
Rare decays at LHCb

Jibo HE/何吉波
（UCAS/中国科学院大学）

@TDLI, SJTU



Large Hadron Collider

Proton energy: up to 7 TeV (1012 eV)
             speed:  0.999999991 c
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The LHCb experiment 
[JI

N
ST

 3
 (2

00
8)

 S
08

00
5]

3

9	fb!"



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

Please see 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
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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
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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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• 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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More details in Y. Zhou’s talk



Search for 𝐵 → 𝐷𝜇%𝜇&

• Performed w/ all data, 
no signal yet

• Upper limits at 95% CL 
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𝑓-
𝑓.
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𝑃34 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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– 𝒞-	
(0), 𝒞23	

(0)  float, 𝒞4	
(0) fixed to SM

– Local FF, const. to LCSR+LQCD
– Charm loop parameters ℋ5, 

constrained using info
• Exp. info of 𝐵; → 𝜓<𝐾∗; 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!
16

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]
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𝑅0 =
ℬ 𝐻1 → 𝑋𝜇*𝜇!

ℬ(𝐻1 → 𝑋𝑒*𝑒!)
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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]
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LFU in 𝑏 → 𝑐ℓ𝜈 decays
• Deviations from SM seen by Babar/Belle/LHCb
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𝑅(𝐻-) =
ℬ 𝐻1 → 𝐻-𝜏!𝜈̅2
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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(𝛬:-) using 3-prong τ decays

• Noramalized to 𝛬/" → 𝛬0$3𝜋

• 3D fits, 𝑅(𝛬0$)=0.242 ± 0.026 ± 0.040 ± 0.059
– Signal yields: 349 ± 40
– Systematics: 𝐷 → 3𝜋𝑋 template, 𝛬D3 → 𝛬E;𝐷𝑋
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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(𝐵E;), no τ vertex

• 𝑅 𝐽/𝜓 = 0.71 ± 0.17 ± 0.18
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𝐷" → 𝜇-𝜇#
• Very rare decay: FCNC+helicity 

suppression, contributions in SM
– SD, ℬ 𝐷3 → 𝜇;𝜇< ∼ 10<2M

– LD, ℬ 𝐷3 → 𝜇;𝜇< ∼ 10<22

24
ℬ 𝐷4 → 𝜇*𝜇! < 3.1×10!5 @ 90% CL

[P
RL

 1
31

 (2
02

3)
 0

41
80

4]

𝜇*

𝜇!



5200 5400 5600 5800 6000
]2c) [MeV/−µ+µ−π(m

2−

0

2

4

6

8

10

12

14

16

182
c

C
an

d
id

at
es

 p
er

 2
0
.5

 M
eV

/ Data
Total fit

−π) −µ+µ(
*0

D → −
B

−µ+µ−π → −
B

−µ+µ
−

K → −
B

Combinatorial

LHCb
1−9 fb

1900 1950 2000 2050 2100
]2

c) [MeV/−µ+µ(m

2−

0

2

4

6

8

10

12

142
c

C
an

d
id

at
es

 p
er

 8
.0

 M
eV

/ LHCb
1−9 fb

𝐷∗ 2007 " → 𝜇-𝜇#
• Complementary to 𝐷" → 𝜇$𝜇% (same operators), 

no chiral suppression, but can decay via EM 
and strong interactions, BR in SM 𝒪(10%,1)

• Searched in 𝐵% → 𝜋%𝜇$𝜇% decay, no signal 
yet, upper limit at 90% CL
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ℬ 𝐷∗ 2007 ; → 𝜇I𝜇J < 2.6×10JK
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Tight selection

Search for 𝐵 D
" → 𝑝𝑝𝑝̅𝑝̅

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

" → 𝑝𝑝𝑝̅𝑝̅
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ℬ 𝐵4 → 𝑝𝑝̅𝑝𝑝̅ = 2.2 ± 0.4 ± 0.1 ± 0.1 ×10!,
ℬ 𝐵+4 → 𝑝𝑝̅𝑝𝑝̅ = 2.3 ± 1.0 ± 0.2 ± 0.1 ×10!,

𝐵+4 → 𝑝𝑝̅𝑝𝑝̅ 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, 𝑏 → 𝑠𝜇;𝜇< BR, ℛ:(∗#) , ℛN∗,   

to be confirmed or refuted with more data 
– Rare decays, 𝐷(∗)3 → 𝜇;𝜇<, 𝐵 → 𝑝𝑝𝑝̅𝑝̅

• 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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