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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 

2

Snowmass 2013



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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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

Flavor factory!
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Beauty/charm signature

• 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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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



LHCb luminosity prospects

6
(2022-24)
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𝐵 !
" → 𝜇#𝜇$

• Road to 𝐵 !
" → 𝜇#𝜇$
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𝐵 !
" → 𝜇#𝜇$, recent results

• 𝐵!" → 𝜇#𝜇$ observed in single experiment(s)

• Still compatible with SM, start to be interesting
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LHCb (4.6 fb-1): 7.8𝜎, ATLAS (26 fb-1): 4.6𝜎, CMS (61 fb-1): 5.6𝜎



• 𝐵!" mixing ⇒ effective 𝜏

• First measurement, not 
yet sensitive to AΔΓ

𝐵!" → 𝜇#𝜇$ effective lifetime
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AΔΓ=1 in SM

[De Bruyn et al., PRL 109 (2012)  041801]
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1.70!".$$%".&' ps
[CMS-PAS-BPH-16-004]
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• Using all data, first limit on 
𝐵!" → 𝜇#𝜇$𝛾
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𝐵" → 𝐾∗"𝜇#𝜇$
• 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



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] 



𝐵" → 𝐾∗"𝜇#𝜇$, latest results

• Updated with 2016 data
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𝑃,,1- with 𝐵# → 𝐾∗#𝜇#𝜇$

• All data, 𝐾∗# → 𝐾'"𝜋#

• Local deviation from SM, 
3𝜎 in 𝑃+& =

+
,
𝐴-./(1 − 𝐹/)
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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!
18

𝑅. =
ℬ 𝐵/ → 𝐾/𝜇/𝜇0

ℬ(𝐵/ → 𝐾/𝑒/𝑒0)
≅ 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

19

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



LFU in B system, pre-LHCb
• R(D(*)), Babar reported deviation of ~3.2σ

• No deviation seen in FCNC 𝑏 → 𝑠ℓ#ℓ$ decays

[Babar, PRD 88 (2013) 072012]
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R(D*) using munoic τ decays

• ℬ(𝜏 → 𝜇𝑋)~17.4%
• 3D fits, R(D*)=0.336 ± 0.027 ± 0.030
– Signal yields: 16 500 ± 1 670                                        
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R(D*) using 3-prong τ decays

• ℬ(𝜏 → 3𝜋±𝑋)~9%+4%(≥1π0)

• Normalized to 

• 3D fits, R(D*)=0.286 ± 0.019 ± 0.025 ± 0.021
– Signal yields: 1273 ± 85
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Summary of LFU in 𝑏 → 𝑐ℓ𝜈 decays
• Deviations from SM seen by Babar/Belle/LHCb

23

2σ

Back to 3.8𝜎？
[arXiv:1912.09335]

𝑅(𝐻1) =
ℬ 𝐻2 → 𝐻1𝜏$𝜈̅3
ℬ(𝐻2 → 𝐻1𝜇$𝜈̅4)



Bremsstrahlung corrections
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R(K), introduction
• Double ratio to control systematics 

25

[P
RL

 1
22

(2
01

9)
 1

91
80

1]



Signal yields with all data
• 9 fb-1 of data, 1.1 < 𝑞+ < 6.0 GeV+/𝑐1
– 𝑁 𝐵/ → 𝐾/𝑒/𝑒0 = 1640 ± 70
– 𝑁 𝐵/ → 𝐾/𝜇/𝜇0 = 3850 ± 70
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R(K), latest results
• Devivation from SM, 3.1𝜎 by LHCb
• Electron mode more close to SM prediction?
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𝑅5 =
ℬ 𝐵# → 𝐾#𝜇#𝜇$

ℬ(𝐵# → 𝐾#𝑒#𝑒$)
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R(K*0), results with Run-I data
• Deviations from SM seen by LHCb (∼ 2.4𝜎)
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𝑅5∗% =
ℬ 𝐵" → 𝐾∗"𝜇#𝜇$

ℬ(𝐵" → 𝐾∗"𝑒#𝑒$)
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R(𝐾!") & R(𝐾∗#)
• Tests of LFU using 𝐾!"
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R(pK), results with Run-I+2016
• Compatible with 1, difficult to predict R(pK)?
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Global fit
• Different experimental inputs, form factors, 

assumptions about non-local ME, stat. 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?

32Leptoquark mass (GeV)
500 1000 1500

λ

0.0

0.5

1.0

1.5

2.0

2.5  (13TeV)-135.9 fb

CMS

 = 1β

B-anomaly (95% CL)
Preferred by

 07 (2017) 121JHEP
Excluded (95% CL)

Exp. 95% CL

experimentσ 1 ±Exp. 

Obs. 95% CL

LQ

LQ

b

g

⌧

⌧

b

[C
M

S,
 JH

EP
 0

7 
(2

01
8)

 1
15

]

m(Z') [GeV]
10 210 310

g
2−10

1−10

 (obs.)µ4→µµZ'→CMS: Z
 (exp.)µ4→µµZ'→CMS: Z

Neutrino Trident
 mixingsB

 = 7 and 8 TeVs), µ 4→B(Z

 (13 TeV)-177.3 fbCMS

 an
om

aly

-
µ+

µ s
→b
ex

pla
na

tio
n a

llow
ed

Constraints from Altmannshofer,
et al. JHEP12(2016) 106;

Z

ZÕ

q̄

q

µ+

µ≠

µ+

µ≠

[C
M

S,
 P

LB
 7

92
 (2

01
9)

 3
45

]

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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Observable Current 
LHCb LHCb 2025 Belle-II LHCb

Upgrade-II
ATLAS 
&CMS

𝑅5(1 < 𝑞7 < 6 GeV) 0.1 0.025 0.036 0.007

𝑅5∗(1 < 𝑞7 < 6 GeV) 0.1 0.031 0.032 0.008

𝑅8, 𝑅95 0.08, 0.06 0.02, 0.02

ℬ 𝐵" → 𝜇#𝜇$

ℬ(𝐵!" → 𝜇#𝜇$)
90% 34% 10% 21%

𝜏:&%→4"4# 14% 8% 2% 4%?

𝑅(𝐷∗) 0.026 0.0072 0.005 0.002

𝑅(𝐽/𝜓) 0.24 0.071 0.02
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Summary
• Some anomalies seen at LHCb
– Electroweak penguin, differential branching fraction, 
𝑃12 in 𝐵 → 𝐾∗𝜇/𝜇0, ℛ.(∗#)

– LFU in semi-leptonic decay, ℛ4∗

to be confirmed or refuted with more data 

• Your suggestions are always appreciated!
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