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

More in W. Qian’s talk

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

8

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 ∝ 𝑉23 4 𝑓5 4

/𝑢



9
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, arXiv:2303.17309]

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



Δ𝐴%& in charm
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𝐴>? 𝑓 =
Γ 𝑀 → 𝑓 − Γ +𝑀 → ̅𝑓
Γ 𝑀 → 𝑓 + Γ +𝑀 → ̅𝑓

Δ𝐴>? ≡ 𝐴>? 𝐾@𝐾A − 𝐴>?(𝜋@𝜋A)

Combined one:
Δ𝐴>? = −15.4 ± 2.9 ×10@B

𝜋-tagged 

𝜇-tagged 

[PRL 122 (2019) 211803]
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𝐵(()
* → 𝜇+𝜇,
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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, 
not yet sensitive to AΔΓ

𝐵(* → 𝜇+𝜇, eff. 𝜏

AΔΓ=1 in SM
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1.83 !".$" !"."%&".$' &"."% ps
[CMS-PAS-BPH-21-006]

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



𝑃01 with 𝐵* → 𝐾∗*𝜇+𝜇,
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• 𝑃#$ =
%!

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

• Also measured by Belle, ATLAS, CMS
[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!
15

𝑅, =
ℬ 𝐵- → 𝐾-𝜇-𝜇.

ℬ(𝐵- → 𝐾-𝑒-𝑒.)
≅ 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
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[ATLAS, NP 17 (2021) 813; CMS, PRD 105 (2022) 072008]



LFU in 𝑏 → 𝑐ℓ𝜈 decays
• Deviations from SM seen by Babar/Belle/LHCb
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𝑅(𝐻.) =
ℬ 𝐻/ → 𝐻.𝜏!�̅�0
ℬ(𝐻/ → 𝐻.𝜇!�̅�1)

[PRL 128 (2022) 191803]

2𝜎
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LFU in 𝑏 → 𝑠ℓ+ℓ, decays
• Deviations from SM seen by LHCb
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before Dec 2022
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𝑅2 =
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
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• Deviations mostly gone

[arXiv:2212.09153]

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
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Measuring charm loop
• 𝐵- → 𝐾-𝜇-𝜇.
– LD, Relativistic Breit-Wigner 
– SD, EFT with wilson coeff. 𝒞R, 𝒞ST

• Small interference between 𝐽/𝜓, 𝜓(2𝑆) and rare mode
• Model-dependent 𝒞/, 𝒞01 show some tension with SM
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• Extending to 𝐵1 → 𝐾∗1𝜇-𝜇. [U. Egede et al., EPJC 78 (2018) 453] 



𝛬"* → 𝑝𝐾,𝜇+𝜇,
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• Two birds one stone?
– Pentaquark 
– Charm loop … 

• Strong supports from you needed
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The LHCb upgrades

24
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Upgrade	II,	4D	detector	
Timing,	𝒪(10 ps),	is	essential



Summary
• Flavour anomalies
– 𝑉34 , 𝑉54
– 𝑏 → 𝑠𝜇-𝜇. BR, 𝑃67 , ℛ8
to be confirmed or refuted with more data, LHCb 
upgrade (50 fb-1) & upgrade-II (300 fb-1)

• Λ)" → 𝑝𝐾(𝜇*𝜇(, two birds one stone?
• Your continuous and strong supports are 

always appreciated!
– Form factors, non-form-factor contributions
– New observables? 

25
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