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Introduction
• Indirect search for new physics 

via measurements of b-decays
– Semi-leptonic 
– FCNC (Flavour Changing Neutral Current)

– CLFV (Charged Lepton Flavour Violation)

…
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Effects of New Physics
• New Physics can change  
– Branching fraction 
– Angular distributon 
– Lepton flavour universality 
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Large Hadron Collider

Proton energy: up to 7 TeV (1012 eV)
             speed:  0.999999991 c
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Beauty/charm production
• Large production cross-section @ 7 TeV
– Minibias ~60  mb
– Charm    ~6  mb 
– Beauty      ~0.3 mb c.f. 1nb @𝜰(𝟒𝑺)  

• Predominantly in forward/backward cones

Flavour factory!
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Initial energy of 𝑏'𝑏 not known



• Compared to minimum bias (background)
– Relatively high mass    à high transverse momentum 

– Relatively long lifetime à large impact parameter (IP)

• Requires excellent vertexing, tracking, particle-
identification
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Beauty/charm signature



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
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• Suppressed in SM, could be 
enhanced by New Physics 
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• 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
[LHCb, PRL 128 (2022) 041801]

[De Bruyn et al., PRL 109 (2012)  041801]

0.99!"."(%".)$ ± 0.17 ps [ATLAS, JHEP 09 (2023) 199]



𝐵$ → 𝐾∗$𝜇%𝜇&

• “Poster-child” decay of 𝑏 → 𝑠𝜇#𝜇$

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

• Many observables!
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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

PRL 127 (2021) 151801

PRL 131 (2023) 151801

𝛬!" → 𝛬(1520)𝜇#𝜇$



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]



Impact of charm loop
• Model of local and nonlocal 

contributions to extract Wilson 
co-efficiency

• Model of both 1-(2-) particle 
amplitudes, whole dimuon 
region
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[PRL 132 (2024) 131801]

[LHCb-Paper-2024-011, in preparation]

Bins correlated! 



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!
15

𝑅0 =
ℬ 𝐵1 → 𝐾1𝜇1𝜇2

ℬ(𝐵1 → 𝐾1𝑒1𝑒2)
≅ 1

𝒪(10!#) uncertainty
[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
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[ATLAS, NP 17 (2021) 813; CMS, PRD 105 (2022) 072008]
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LFU in 𝑏 → 𝑠ℓ%ℓ& decays
• Deviations from SM seen by LHCb
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𝑅$ =
ℬ 𝐻% → 𝑋𝜇&𝜇!

ℬ(𝐻% → 𝑋𝑒&𝑒!)

]2c [MeV/)−µ+µ+m(K
5200 5300 5400 5500 5600

)2 c
C

an
di

da
te

s /
 (7

 M
eV

/

0

100

200

300

400

500

600
-1Data 9 fb

Total fit
−µ+µ+ K→+B

Combinatorial

LHCb

[PRL 128 (2022) 191802]

[JHEP 05 (2020) 040]

after Dec 2022

RK low-q2 RK central-q2 RK§ low-q2 RK§ central-q2

0.6

0.8

1.0

1.2

1.4

R
K

,K
§

¬2 = 1.6, p = 0.812, æ = 0.2

RK low-q2 = 0.994+0.094
°0.087

RK central-q2 = 0.949+0.048
°0.047

RK§ low-q2 = 0.927+0.099
°0.093

RK§ central-q2 = 1.027+0.077
°0.073

LHCb
9 fb-1

Data
SM

• 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'(.*+	'(.(-.(./0	.(.(1  [CMS, BPH-22-005-PAS]



LFU in 𝑏 → 𝑐ℓ𝜈 decays
• Deviations from SM seen by Babar/Belle/LHCb
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𝑅(𝐻') =
ℬ 𝐻% → 𝐻'𝜏!𝜈̅(
ℬ(𝐻% → 𝐻'𝜇!𝜈̅))
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𝑉;< , 𝑉=<
• Some tension between 

exclusive/inclusive

20

36 38 40 42 44
]-3| [10cb|V

2.8
3

3.2
3.4
3.6
3.8

4
4.2
4.4
4.6
4.8]

-3
| [

10
ub

|V

|cbExclusive |V

|ubExclusive |V

|cb|/|Vub|V

HFLAV Average

) = 8.9%2χP(

Inclusive
|: GGOUub |V
|: global fitcb |V

 = 1.0 contours2χ∆

HFLAV2021

HFLAV
2021

γ
Kε

α

α

dm∆ sm∆ & dm∆

SLubV

ν τubV

0
s+BbΛ

ubV

βsin 2
(excl. at CL > 0.95)

 < 0βsol. w/ cos 2

α

βγ

ρ
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

η

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

Spring 21

CKM
f i t t e r

dΓ ∝ 𝑉;< = 𝑓> =

/𝑢



21
0 0.1 0.2

cbV/ubV

µν+µ− K→ 0
sB LCSR (Khod.& Rus.2017)

4c/2 < 7 GeV2q

µν+µ− K→ 0
sB LQCD (MILC2019)

4c/2 > 7 GeV2q

µν−µ p→ 0
bΛ LQCD (Detmold2015)

4c/2 > 15 GeV2q

(PDG)
exclcbV/

exclubV

LHCb

10 20 30 40
]3−| [10cbV|

ALEPH [PLB 395, 373 (1997)]
CLEO [PRL 82, 3746 (1999)]
Belle [PRD 93, 032006 (2016)]
BaBar [PRD 79, 012002 (2009)]
BaBar [PRL 104, 011802 (2010)]
ALEPH [PLB 395, 373 (1997)]
CLEO [PRL 89, 081803 (2002)]
OPAL [PLB 482, 15 (2000)]
OPAL [PLB 482, 15 (2000)]
DELPHI [PLB 510, 55 (2001)]
DELPHI [EPJ C33, 213 (2004)]
BaBar [PRD 77, 032002 (2008)]
BaBar [PRL 100, 231803 (2008)]
BaBar [PRD 79, 012002 (2009)]
Belle [PRD 100, 052007 (2019)]
BaBar [PRL 123, 091801 (2019)]
LHCb [LHCb-PAPER-2019-041]

CLN
BGL

CLN
BGL
CLN
BGL

CLN
BGL

Exclusive average (HFLAV 2019)
Inclusive average (HFLAV 2019)

[P
RD

 1
01

 (2
02

0)
 0

72
00

4]

[PRL 126 (2021) 081804]

𝑉;< , 𝑉=< [Belle, PRL 131 (2023) 211801]

+ w/ exp constraint for 
'𝐵* → 𝜋&ℓ!𝜈̅ℓ FF



𝐷$ → 𝜇%𝜇&
• Very rare decay: FCNC+helicity 

suppression, contributions in SM
– SD, ℬ 𝐷3 → 𝜇1𝜇2 ∼ 102"4

– LD, ℬ 𝐷3 → 𝜇1𝜇2 ∼ 102""
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ℬ 𝐷* → 𝜇&𝜇! < 3.1×10!, @ 90% CL

[P
RL

 1
31

 (2
02

3)
 0

41
80

4]

𝜇&

𝜇!



Charged Lepton Flavour Violation
• 𝐵" → 𝑝𝜇$
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Implications?
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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


The LHCb upgrades
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Upgrade	II,	4D	detector	
Timing,	𝒪(10	ps),	is	essential



Prospects
• LHCb upgrades  

(2025: 23 fb-1, Upgrade-II: 300 fb-1)
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Summary
• The Flavour anomalies are still there
–  𝑏 → 𝑠𝜇1𝜇2, BR, 𝑃56

– ℛ7(∗)

– 𝑉89 , 𝑉:9
• Efforts from both theoretical and experimental 

sides needed to understand whether they are 
– Sign of New Physics? 
– QCD effects? 

• Muon collider may be needed to find NP directly
27



Backup
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The LHCb trigger (Run3)
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The turbo stream

Turbo stream, μDST, event size 10 times 
smaller, maximize physics output! 
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LHCb luminosity prospects

31

9	fb!"

• Run-3
– Luminosity: 7	fb2" (2024) + 7	fb2" (2025) 
– Yields, compared to Run 1+2

• Muon modes ~2
• Hadronic modes ~4 (2 x 2 due to higher trigger eff.)  



The upgraded VELO
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• Hybrid silicon pixel (55 x 55 µm=)
– Thinner RF foil, 185 µm
– Inner aperture reduced from 5.5→3.5 mm

• Incident in 2023, RF foil replaced now
Simulation
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The upgraded RICH
• RICH-1, Aerogel removed; RoC of Spherical mirror increased 

– Cherenkov angle resolution improved 
– Radiator length increased => increased photon yields

• Performance in data
– Note 2022 required to have higher pile-up
– Alignment/calibration not-yet the best
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CKM
f i t t e r

CKM-𝛾 combination
• Simultaneous determination of 

CKM-𝛾 & charm mixing parameters
– CKM 𝛾 = 63.82>.?1>.5 °
– Charm mixing 𝑥 = 0.39823.3@A13.353 %,
                             𝑦 = 0.63623.3"A13.3#3 %
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CPV in mixing
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• 𝜙` = 𝜙a − 2𝜙b, 
small in SM

• 𝐵`c → 𝐽/𝜓ℎdℎe '𝐵.*

𝐵.* 𝑓/0

𝜙1

𝜙2 −𝜙1

Mixing and decay 
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