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Indirect search for New Physics

• Operator product expansion (OPE) of 𝑏 → 𝑠ℓ!ℓ"
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– 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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• Measure FCNC transitations, 
and compare to predictions



Indirect search for NP (cont.)
• Overconstrain the CKM triangle
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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



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



The turbo stream
Turbo stream, μDST, event size 10 times 
smaller, maximize physics output! 
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LHCbp
s = 13TeV

prompt µ+µ�

µQµQ

hh+ hµQ

) isolation
applied

Dark photon
• Searched in 𝑚(𝜇𝜇)
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Proposed	to	cover	this	with
𝐷∗ 2007 $ → 𝐷$𝐴%(→ 𝑒&𝑒!)
[Iten et al., PRD 92 (2015) 115017]



W mass
• CDF results demand more measurements at LHC
• Anti-correlation of PDF at GPD/LHCb 
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Intrinsic charm?
• Bound to valence quarks, 

longer time scales
• Z associted with charm
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Image: D. Craik



Δ𝐴%& in charm
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𝐴@A 𝑓 =
Γ 𝑀 → 𝑓 − Γ (𝑀 → ̅𝑓
Γ 𝑀 → 𝑓 + Γ (𝑀 → ̅𝑓

Δ𝐴@A ≡ 𝐴@A 𝐾B𝐾C − 𝐴@A(𝜋B𝜋C)

Combined one:
Δ𝐴@A = −15.4 ± 2.9 ×10BD

𝜋-tagged 

𝜇-tagged 

[PRL 122 (2019) 211803]



𝐷' → 𝜇(𝜇)
• Very rare decay: FCNC+helicity 

suppression, contributions in SM
– SD, ℬ 𝐷$ → 𝜇%𝜇& ∼ 10&"'

– LD, ℬ 𝐷$ → 𝜇%𝜇& ∼ 10&""

13
ℬ 𝐷$ → 𝜇&𝜇! < 2.9×10!' @ 90% CL
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CKM-𝛾 combination
• Simultaneous determination of 

CKM-𝛾 & charm mixing parameters
– CKM 𝛾 = 63.8&(.*%(.+ °
– Charm mixing 𝑥 = 0.398&$.$,-%$.$+$ %,
                             𝑦 = 0.636&$.$"-%$.$#$ %
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𝑉+, , 𝑉-,
• Some tension between 

exclusive/inclusive
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[PRL 126 (2021) 081804]

𝑉+, , 𝑉-, [Belle, arXiv:2303.17309]

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



CPV in mixing
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• 𝜙V = 𝜙W − 2𝜙X, 
small in SM

• 𝐵VY → 𝐽/𝜓ℎCℎB '𝐵)$

𝐵)$ 𝑓*+

𝜙,

𝜙- −𝜙,

Mixing and decay 
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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, PLB 842 (2023) 137955]

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



𝐵' → 𝐾∗'𝜇(𝜇)

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

• Many observables!
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• 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$
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𝑃:; 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]



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!
24

𝑅8 =
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]
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LFU in 𝑏 → 𝑠ℓ(ℓ) decays
• Deviations from SM seen by LHCb
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𝑅/ =
ℬ 𝐻0 → 𝑋𝜇&𝜇!

ℬ(𝐻0 → 𝑋𝑒&𝑒!)
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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



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

27

𝑅(𝐻1) =
ℬ 𝐻0 → 𝐻1𝜏!�̅�2
ℬ(𝐻0 → 𝐻1𝜇!�̅�3)

[PRL 128 (2022) 191803] 
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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



Prospects
• LHCb upgrades  

(2025: 23 fb-1, Upgrade-II: 300 fb-1)

29

[C
ER

N
-L

HC
C-

20
18

-0
27

, 2
02

1-
01

2]



Summary
• Many interesting results from LHCb
– Electroweak, 𝐴#, W mass, intrinsic charm
– CP Violation, CKM triangle, 𝜙', 𝛾, Δ𝐴()
– Flavour anomalies, 𝑏 → 𝑠𝜇*𝜇+ BR, 𝑃,# , ℛ-(∗%) , ℛ.∗, to 

be confirmed or refuted with more data 
• With LHCb upgrade (50 fb-1) & upgrade-II (300 fb-1), 

much more will be done 
• Your continuous and strong supports are always 

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