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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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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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Snowmass 2013
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CKM
f i t t e r

Indirect search for NP (cont.)
• Overconstrain the CKM triangle
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CKM
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LHCb at 300 fb-1, 
CMS/ATLAS at 3000 fb-1, Belle II at 50 ab-1.

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


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



LHCb luminosity prospects

6
(2022-24)
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• Suppressed in SM, could be 
enhanced by New Physics 

[P
RL

 1
28

 (2
02

2)
 0

41
80

1]

5000 5500 6000
]2c [MeV/-µ+µm

0

10

20

30

40

)2 c
C

an
di

da
te

s /
 ( 

27
.5

 M
eV

/ Data
Total

-µ+µ®s
0B

-µ+µ®0B
g-µ+µ®s

0B
-'h+h®B

µnµh®bX
-µ+µ)+0(p®0(+)B

Combinatorial

LHCb
1-9 fb

 0.5³BDT 

4.9 5 5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.8 5.9
 [GeV]-µ+µm

0

20

40

60

80

100

120

140

En
tri

es
 / 

0.
05

 G
eV

PreliminaryCMS (13 TeV) -1140 fb
 

Data Full PDF
-µ+µ ® s

0B -µ+µ ® 0B
Combinatorial bkg Semileptonic bkg
Peaking bkg

4800 5000 5200 5400 5600 5800
Dimuon invariant mass [MeV]

0
2

4

6

8
10
12

14

16

18

Ev
en

ts
 / 

40
 M

eV ATLAS
-1 = 13 TeV, 26.3 fbs

0.4163 < BDT <= 1

2015-2016 data

Total fit

Continuum background

 X background-µ +µ ®b 

Peaking background
-µ +µ ® 0 + B-µ +µ ® s

0B



• 𝐵!" mixing ⇒ effective 𝜏

• Measured by LHCb/CMS, 
not yet sensitive to AΔΓ

𝐵"$ → 𝜇%𝜇& effective lifetime

AΔΓ=1 in SM

[De Bruyn et al., PRL 109 (2012)  041801]
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1.83 !".$" !"."%&".$' &"."% ps
[CMS-PAS-BPH-21-006]

𝜏(( = 2.07 ± 0.29 ± 0.03 ps
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𝐵$ → 𝐾∗$𝜇%𝜇&
• Rates and angular distributions sensitive to NP
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Branching fraction of 𝑏 → 𝑠𝜇%𝜇&
• Pattern of tensions seen, 

theoretical uncertainty?
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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$



𝑃+, with 𝐵$ → 𝐾∗$𝜇%𝜇&
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• 𝑃#$ =
%!

&" '(&"
, less form-factor dependent 

• Also measured by Belle, ATLAS, CMS
[LHCb, JHEP 02 (2016) 104]
[Belle, PRL 118 (2017) 111801]
[ATLAS, JHEP 10 (2018) 047]
[CMS, PLB 781 (2018) 517]

[S. Descotes-Genon, et al., JHEP 01 (2013) 048] 
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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 flavor universality violation? New Physics!
13

𝑅/ =
ℬ 𝐵0 → 𝐾0𝜇0𝜇1

ℬ(𝐵0 → 𝐾0𝑒0𝑒1)
≅ 1

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

𝒪(1%) QED correction
[M. Bordone et al., EJPC 76 (2016) 440]



Experimental test of LFU
• Well established in SM, e.g. 𝑊 → ℓ𝜈
– Some tension at LEP,
addressed by ATLAS/CMS

14

[arXiv:2007.14040, CMS PAS SMP-18-011]



LFU in 𝑏 → 𝑐ℓ𝜈 decays
• Deviations from SM seen by Babar/Belle/LHCb
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2σ

𝑅(𝐻#) =
ℬ 𝐻$ → 𝐻#𝜏!𝜈̅%
ℬ(𝐻$ → 𝐻#𝜇!𝜈̅&)
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LFU in 𝑏 → 𝑠ℓ%ℓ& decays
• Deviations from SM seen by LHCb
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CKM
f i t t e r

CKM-𝛾 combination
• Simultaneous determination of 

CKM-𝛾 & charm mixing parameters
– CKM 𝛾 = 63.812.302.4 °
– Charm mixing 𝑥 = 0.39815.56705.545 %,

𝑦 = 0.63615.5"705.5#5 %

17

[L
HC

b-
Co

nf
-2

02
2-

00
3]



CPV in mixing
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• 𝜙2 = 𝜙3 − 2𝜙4, 
small in SM

• 𝐵25 → 𝐽/𝜓ℎ6ℎ7



Δ𝐴45 in charm
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𝐴89 𝑓 =
Γ 𝑀 → 𝑓 − Γ /𝑀 → ̅𝑓
Γ 𝑀 → 𝑓 + Γ /𝑀 → ̅𝑓

Δ𝐴89 ≡ 𝐴89 𝐾7𝐾6 − 𝐴89(𝜋7𝜋6)

Combined one:
Δ𝐴89 = −15.4 ± 2.9 ×107:

𝜋-tagged 

𝜇-tagged 

[PRL 122 (2019) 211803]



W mass
• Anti-correlation of PDF at GPD/LHCb 
• More measurements required at LHC
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Intrinsic charm?
• Bound to valence quarks, 

longer time scales
• Z associted with charm
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Spectroscopy
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(𝑐 ̅𝑐𝑢𝑠̅)

(𝑐 ̅𝑐𝑑𝑠̅)

(𝑐𝑠̅ .𝑢𝑑) (𝑐𝑠̅𝑢𝑑̅)

(𝑐𝑐.𝑢𝑑̅)

(𝑐 ̅𝑐𝑠𝑠̅)



𝑋(6900) in Di-𝐽/𝜓 system
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Strange pentaquark
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[JHEP 12 (2019) 100]

[arXiv:2210.10346]

(𝑐 ̅𝑐𝑢𝑑𝑠)

𝑚 = 4338.2 ± 0.7 ± 0.4 MeV
Γ = 7.0 ± 1.2 ± 1.3MeV



Effective Field Theory of 𝑏 → 𝑠𝑙𝑙

• Operator production expansion

ℋ!"" = −
4𝐺#
2
𝑉$%𝑉$&∗

𝑒(

16𝜋(
1
)

𝐶)𝑂) + 𝐶)*𝑂)* + ℎ. 𝑐.

– Wilson coefficients 𝐶#
(%) encode short-distance physics

– Operators 𝑂#
(%) describe low-enery QCD (using form 

factors), which have large theory uncertainties
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• Integrate out short-distance 
(high energy) interactions



Global fit
• Different experimental inputs, form factors, 

assumptions about non-local matrix elements , 
statistical frameworks
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B. Capdevila, M. Fedele, S. Neshatpour, P. Stangl @ LHCb implications 2021 [slides]

https://indico.cern.ch/event/1055780/contributions/4454282


Implications of Flavour anomalies?
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G. Isidori @ NJNU A. Greljo @ LHCb implication 2021 [slides]

The nightmare scenario Reasonable scenario 

https://indico.cern.ch/event/1055780/contributions/4454307


Prospects
• LHCb upgrades (2025: 23 fb-1, Upgrade-II: 300 fb-1)
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Summary
• Highlights from LHCb
– Flavour anomalies, 𝑏 → 𝑠𝜇0𝜇1 BR, 𝑃4? , ℛ/(∗#) , ℛ@∗, 

to be confirmed or refuted with more data 
– CP violation, CKM triangle, 𝜙A , 𝛾
–W mass, intrinsic charm
– Spectroscopy, 𝑋 6900 , 𝑃BA 4338 ,…

• Your suggestions are always appreciated!
– New observables? 
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