g.,     

• Lepton flavour universality violation? New Physics!
19

𝑅< =
ℬ 𝐵= → 𝐾=𝜇=𝜇>

ℬ(𝐵= → 𝐾=𝑒=𝑒>)
≅ 1

𝒪(10!1) uncertainty
[C. Bobeth et al., JHEP 12 (2007) 040]

𝒪(1%) QED correction
[M. Bordone et al., EJPC 76 (2016) 440]
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𝑅2 =
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• Deviations mostly gone

[PRL 131 (2023) 051803]

Precision at 5-10%
𝒪(1%) LFUV still possible 

路漫漫其修远兮，吾将上下而求索
The road ahead will be long and our 
climb will be steep

𝑅' = 0.78().+,	().)./).01	/).)2  [CMS, BPH-22-005-PAS]



0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
R(D)

0.2

0.25

0.3

0.35

0.4

R
(D

*)

HFLAV SM Prediction
 0.004±R(D) = 0.298 
 0.005±R(D*) = 0.254 

 = 1.0 contours2χ∆

World Average
total 0.029±R(D) = 0.357 

total 0.012±R(D*) = 0.284 
 = -0.37ρ

) = 33%2χP(

HFLAV

PRELIMINARY

σ3

aLHCb

bLHCb

bBelle

cBelle

aBelle
BaBar

BelleII

Average

HFLAV

Summer 2023

HFLAV
Summer 2023

LFU in 𝑏 → 𝑐ℓ𝜈 decays
• Deviations from SM seen by Babar/Belle/LHCb

22

𝑅(𝐻/) =
ℬ 𝐻3 → 𝐻/𝜏!�̅�4
ℬ(𝐻3 → 𝐻/𝜇!�̅�5)

[PRL 128 (2022) 191803] 
0.2 0.3

R(D*)

BaBar 2012, had. tag
 0.018± 0.024 ±0.332 

Belle 2015, had. tag
 0.015± 0.038 ±0.293 

Belle 2017, (hadronic tau)
 0.027± 0.035 ±0.270 

Belle 2019, sl.tag
 0.014± 0.018 ±0.283 

LHCb 2022 
 0.024± 0.018 ±0.281 

LHCb 2023, (hadronic tau)
 0.018± 0.012 ±0.257 

BelleII 2023, had.tag
 0.031± 0.040 ±0.267 

Average 
 0.012±0.284 

HFLAV SM Average 
 0.005±0.254 

PRD 95 (2017) 115008 
 0.003±0.257 

JHEP 1712 (2017) 060 
 0.005±0.257 

PLB 795 (2019) 386 
 0.007±0.254 

PRL 123 (2019) 9,091801 
 0.005±0.253 

EPJC 80 (2020) 2, 74 
 0.006±0.247 

EPJC 82(2022) 12,1141 
 0.013±0.265 

EPJC 82(2022) 12,1083 
 0.008±0.275 

arXiv:2304.03137[hep-lat] 
 0.013±0.279 

arXiv:2306.05657[hep-lat] 
 0.022±0.252 

arXiv:2305.11855[hep-ph] 
 0.012±0.258 HFLAV

Summer 20232𝜎

SM

Exp



𝑅(𝐷(∗)) using muonic τ decays
• ℬ(𝜏 → 𝜇𝑋)~17.4%
• 3D fits
– Signal yields: 44 000
– Systematics: Simulation size, form factors, …
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• ℬ(𝜏 → 3𝜋±𝑋)~9%+4%(≥1π0)

• Normalized to 𝐵" → 𝐷∗%3𝜋

• 3D fits, R(D*)=0.247 ± 0.015 ± 0.015 ± 0.012
– Signal yields: 2469 ± 154
– Systematics: Simulation size, 𝐷 → 3𝜋𝑋 template, …

𝑅(𝐷∗) using 3-prong τ decays
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𝑅(𝐽/𝜓) using muonic τ decays
• Run-I, 1400 ± 300 signal (3σ)
– Pros: 3𝜇, ℬ(𝜏 → 𝜇𝑋)~17.4%
– Cros: small 𝜎(𝐵F=), no τ vertex

• 𝑅 𝐽/𝜓 = 0.71 ± 0.17 ± 0.18
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c̄(ū)

W+

c

b̄ b̄

s(d)

W+

𝐵!) decays
• Three modes
– I𝑏 → ̅𝑐𝑊=, 
𝐽/𝜓ℓ=𝜈ℓ

– 𝑐 → 𝑠𝑊=, 
𝐵O5𝜋=

– 𝑐I𝑏 → 𝑊=, 
𝜏=𝜈P
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ℬ(𝐵!) → 𝐵&(𝜋))
• Measured w/ Run2 data, helps 

constrain Γ(𝑏 → 𝑐𝜏𝜈)
ℬ(𝐵F= → 𝐵O5𝜋=)
ℬ(𝐵F= → 𝐽/𝜓𝜋=)

= 91 ± 13

⟹ ℬ 𝐵F= → 𝐵O5𝜋= is 8% - 30% 
depending on ℬ(𝐵F= → 𝐽/𝜓𝜋=)
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Tight selection

Search for 𝐵 &
( → 𝑝𝑝�̅��̅�

• Non-pert. + weak, threshold enhancement? 
• First observation (evidence) of 𝐵(!)

" → 𝑝𝑝�̅��̅�
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ℬ 𝐵* → 𝑝�̅�𝑝�̅� = 2.2 ± 0.4 ± 0.1 ± 0.1 ×10!.
ℬ 𝐵-* → 𝑝�̅�𝑝�̅� = 2.3 ± 1.0 ± 0.2 ± 0.1 ×10!.

𝐵-* → 𝑝�̅�𝑝�̅� higher than 6!"
6!#

)
~5%	?



The LHCb upgrades
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𝑳 = 𝟒×𝟏𝟎𝟑𝟐	𝐜𝐦&𝟐𝐬&𝟏 𝑳 = 𝟐×𝟏𝟎𝟑𝟑	𝐜𝐦&𝟐𝐬&𝟏 𝑳 = 𝟐×𝟏𝟎𝟑𝟒	𝐜𝐦&𝟐𝐬&𝟏

？

Upgrade I Upgrade II

LS2 Run 3

9 fb-1 50 fb-1 300 fb-1
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Upgrade	II,	4D	detector	
Timing,	𝒪(10	ps),	is	essential

Please see Z. Yang’s talk



Prospects
• LHCb upgrades  

(2025: 23 fb-1, Upgrade-II: 300 fb-1)
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Summary
• Many interesting results from LHCb
– Flavour anomalies, 𝑉#/%&, 𝑏 → 𝑠𝜇'𝜇( BR, ℛ)(∗/) , ℛ*∗,   

to be confirmed or refuted with more data 
– Rare decays, 𝐵 → 𝑝𝑝�̅��̅�

• With LHCb upgrade (50 fb-1) & upgrade-II (300 fb-1), 
much more will be done 

• Your continued and strong supports are always 
appreciated!
– Form factors, non-form-factor contributions
– New observables? 
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