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Indirect searches in quark flavour

๏ Quark flavour-changing processes  
→ indirect probe of BSM physics

๏ Shaping the BSM landscape up to high energies 
• e.g. Minimal Flavour Violation hypothesis

๏ Trying to address the flavour puzzle
• Yukawas not controlled by any SM symmetry
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Reach for generic flavour structure

See Marcella’s talk and JHEP 0803:049,2008

http://ckmfitter.in2p3.fr/
https://indico.desy.de/event/28202/contributions/106109/attachments/67385/83753/bona-utfit.pdf
https://arxiv.org/abs/0707.0636


The LHCb experiment
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b physics at the LHC
๏  

๏

๏  produced at small angle

๏ …high detector occupancy

๏ Large boost   
→ displaced vertex ~1cm

๏ …but 

σ(pp → bb̄X)13 TeV ≃ 0.5 mb
ℒLHC ≃ 1034 cm−2s−1

σ(inelastic) ≃ 200 × σ(bb̄X)
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The LHCb experiment

6

  LHCb detector design
• Lower luminosity for  

 
→  b hadrons in LHCb  
acceptance in Run 1+2

• Covers forward region of  
collisions ( )

• Displaced vertex identification 

• Low-  triggers (few GeV)

• Dipole magnet with very precise 
tracking detectors 

• Particle ID with calorimeters, 
muon system and Cherenkov 
detectors (RICH)

⟨μ⟩ ≃ 1
ℒLHCb ≃ 3.5 × 1032 cm−2s−1

1012

pp
2 < η < 5

pT

σp /p ∼ 0.5 %

Int.J.Mod.Phys. A 30, 1530022 (2015) 

RICH2

Tracking 
Stations

Muon System
Calorimeters

Magnet

Vertex
Locator

RICH1

Tracker
Turicensis

a

p p

B+

K+

μ+
μ−

Zoom on pp collision point

K+

μ−

μ+

~1 cm

A broad physics program in  
the LHC forward region

 b hadron in LHCb  
acceptance in Run 1+2

∼ 1012
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Flavour physics at LHCb

๏ Mixing in both  and : 
 

๏ CKM angle 

๏ CPV phase in  system 

๏ Electroweak FCNC in  
 

๏ CP violation and  firstly observed by LHCb  
→ direct  
→  
 

๏  at 90% CL

Bd Bs
Δmd = 0.5062 ± 0.0019 ± 0.0010 ps−1

Δms = 17.7683 ± 0.0051 ± 0.0032 ps−1

γ = (65.4+3.8
−4.2)∘

Bs
ϕs = − 0.083 ± 0.041 ± 0.006 rad

b → s

Δm
ΔACP = (−15.4 ± 2.9) × 10−4

xCP = (3.97 ± 0.46 ± 0.29) × 10−3

ℬ (K0
S → μ+μ−) < 2.1 × 10−10
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Electroweak FCNC in b → s
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More details on:
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Electroweak FCNC in b → s

๏Electroweak  transitions
• Suppressed by loop,  and GIM 
→ decay rates of order  or less

• Tiny BSM contributions can enter at 
the same order as SM amplitude

• Sensitive to SUSY even if MFV 
 

๏Excellent experimental probe
• No neutrinos involved!
• Several complementary observables
• Several complementary decay channels

b → s
VCKM

10−6

9

Branching ratios, 
angular analyses,  
SM symmetry tests

Introduction

Electroweak penguin (EWP) decays

flavour-changing neutral currents (FCNC) decays are forbidden at tree level (in SM)

but FCNC are possible via quark loops:
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decays are loop suppressed ! rare decays with BF in SM of about 10
�6 � 10

�8

contributions from new physic (NP) models can enter these quark loops

Leptoquarks[PRD99(2019)055025], Z
0
[Eur.Phys.J.C75(2015)382] and others

tensions to the SM predictions have been observed ! flavour anomalies

2 / 16 David Gerick (LHCb collaboration) Electroweak Penguin Decays at LHCb (ICHEP 2020)

ℓ+

ℓ−

b → sγ, b → sℓ+ℓ−, Bs → ℓ+ℓ−
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๏ Radiative 

๏ Leptonic 

๏ Semileptonic 

b → sγ

B(s) → μ+μ−

b → sℓ+ℓ−
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๏ Radiative 

๏ Leptonic 

๏ Semileptonic 

b → sγ

B(s) → μ+μ−

b → sℓ+ℓ−

EFT below EW scale (LEFT): 

ℋeff =
1

(34 TeV)2 ∑
i

CiOi

C(′ )
7 C(′ )

9 C(′ )
10 C(′ )

S,P

O(′ )
7 =

mb

e
(s̄σμνPR(L)b)Fμν

O(′ )
9 = (s̄γμPL(R)b)(ℓ̄γμℓ)

O(′ )
10 = (s̄γμPL(R)b)(ℓ̄γμγ5ℓ)

O(′ )
S = (s̄γμPR(L)b)(ℓ̄ℓ)

O(′ )
P = (s̄γμPR(L)b)(ℓ̄γ5ℓ)

dipole ( )b → sγ

vector

axial-vector

scalar

pseudo-scalar
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Radiative b → sγ

๏
• 5% precise prediction

• 5% precise from B-factories
• Very hard at LHCb

๏  measured with  
•  at B-factories

• Tagged time-dep. analysis 
of  at LHCb

๏ Mixing-induced CPV in 
 at B-factories

๏  induced rate asymmetry 
in  at LHCb

๏ Angular analysis of  
 at LHCb

๏ Transverse asymmetries in 
 at LHCb

ℬ(B → Xsγ) ∝ C2
7 + C′ 7

2

Im(C7) ACP

B → KSπ0γ

Bs → ϕγ

B → KSπ0γ
ΔΓs

Bs → ϕγ

Λb → Λγ

B0 → K*e+e−

12

Left handed C7 = CSM
7 + CNP

7 Right handed C′ 7 = C′ 7
NP

[1] M. Misiak et al JHEP 06(2020)175
[2] HFLAV average of BaBar and Belle
[3] LHCb PRL 123 (2019) 081802
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[5] LHCb JHEP 12 (2020) 081
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-> the most sensitive

https://inspirehep.net/literature/1778760
https://hflav.web.cern.ch/
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2019-015.html
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2021-030.html
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2020-020.html
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 in b → sγ B0 → K*e+e−

✓ Use  to measure 
photon polarisation!

✓ Get nice  final state
๏ Rate lower by 

γ* → e+e−

K−π+e−e+

αe.m.
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Introduction

Electroweak penguin (EWP) decays

flavour-changing neutral currents (FCNC) decays are forbidden at tree level (in SM)

but FCNC are possible via quark loops:
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decays are loop suppressed !
rare decays with BF

in SM
of about 10�6� 10�8

contributions from new physic (NP) models can enter these quark loops

Leptoquarks[PRD99(2019)055025], Z 0
[Eur.Phys.J.C75(2015)382] and others

tensions to the SM
predictions have been observed !

flavour anomalies

2 / 16

David Gerick (LHCb collaboration)

Electroweak Penguin Decays at LHCb (ICHEP 2020)
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LHCb JHEP 12 (2020) 081

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2020-020.html
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Analysis roadmap

● Selection and characterisation
 Online selection
 Multivariate selection
 Optimisation
 Sample composition
 Mass -t

● Angular $t
 Strategy
 Angular acceptance
 Background modelling
 Validation

● Results Martino Borsato, Fabrice Desse B0 ! K⇤0e+e� angular analysis July 7
th

2020 4 / 20

 in b → sγ B0 → K*e+e−

๏  described by 3 angles

๏ Photon polarisation measured with 

•  or  modulation would 
signal right-handed contribution

B0 → K+π−e+e−

ϕ
cos 2ϕ sin 2ϕ

14

Photon 
polarisation

LHCb JHEP 12 (2020) 081

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2020-020.html
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 in b → sγ B0 → K*e+e−

15
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 in b → sγ B0 → K*e+e−
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SUSY loop contributions  
from  MSSM with QFV 
Eberl et al 2106.15228

LHCb JHEP 12 (2020) 081

https://arxiv.org/abs/2106.15228
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2020-020.html
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Leptonic Bs → μ+μ−

๏ A golden flavour physics channel
• Very rare  BR (helicity suppression)
• Precise 4% BR prediction (fully leptonic)

Beneke et al. JHEP 10 (2019) 232  
Kozachuk et al., PRD 97 (2018) 053007

๏ Searched since the 80’s and firstly 
observed in 2014 by LHCb+CMS   
(Nature 522 (2015) 68)

10−9

17

+ box diagram involving neutrinos

Rare-b decays

Model-independent description: Heff = � 4GFp
2
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NEW!!

B0
s ! ��

⇤b ! ⇤�

In agreement with SM

B(s) ! µ+µ�

B(s) ! ⌧+⌧�

PRL. 118, 191801 (2017)

PRL. 118, 251802 (2017)

Several deviations

B ! K⇤µµ (P 0
5), ...

⇤b ! ⇤µµ (BR, angular)

4 / 19

https://link.springer.com/article/10.1007/JHEP10(2019)232
https://journals.aps.org/prd/references/10.1103/PhysRevD.97.053007
https://www.nature.com/articles/nature14474
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Leptonic Bs → μ+μ−

๏ Now measurement with LHCb Run 1+2 
reached 16% uncertainty:

    

๏ Contribution from MFV MSSM  

๏ Expect 10% precision when we will combine 
with upcoming ATLAS+CMS Run 2

BR(B0
s → μ+μ−) = (3.09 + 0.46 + 0.15

− 0.43 − 0.11) × 10−9

∝ t6
β /m4

A

18
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LHCb PRD 105(2022)012010 PRL 128(2022)041801

https://arxiv.org/abs/2108.09283
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2021-007.html
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Leptonic B(s) → μ+μ−

๏

๏ Testing the MFV paradigm

๏ Excellent agreement with SM

BR(Bd → μ+μ−) < 2.6 × 10−10

19
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LHCb PRD 105(2022)012010 PRL 128(2022)041801

https://arxiv.org/abs/2108.09283
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2021-007.html
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Introduction

E↵ective Field Theories and Wilson coe�cients

E↵ective field theories:

!

He↵ = �GFp
2
VCKM

X

i

CiOi

Fermion operators Oi and Wilson coe�cients Ci
! Wilson coe�cients allow for model independent

comparison of di↵erent EWP measurements

q2
spectrum:

!"#$%&$%$"'$(

J/ (1S)

 (2S)C(0)
7

C(0)
7 C(0)

9
C(0)

9 C (0)
10

4 [m(µ)]2 q2

d�
dq2

)"*(

+,"-(*!.#)"'$(

',"#%!/01,".(&%,2(

)/,3$(,4$"('5)%2(

#5%$.5,6*((

cc̄

left-handed: Ci
right-handed: C0

i
photon: C7

(axial) vector: (C10) C9

4 / 16 David Gerick (LHCb collaboration) Electroweak Penguin Decays at LHCb (ICHEP 2020)

q2 = m2
ℓℓ [GeV2]

dBR/dq2

     

1561

20

Semileptonic b → sℓℓ

Rare loop-level b → sℓℓ

Tree-level b → scc̄
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Branching ratios

21

[JHEP08(2016)098]
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B+ → K+μ+μ− B0 → K0μ+μ−

dB/dq2 in exclusive b→sµµ 
seems to undershoot SM
• Theory uncertainties ~20-30% 

(hadronic form factors)
• Coherent undershooting, but 

predictions uncertainties are 
correlated
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Figure 5: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays as a function of q2. The
data are overlaid with the SM prediction from Refs. [48,49]. No SM prediction is included in the
region close to the narrow cc̄ resonances. The result in the wider q2 bin 15.0 < q2 < 19.0GeV2/c4

is also presented. The uncertainties shown are the quadratic sum of the statistical and systematic
uncertainties, and include the uncertainty on the B0! J/ K⇤0 and J/ ! µ+µ� branching
fractions.

Table 2: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays in bins of q2. The first
uncertainty is statistical, the second systematic and the third due to the uncertainty on the
B0! J/ K⇤0 and J/ ! µ+µ� branching fractions.

q2 bin (GeV2/c4) dB/dq2 ⇥ 10�7 (c4/GeV2)

0.10 < q2 < 0.98 1.016+0.067
�0.073 ± 0.029± 0.069

1.1 < q2 < 2.5 0.326+0.032
�0.031 ± 0.010± 0.022

2.5 < q2 < 4.0 0.334+0.031
�0.033 ± 0.009± 0.023

4.0 < q2 < 6.0 0.354+0.027
�0.026 ± 0.009± 0.024

6.0 < q2 < 8.0 0.429+0.028
�0.027 ± 0.010± 0.029

11.0 < q2 < 12.5 0.487+0.031
�0.032 ± 0.012± 0.033

15.0 < q2 < 17.0 0.534+0.027
�0.037 ± 0.020± 0.036

17.0 < q2 < 19.0 0.355+0.027
�0.022 ± 0.017± 0.024

1.1 < q2 < 6.0 0.342+0.017
�0.017 ± 0.009± 0.023

15.0 < q2 < 19.0 0.436+0.018
�0.019 ± 0.007± 0.030
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Angular analysis B0 ! K⇤0µ+µ�
(4.7 fb

�1
)

Measurement of CP-averaged observables in the B0! K ⇤0µ+µ�
decay

4 charged particle final state via K
⇤0 ! K

+⇡�

LHCb measured this decay two times:

2011 data [JHEP08(2013)131]

full Run 1 [JHEP02(2016)104]

existing tension to SM (prominent in P
(0)
5
)

now: update including 2016 data

! doubling the event statistics

[PRL125(2020)011802]
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B0 → K*0μ+μ−๏  4-body decay has rich 
kinematic structure to be studied

๏ Described by 3 angles and  

๏ Recent results:
• with 6/fb (~4600 events)
•  with 9/fb (~700 events)
•  with 9/fb (~1900 events)

B → Vμ+μ−

q2

Angular analysis of B0 ! K ⇤0e+e�
at very low q2
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Analysis roadmap
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 Online selection
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th

2020 4 / 20

μ+

μ−

B0 → K*0μ+μ−

B+ → K*+μ+μ−

Bs → ϕμ+μ−

5300 5400 5500 5600 5700

]2c) [MeV/−µ+µ−K+K(m

0

20

40

60

80

100

120

140

)2 c
C

an
d
id

at
es

 /
 (

1
0
 M

eV
/

Data

Total PDF

Background

4c/2 < 18.9 GeV2q0.1 < LHCb
 1− 3 fb

5300 5400 5500 5600 5700

]2c) [MeV/−µ+µ−K+K(m

0

20

40

60

80

100

120

140

)2 c
C

an
d
id

at
es

 /
 (

1
0
 M

eV
/

Data

Total PDF

Background

4c/2 < 18.9 GeV2q0.1 < LHCb
 1− 1.7 fb

5300 5400 5500 5600 5700

]2c) [MeV/−µ+µ−K+K(m

0

50

100

150

200

250

300

350

400

)2 c
C

an
d
id

at
es

 /
 (

1
0
 M

eV
/

Data

Total PDF

Background

4c/2 < 18.9 GeV2q0.1 < LHCb
 1− 3.7 fb

Figure 1: The m(K+K�µ+µ�) distribution for B0
s ! �µ+µ� candidates integrated over

the 0.1 < q2 < 0.98GeV2/c4, 1.1 < q2 < 8GeV2/c4, 11.0 < q2 < 12.5GeV2/c4 and
15.0 < q2 < 18.9 GeV2/c4 regions for the data-taking periods 2011-2012 (top left), 2016 (top
right), and 2017–2018 (bottom). The data are overlaid with the PDF used to describe the
m(K+K�µ+µ�) spectrum, fitted separately for each data set.

neglected in the fit model and a systematic uncertainty is assigned to account for potential123

residual background pollution.124

Figure 1 shows the m(K+K�µ+µ�) distribution for all candidates passing the selection,125

integrated over the 0.1 < q2 < 18.9 GeV2/c4 region for the separate data sets, excluding the126

q2 regions contaminated by the resonant B0
s ! �(! µ+µ�)�, B0

s ! J/ (! µ+µ�)� and127

B0
s !  (2S)(! µ+µ�)� decays. The data are overlaid with the fitted probability density128

function (PDF) described in Sec. 4. Signal yields of 408 ± 23, 402 ± 23 and 1120 ± 40129

are found for the 2011–2012, 2016 and 2017–2018 data sets, where the uncertainties are130

statistical only.131

4 Angular analysis132

The angular observables are determined using an unbinned maximum likelihood fit to the133

invariant K+K�µ+µ� mass distribution and the three decay angles, ✓l, ✓K , and �. In134

the q2 region below 12.5 GeV2/c4, the fit is performed separately in narrow q2 regions of135

around 2 GeV2/c4 width and in an additional wide q2 region defined as [1.1, 6.0] GeV2/c4.136

Above 15 GeV2/c4, a single wide region is used, defined as [15.0, 18.9] GeV2/c4. The binning137

scheme is chosen to maximise sensitivity to potential short-distance NP contributions138

4
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 control channelB0 → K*J/ψ(μ+μ−)

PRL 125(2020)011802
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LU tests in b → sℓ+ℓ−

๏  is lepton universal in the SM 
→ can identify LU violating NP contribution

Hiller & Kruger arXiv:hep-ph/0310219

๏ Predictions are uncontroversial and very precise
• QCD uncertainty cancels to 
• Up to  ~1% QED corrections

Bordone et al arXiv:1605.07633

๏ Main challenge at LHCb is e/µ differences in 
the detector response

b → sℓ+ℓ−

10−4
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Introduction

Electroweak penguin (EWP) decays

flavour-changing neutral currents (FCNC) decays are forbidden at tree level (in SM)

but FCNC are possible via quark loops:
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decays are loop suppressed ! rare decays with BF in SM of about 10
�6 � 10

�8

contributions from new physic (NP) models can enter these quark loops

Leptoquarks[PRD99(2019)055025], Z
0
[Eur.Phys.J.C75(2015)382] and others

tensions to the SM predictions have been observed ! flavour anomalies
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Electrons at LHCb
๏ Efficiency bottleneck at hardware trigger:

•
•

๏ Electron ID based on ECAL and tracking 
(harder and slower than µ ID) 

๏ Measurement of  affected by 
bremsstrahlung emission before magnet

๏ Bremsstrahlung photon recovery 
procedure has limited efficiency

pT(μ±) > 1.5 − 1.8 GeV
ET(e±) > 2.5 − 3.0 GeV

ϵ(B+ → K+μ+μ−)
ϵ(B+ → K+e+e−)

≃ 2.8

p(e±)

27

ECAL

VELO

Recover brem   
in this region

e ± track

Int.J.Mod.Phys. A 30, 1530022 (2015) 

Magnet15/04/16 M. Borsato - USC 5

Selection of electron decays
● Level-0 online hardware trigger lines:

● Electron: large ET deposit in ECAL (main)
● Hadron: large ET deposit in HCAL (low q2)
2 triggering on kaon (also pion for RK*)

● Trigger independent of the signal tracks
2 all types of Level-0 trigger

● Electron identification
● ECAL energy deposit and associated track
● E/pc required to be close to 1

● Pre-selection has been optimized 
● can now go lower in pT
● Still learning how to best treat dielectrons

● Multivariate classifier (BDT) 
● trained to reject combinatorial background

Electron ID

Int.J.Mod.Phys. A 30, 1530022 (2015) 
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Figure 2: Candidate invariant mass distributions. Distribution of the invariant mass
m(J/ )(K

+`+`�) for candidates with (left) electron and (right) muon pairs in the final state for the
(top) nonresonant B+

! K+`+`� signal channels and (bottom) resonant B+
! J/ (! `+`�)K+

decays. The fit projection is superimposed. In the resonant-mode distributions, some fit
components are too small to be visible.

statistical and systematic uncertainty is then determined by scanning the profile-likelihood
and the statistical contribution to the uncertainty is isolated by repeating the scan with
the e�ciencies fixed to their fitted values.

The determination of the rJ/ ratio requires control of the relative selection e�ciencies
for the resonant electron and muon modes, and does not therefore benefit from the
cancellation of systematic e↵ects in the double ratio used to measure RK . Given the scale
of the corrections required, comparison of rJ/ with unity is a stringent cross check of
the experimental procedure. In addition, if the simulation is correctly calibrated, the
measured rJ/ value will not depend on any variable. This ratio is therefore also computed
as a function of di↵erent kinematic variables that are chosen to provide overlap with the
spectra of the nonresonant decays. Although the range of q2 di↵ers between resonant
and nonresonant decays, the e�ciency depends on laboratory-frame variables such as the
momenta of the final-state particles, or the opening angle between the two leptons, rather
than directly on q

2. A given set of values for the final-state particles’ momenta and angles
in the B

+ rest frame will result in a distribution of such values when transformed to the
laboratory frame. As a result, there is significant overlap between the nonresonant and
resonant samples in the relevant distributions, even if they are mutually exclusive as a
function of q2.

The value of rJ/ is measured to be 0.981± 0.020, where the uncertainty includes both
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statistical and systematic uncertainty is then determined by scanning the profile-likelihood
and the statistical contribution to the uncertainty is isolated by repeating the scan with
the e�ciencies fixed to their fitted values.

The determination of the rJ/ ratio requires control of the relative selection e�ciencies
for the resonant electron and muon modes, and does not therefore benefit from the
cancellation of systematic e↵ects in the double ratio used to measure RK . Given the scale
of the corrections required, comparison of rJ/ with unity is a stringent cross check of
the experimental procedure. In addition, if the simulation is correctly calibrated, the
measured rJ/ value will not depend on any variable. This ratio is therefore also computed
as a function of di↵erent kinematic variables that are chosen to provide overlap with the
spectra of the nonresonant decays. Although the range of q2 di↵ers between resonant
and nonresonant decays, the e�ciency depends on laboratory-frame variables such as the
momenta of the final-state particles, or the opening angle between the two leptons, rather
than directly on q

2. A given set of values for the final-state particles’ momenta and angles
in the B

+ rest frame will result in a distribution of such values when transformed to the
laboratory frame. As a result, there is significant overlap between the nonresonant and
resonant samples in the relevant distributions, even if they are mutually exclusive as a
function of q2.

The value of rJ/ is measured to be 0.981± 0.020, where the uncertainty includes both

5

Electrons at LHCb
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LHCb Nature Physics 18, (2022) 277-282  

N(K+e+e−) = 1640 ± 70N(K+μ+μ−) = 3850 ± 70

Muons Electrons

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2021-004.html
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LU tests in b → sℓ+ℓ−

๏ Results much more precise than 
previous experiments 

๏ Measured in several  decay 
channels 

๏ If confirmed, it would be a clear sign 
of physics beyond the SM

๏ Hints of LU violation in charged 
current  could be connected 
→ LHCb working to improve 
precision on  and 

b → sℓℓ

b → cℓν

R(D) R(D*)
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Figure 4: Comparison between RK measurements. In addition to the LHCb result, the mea-
surements by the BaBar [113] and Belle [114] collaborations, which combine B+

! K+`+`� and
B0

! K0
S`

+`� decays, are also shown.

is compatible with the SM prediction with a p-value of 0.10%. The significance of
this discrepancy is 3.1 standard deviations, giving evidence for the violation of lepton
universality in these decays.

8

RK+

SM

LHCb Nature Physics 18, (2022) 277-282  

Personal compilation of results

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2021-004.html
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Effective theory interpretation

๏ Fit couplings to all  results
• Model with modified left-handed 

coupling to muons   
fits better than SM by >5σ

Review talk from 20/10/2021

• Generic lepton-dependent short-
distance contribution fits better than 
SM by >4σ

G.Isidori et al, PLB822(2021)136644

b → sℓℓ

Cμ
L = Cμ

9 − Cμ
10

30

Scenarios with two Wilson coef�cients
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RK & RK⇤ 1�, 2�

b ! sµµ 1�, 2�

WET at �.8 GeV

I After Moriond ����:
I RK : smaller uncertainty
I Bs ! µµ: smaller uncertainty,

better agreement with b ! sµµ

J. Matias & P. Stangl (UAB & U. Bern) Beyond the Flavour Anomalies, �� April ���� ��/��

Fit from W. Altmannshofer and P. Stangl arXiv:2103.13370
Not including ,  and Bs → ϕμμ RK 0

S
RK*+

SM

Are we seeing a  
coherent pattern?

Muonic vector coupling Cμ
9 − CSM
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https://indico.cern.ch/event/1055780/timetable/#2-effective-field-theory-for-b
https://inspirehep.net/literature/1857815
https://inspirehep.net/literature/1853232
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Connection to high energy

31

     

→ Could be out of reach for  
     the LHC if 

gNP

ΛNP
∼

1
30 TeV

gNP ≃ 1

Step two: tree-level candidates
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or LQ   

Tree level candidates:

• Talk from Kostas on Monday
• Important to leave no stone 

unturned at the LHC

ATLAS-CONF-2022-009

1l+4j+MET

scalar and vector LQs of 3rd generation allowed to decay to 
quarks and leptons of the 1st and 2nd generation 

Several NNs trained for the various signal hypothesis with 
15 inputs (MT, meff, PT(l) …)  
No excess observed in any of the signal models

10

LQu
mix
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LQu
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vLQmix
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ATLAS-CONF-2022-009

vLQ aiming to explain LFU 
tension in B-hadron decays

hadronically 
decaying top

→
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Figure 6: Data and background expectation in the signal region after the simultaneous background-only fit to data
for (a) a training with vLQYM

mix ! bµ/t⌫ and B = 0.5, (b) a training with LQd
mix ! te/b⌫ with B = 0.5, and (c) a

training with LQu
mix ! t⌫, i.e. B = 0.0. Minor background contributions from tt̄ + H and Z+jets are combined into

others. Expected pre-fit signal distributions with B corresponding to the respective training are added on top of the
background expectation, using a mass of 1700 GeV for vector LQs and 1300 GeV for scalar LQs. The hatched band
indicates the total post-fit uncertainty. The ratios between data and background expectation are shown in the bottom
panels of the plots.

largest discrepancies at high values of NNout are observed for the LQu
mix model for B = 0.0, i.e. for the

decay into top-quarks and neutrinos.

No significant deviations between the data and the expected SM background are observed. Upper 95 % CL
limits on the cross-sections of pair-produced LQs can be calculated in simultaneous fits to the CRs and the
SR, in which the background normalisations and possible signal contributions are determined. For a fixed
B = 0.5, Figure 7 shows the resulting limits on the cross-section as a function of the LQ mass for the four
scalar LQ models, derived by carrying out the simultaneous fit for each of the generated signal samples
at the various masses described above. Corresponding limits for the four vector LQ models are shown
in Figure 8.

These cross-section limits are compared to the theoretical cross-section predictions also shown in blue,
resulting in lower limits on the signal mass for B = 0.5. The uncertainty band on the theory prediction
includes PDF, ↵S as well as renormalization and factorization scale uncertainties. The expected and
observed limits for B = 0.5 are summarised in Table 5 for the eight LQ models considered in this analysis.
The total impact of systematic uncertainties on the cross-section limits is up to 15% for LQ masses above
1 TeV, corresponding to 20 GeV in the expected mass limit.

Limits on the LQ pair-production are also evaluated across a wide range of values for the branching ratio of
LQs into charged leptons. For that, the statistical interpretation is performed in steps of 0.05 in B between
0.0 and 0.95 for up-type scalar and vector LQs and between 0.05 and 0.95 for down-type scalar LQs. At
each step, the NN resulting in the best expected cross-section limit is chosen. The analysis is not sensitive
to final states with zero or two leptons, therefore B = 1.0 is omitted for all LQs as well as B = 0.0 for
down-type LQs. The upper cross-section limits and the mass exclusion curves across the B plane are
shown in Figure 9 for scalar LQs and in Figure 10 for vector LQs.
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see Patrick’s talk

• Several models addressing these anomalies (and others) at SUSY2022!

https://indico.cern.ch/event/1083758/contributions/4916622/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-009/
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A wide  programb → sℓ+ℓ−

๏  and 
• More sophisticated analyses possible 

with O(10k) events
• Aim to get a handle on theory 

uncertainties ( )

๏ Angular LU test with 
• Common explanation of  and 

LU anomalies implies LU breaking in 
the angular observables

๏ Lots of potential in  decays

B+ → K+μ+μ− B0 → K*μ+μ−

cc̄

B0 → K*ℓ+ℓ−

b → sμμ

Λb

32

CERN-LHCC-2018-027

๏ LFU violation implies LFV 
→ several LFV searches: , e+μ− μ+τ−

S.Glashow et al Phys.Rev.Lett. 114 (2015) 091801

+ we are exploring high q2

                     0.26
                    0.22

RK0
S

RK*+

https://arxiv.org/abs/1808.08865
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LHCb Upgrade I
๏ Upgraded detector for Runs 3 and 4 (TDR)

• Readout electronics and several subdetectors upgraded
• Can run at 5x higher luminosity
• Full-software trigger using GPUs

 

๏ Most measurements will directly profit from the higher 
statistical precision (about factor 3 with Run 3 only)

Run 3 trigger revolution

14. June 2022 J. Albrecht 17/18

33

https://cds.cern.ch/record/1443882?ln=fr
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LHCb Upgrade II

34

๏ LHCb Upgrade II to run at 10x 
luminosity of Upgrade I 

• Potentially the only flavour facility in 
the world on this timescale

• Driven by detector developments: 
granularity, material budget, radiation 
hardness, timing, RTA 

• Upgrade II sensitivity:

• Angle  with  precision

• CPV  with 4 mrad precision

•  with 0.7% precision

•  with 10% precision

• Double reach in NP energy scale 

γ 0.35∘

ϕs

RK
Bd → μμ
Bs → μμ

ΛNP

Figure 1.1: Integrated luminosity profile for the original LHCb, Upgrade I (Run 3 and 4) and
Upgrade II (Run 5 and 6) experiments, in the context of the o�cial LHC schedule of 2021
(extensions of Run 3 and LS3 by one year and six months, respectively, have been deliberated in
January 2022). The blue points and the left scale indicate the anticipated maximum instantaneous
luminosity whilst the red line and right scale indicate the accumulated integrated luminosity.

physics programme to be expanded in ways unforeseen prior to data-taking, for example in
studies of heavy ion and fixed target collisions and searches in the dark sector.

The method of testing the SM through precision measurements in flavour physics is fully
complementary to that of searching for on-shell production of new particles in high energy
collisions. The mixing and decay of beauty and charm hadrons occur through weak interactions,
mediated by gauge bosons with masses many times larger than those of the hadrons themselves.
Other, as-yet unknown, particles could also contribute, leading to measured parameters such
as decay rates and CP violation asymmetries deviating from the SM predictions. The reach of
measurements of these observables is limited only by experimental and theoretical precision.
Rare processes, where the SM contribution is small or vanishing and as such has low uncertainty,
are of special interest. In particular, processes for which the SM contribution occurs through loop
diagrams, i.e. flavour changing neutral currents (FCNC), are often considered golden channels for
potential discoveries of physics beyond the SM. These include B ! ``, B ! X`` and B ! X�
(here ` is a lepton and X is a hadronic system). Several anomalies recently reported by LHCb in
these types of processes have led to speculation that a discovery of physics beyond the SM may
be not far o↵. In particular, a recent measurement [12] of RK , the ratio of B+

! K+µ+µ� and
B+

! K+e+e� decay rates, shows evidence of violation of lepton universality with a significance
of 3.1 standard deviations. If confirmed by further measurements, Upgrade II will allow new
physics models to be distinguished. Independent of their confirmation, these rare decays serve
as a good example of the potential of flavour physics at Upgrade II to probe beyond the reach
of the energy frontier.

A major detector upgrade is presently under installation, referred to in this document as
Upgrade I. This will employ a full software trigger, which will provide significantly increased
selection e�ciency in hadronic final states, and allow the experiment to function at a luminosity of
2⇥1033 cm�2s�1. The design of the Upgrade I detector is presented in several documents [16–22]

2

Upgrade I

Upgrade II

See ICHEP talk by Federico

First steps and challenges

• expression of interest: [LHCC-2017-003];
• physics case: [LHCC-2018-027];
• accelerator study: [CERN-ACC-2018-038];
• luminosity scenarios: [LHCb-PUB-2019-001];
• framework technical design report now under review by the LHCC!

• upgrade the experiment to run at L = 1.5⇥ 1034 cm�2s�1 ) 40 visible
interactions every bunch crossing, 2000 charged particles within the LHCb
acceptance

• common concepts and themes: timing && granularity && radiation
hardness

• detector R&D and first testbeams at the SPS area are already ongoing!

LHCb overview Giovanni Cavallero October 19, 2021 41/45
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Upgrade I Upgrade II
LHCB-PUB-2018-009

https://indico.cern.ch/event/868940/contributions/3813743/
https://cds.cern.ch/record/2636441
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Conclusions

๏ Indirect effects often anticipated discoveries in HEP
• Several leading measurements in precision quark-

flavour physics coming from LHCb
• Provided brief review of electroweak  

๏ LHCb performance in Runs 1-2 vindicated the 
detector design and motivated upgrades I and II 
to run at much higher luminosity 

๏ Tantalising anomalies in  decays
• LHCb can clarify the situation with complementary 

measurements and the upcoming upgrade data
• Inputs from ATLAS, CMS and Belle II are extremely 

valuable and eagerly anticipated

b → s

b → sℓℓ

35

Thomas Kuhn 

“Discovery commences with  
the awareness of anomaly” 

Carl Sagan

“Extraordinary claims require  
extraordinary evidence”



BACKUP
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LU in tree-level B decays

๏ LFU has been tested intree-level 
 transitions

• Comparing  decay to  
 

๏ LHCb, Belle and BaBar have  
comparable sensitivity
• Measurements complicated by 

missing neutrino(s)
• Combined result deviates  

about 3σ from the SM

๏ LHCb working on combined 
measurement of  and  

b → cℓν
τ ℓ = μ(,e)

ℛ (D(*)) =
ℬ (B̄ → D(*)τ−ν̄τ)
ℬ (B̄ → D(*)ℓ−ν̄ℓ)

R(D) R(D*)
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Measuring  at LHCbmW
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Entering the precision era

๏ LHCb best at heavy-flavour decays with charged final state
➡e.g. collected in one year more  decays 

than the Belle experiment collected in 10 years
10 × B → K+π−μ+μ−

39

4

meson candidates, where the charge of the kaon or pion
defines the charge or flavor of the B meson. The par-
ticle selection criteria lead to combinatorial background
that is suppressed by applying requirements on the beam-
energy constrained mass, Mbc =

p
E2

beam/c
4 � |~pB |2/c2,

and the energy di↵erence, �E = EB �Ebeam, where EB

and ~pB are the energy and momentum, respectively, of
the reconstructed candidate in the ⌥(4S) rest frame and
Ebeam is the beam energy in the center-of-mass frame.
Correctly reconstructed candidates are centered at the
nominal B mass in Mbc and at zero in �E. Candi-
dates that satisfy 5.22 GeV/c2 < Mbc < 5.30 GeV/c2

and �0.10 (�0.05) GeV < �E < 0.05 GeV for the
electron (muon) modes are retained. Large irreducible
background contributions arise from charmonium decays
B ! J/ K⇤ and B !  (2S)K⇤, in which the cc̄
state decays into two leptons. These decays are ve-
toed with the requirements �0.25 (�0.15) GeV/c2 <
M``�mJ/ < 0.08 GeV/c2 and �0.20 (�0.10) GeV/c2 <
M`` � m (2S) < 0.08 GeV/c2 for the electron (muon)
modes. In the electron case, the veto is applied twice:
with and without the bremsstrahlung-recovery treat-
ment. Di-electron background from photon conversions
(� ! e+e�) and ⇡0 Dalitz decays (⇡0 ! e+e��) is re-
jected by requiring Mee > 0.14 GeV/c2.

To maximize signal e�ciency and purity, neural net-
works are utilized sequentially from the bottom to the
top of the decay chain, transferring the output probabil-
ity from each step to the subsequent step so that the most
e↵ective selection requirements are applied in the last
stage based on all information combined. For all particle
hypotheses, a neural network is trained to separate signal
from background and an output value, oNB, is calculated
for each candidate. The classifiers for e±, µ±,K±, K0

S ,
⇡0, and ⇡± are taken from the neural-network-based full
event reconstruction described in Ref. [16]. For K⇤ se-
lection, a classifier is trained on MC samples using kine-
matic variables and vertex fit information. The final clas-
sification is performed with a requirement on oNB for each
B decay channel using event-shape variables (i.e., mod-
ified Fox-Wolfram moments [17]), vertex fit information,
and kinematic variables as input for the classifier. The
most important variables for the neural networks are�E,
the reconstructed mass of the K⇤, the product of the net-
work outputs of all secondary particles, and the distance
between the two leptons along the beam direction �z``.
If multiple candidates are found in an event (less than
2% of the time), the most probable candidate is chosen
based on oNB. The selection requirements for the neural
networks are optimized by maximizing the figure of merit
ns/

p
ns + nb separately for the electron and muon chan-

nels, where ns and nb are the expected numbers of signal
and background candidates, respectively, calculated from
MC.

Signal and background yields are extracted by an un-
binned extended maximum likelihood fit to the Mbc dis-
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FIG. 1. Distribution of the beam-energy constrained mass

for selected B ! K⇤e+e� (left) and B ! K⇤µ+µ�
(right).

Combinatorial background (shaded blue), signal (red filled)

and total (solid) fit functions are superimposed on the data

points

tribution of B ! K⇤`+`� candidates, presented in Fig. 1,
where the signal is parametrized by a Crystal Ball func-
tion [18] and the background is described by an ARGUS
function [19]. The signal shape parameters are deter-
mined from a fit to B ! J/ K⇤ data in the correspond-
ing q2 veto region while the background shape parame-
ters are allowed to float in the fit. In total 127± 15 and
185 ± 17 signal candidates are obtained for the electron
and muon channels, respectively.
The analysis is performed in four independent bins of

q2, as detailed in Table I, with an additional bin in the
range 1.0 GeV2/c2 < q2 < 6.0 GeV2/c2, which is favored
for theoretical predictions [6]. To make maximum use
of the limited statistics, a data-transformation technique
[20, 21] is applied, simplifying the di↵erential decay rate
without losing experimental sensitivity. The transforma-
tion is applied to specific regions in the three-dimensional
angular space, exploiting the symmetries of the cosine
and sine functions to cancel terms in Eq. 1. With the
following transformations to the dataset, the data are
sensitive to the observable of interest:

P 0
4, S4 :

8
><

>:

�! �� for � < 0

�! ⇡ � � for ✓` > ⇡/2

✓` ! ⇡ � ✓` for ✓` > ⇡/2,

(3)

P 0
5, S5 :

(
�! �� for � < 0

✓` ! ⇡ � ✓` for ✓` > ⇡/2.
(4)

With this procedure, the remaining observables are the
K⇤ longitudinal polarization, FL, the transverse polar-

ization asymmetry, A(2)
T = 2S3/(1 � FL), and P 0

4 or P 0
5.

Two independent maximum likelihood fits for each bin
of q2 are performed to the angular distributions to ex-
tract the P 0

4,5 observables. The fits are performed using
the data in the signal region of Mbc of all decay channels
and separately for the electron and muon mode. The sig-
nal (background) region is defined as Mbc � 5.27 GeV/c2

4

meson candidates, where the charge of the kaon or pion
defines the charge or flavor of the B meson. The par-
ticle selection criteria lead to combinatorial background
that is suppressed by applying requirements on the beam-
energy constrained mass, Mbc =

p
E2

beam/c
4 � |~pB |2/c2,

and the energy di↵erence, �E = EB �Ebeam, where EB

and ~pB are the energy and momentum, respectively, of
the reconstructed candidate in the ⌥(4S) rest frame and
Ebeam is the beam energy in the center-of-mass frame.
Correctly reconstructed candidates are centered at the
nominal B mass in Mbc and at zero in �E. Candi-
dates that satisfy 5.22 GeV/c2 < Mbc < 5.30 GeV/c2

and �0.10 (�0.05) GeV < �E < 0.05 GeV for the
electron (muon) modes are retained. Large irreducible
background contributions arise from charmonium decays
B ! J/ K⇤ and B !  (2S)K⇤, in which the cc̄
state decays into two leptons. These decays are ve-
toed with the requirements �0.25 (�0.15) GeV/c2 <
M``�mJ/ < 0.08 GeV/c2 and �0.20 (�0.10) GeV/c2 <
M`` � m (2S) < 0.08 GeV/c2 for the electron (muon)
modes. In the electron case, the veto is applied twice:
with and without the bremsstrahlung-recovery treat-
ment. Di-electron background from photon conversions
(� ! e+e�) and ⇡0 Dalitz decays (⇡0 ! e+e��) is re-
jected by requiring Mee > 0.14 GeV/c2.

To maximize signal e�ciency and purity, neural net-
works are utilized sequentially from the bottom to the
top of the decay chain, transferring the output probabil-
ity from each step to the subsequent step so that the most
e↵ective selection requirements are applied in the last
stage based on all information combined. For all particle
hypotheses, a neural network is trained to separate signal
from background and an output value, oNB, is calculated
for each candidate. The classifiers for e±, µ±,K±, K0

S ,
⇡0, and ⇡± are taken from the neural-network-based full
event reconstruction described in Ref. [16]. For K⇤ se-
lection, a classifier is trained on MC samples using kine-
matic variables and vertex fit information. The final clas-
sification is performed with a requirement on oNB for each
B decay channel using event-shape variables (i.e., mod-
ified Fox-Wolfram moments [17]), vertex fit information,
and kinematic variables as input for the classifier. The
most important variables for the neural networks are�E,
the reconstructed mass of the K⇤, the product of the net-
work outputs of all secondary particles, and the distance
between the two leptons along the beam direction �z``.
If multiple candidates are found in an event (less than
2% of the time), the most probable candidate is chosen
based on oNB. The selection requirements for the neural
networks are optimized by maximizing the figure of merit
ns/

p
ns + nb separately for the electron and muon chan-

nels, where ns and nb are the expected numbers of signal
and background candidates, respectively, calculated from
MC.

Signal and background yields are extracted by an un-
binned extended maximum likelihood fit to the Mbc dis-
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for selected B ! K⇤e+e� (left) and B ! K⇤µ+µ�
(right).

Combinatorial background (shaded blue), signal (red filled)

and total (solid) fit functions are superimposed on the data

points

tribution of B ! K⇤`+`� candidates, presented in Fig. 1,
where the signal is parametrized by a Crystal Ball func-
tion [18] and the background is described by an ARGUS
function [19]. The signal shape parameters are deter-
mined from a fit to B ! J/ K⇤ data in the correspond-
ing q2 veto region while the background shape parame-
ters are allowed to float in the fit. In total 127± 15 and
185 ± 17 signal candidates are obtained for the electron
and muon channels, respectively.
The analysis is performed in four independent bins of

q2, as detailed in Table I, with an additional bin in the
range 1.0 GeV2/c2 < q2 < 6.0 GeV2/c2, which is favored
for theoretical predictions [6]. To make maximum use
of the limited statistics, a data-transformation technique
[20, 21] is applied, simplifying the di↵erential decay rate
without losing experimental sensitivity. The transforma-
tion is applied to specific regions in the three-dimensional
angular space, exploiting the symmetries of the cosine
and sine functions to cancel terms in Eq. 1. With the
following transformations to the dataset, the data are
sensitive to the observable of interest:

P 0
4, S4 :

8
><

>:

�! �� for � < 0

�! ⇡ � � for ✓` > ⇡/2

✓` ! ⇡ � ✓` for ✓` > ⇡/2,

(3)

P 0
5, S5 :

(
�! �� for � < 0

✓` ! ⇡ � ✓` for ✓` > ⇡/2.
(4)

With this procedure, the remaining observables are the
K⇤ longitudinal polarization, FL, the transverse polar-

ization asymmetry, A(2)
T = 2S3/(1 � FL), and P 0

4 or P 0
5.

Two independent maximum likelihood fits for each bin
of q2 are performed to the angular distributions to ex-
tract the P 0

4,5 observables. The fits are performed using
the data in the signal region of Mbc of all decay channels
and separately for the electron and muon mode. The sig-
nal (background) region is defined as Mbc � 5.27 GeV/c2

B0 → K+π−μ+μ−
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→  we just entered the precision era of   b → sℓℓ
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Hadronisation in b → sℓℓ

๏ Several decays, depending on spectator quark and spin-parity

๏ Opportunity to study  in various systems

๏ QCD makes theoretical predictions more challenging
b → sℓℓ
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Introduction

Electroweak penguin (EWP) decays

flavour-changing neutral currents (FCNC) decays are forbidden at tree level (in SM)

but FCNC are possible via quark loops:
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decays are loop suppressed ! rare decays with BF in SM of about 10
�6 � 10

�8

contributions from new physic (NP) models can enter these quark loops

Leptoquarks[PRD99(2019)055025], Z
0
[Eur.Phys.J.C75(2015)382] and others

tensions to the SM predictions have been observed ! flavour anomalies
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LHCb Upgrade II 

๏ Plan to crank up luminosity by another 
factor 10 in Run 5-6 (2030s)
• Aim at collecting 300/fb by 2040

๏ Need to deal with the collision  
pile-up of about 50
• Higher granularity 
• Lower material budget
• Better radiation hardness
• Tracking detectors with precise timing 

(200ps/hit in VELO, 20-50ps in ECAL)
• Hardware accelerators for online 

reconstruction

41

Figure 2.3: Example event containing a B0 ! ⇡+⇡� candidate under Upgrade II conditions,
illustrating the PV association challenge. Each PV is drawn as a 2D Gaussian distribution with
the appropriate values and uncertainties for both spatial (x-axis) and temporal (y-axis) metrics
used to associate the B meson to a single origin PV. In this case, adding the temporal information
allows the correct PV [‘A’, closest to (0, 0)] to be identified where the spatial information alone
would lead to the wrong choice (‘B’).

Adding time information resolves this problem by providing an additional metric (y-axis) to
improve the PV association performance, leading to the correct PV (‘A’) being assigned. Studies
show that without timing the Upgrade II PV mis-association levels may reach ⇠ 20%, while
this can be reduced to ⇠ 5% with a timing precision of 50–100 ps. Studies have also shown that
the track reconstruction e�ciency and fake rate can be addressed by decreasing the pixel pitch
from the current 55µm at Upgrade II, particularly for the innermost region of the VELO. The
addition of timing will also have crucial benefits in track reconstruction since it allows to reduce
drastically combinatorics at an early stage, saving CPU resources. Timing information from the
VELO also provides a precise time origin for tracks for the rest of the experiment, which will be
helpful for other subdetectors with timing such as the TORCH.

The timing and rate capabilities required from the ASIC are ambitious but achievable
with the foreseen R&D timeline. Another possibility being considered is to have a ‘mixed’
solution where the inner region has a smaller pitch (emphasising resolution) and the outer region
has a larger pitch emphasising more precise timing. Studies of the performance of a possible
configuration are shown in Fig. 2.4.

2.3.1.2 Downstream tracking

Changes to the downstream tracking system are also foreseen. In Upgrade I this comprises a
silicon strip detector located upstream (UT) and three tracking stations located downstream of the
magnet (T-stations). For Upgrade I the T-stations are covered by a twelve-layer scintillating fibre
tracker (SciFi). This covers the full acceptance, corresponding to 30 m2 per layer. In conjunction
with the VELO, these stations provide a high precision momentum measurement. They also
measure the track directions of the charged particles as input to the particle identification
systems, notably the photon-ring searches in the RICH detectors. Two challenges must be met
in the design of the system for Upgrade II. First, the higher occupancies necessitate increased
detector granularity. Second, the rate of incorrect matching of upstream and downstream track
segments needs to be minimised. This can be achieved by optimisation of the UT, minimisation

11

Timing is crucial to find origin vertex of B decay
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Control channel

42
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Figure 2: Candidate invariant mass distributions. Distribution of the invariant mass
m(J/ )(K

+`+`�) for candidates with (left) electron and (right) muon pairs in the final state for the
(top) nonresonant B+

! K+`+`� signal channels and (bottom) resonant B+
! J/ (! `+`�)K+

decays. The fit projection is superimposed. In the resonant-mode distributions, some fit
components are too small to be visible.

statistical and systematic uncertainty is then determined by scanning the profile-likelihood
and the statistical contribution to the uncertainty is isolated by repeating the scan with
the e�ciencies fixed to their fitted values.

The determination of the rJ/ ratio requires control of the relative selection e�ciencies
for the resonant electron and muon modes, and does not therefore benefit from the
cancellation of systematic e↵ects in the double ratio used to measure RK . Given the scale
of the corrections required, comparison of rJ/ with unity is a stringent cross check of
the experimental procedure. In addition, if the simulation is correctly calibrated, the
measured rJ/ value will not depend on any variable. This ratio is therefore also computed
as a function of di↵erent kinematic variables that are chosen to provide overlap with the
spectra of the nonresonant decays. Although the range of q2 di↵ers between resonant
and nonresonant decays, the e�ciency depends on laboratory-frame variables such as the
momenta of the final-state particles, or the opening angle between the two leptons, rather
than directly on q

2. A given set of values for the final-state particles’ momenta and angles
in the B

+ rest frame will result in a distribution of such values when transformed to the
laboratory frame. As a result, there is significant overlap between the nonresonant and
resonant samples in the relevant distributions, even if they are mutually exclusive as a
function of q2.

The value of rJ/ is measured to be 0.981± 0.020, where the uncertainty includes both

5

๏  decays are known to respect LU at 0.4% level

๏ Define  as double ratio with control channel

B+ → K+J/ψ(ℓ+ℓ−)

RK

LHCb arXiv:2103.11769 

15/04/16 M. Borsato - USC 8

LHCb: PRL 113(2014),151601

2 cancel systematics

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2021-004.html
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Few words on Belle II
๏

• Much cleaner than LHC environment
• Cross-section : need huge luminosity

๏ Belle II is ramping up
• Aim at collecting  around 2031
• Not as much stat as LHCb in charged modes: 

๏ But Belle II can measure channels with neutral 
hadrons and neutrinos → great complementarity

๏ + Essential validation of the anomalies  
from experiment with very different 
environment and challenges

e+e− → Υ(4S) → BB̄

𝒪(nb)

50 ab−1

K+μμ : 1 fb−1 LHCb ≃ 2.5 ab−1 Belle II
K+e+e− : 1 fb−1 LHCb ≃ 1 ab−1 Belle II
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4

meson candidates, where the charge of the kaon or pion
defines the charge or flavor of the B meson. The par-
ticle selection criteria lead to combinatorial background
that is suppressed by applying requirements on the beam-
energy constrained mass, Mbc =

p
E2

beam/c
4 � |~pB |2/c2,

and the energy di↵erence, �E = EB �Ebeam, where EB

and ~pB are the energy and momentum, respectively, of
the reconstructed candidate in the ⌥(4S) rest frame and
Ebeam is the beam energy in the center-of-mass frame.
Correctly reconstructed candidates are centered at the
nominal B mass in Mbc and at zero in �E. Candi-
dates that satisfy 5.22 GeV/c2 < Mbc < 5.30 GeV/c2

and �0.10 (�0.05) GeV < �E < 0.05 GeV for the
electron (muon) modes are retained. Large irreducible
background contributions arise from charmonium decays
B ! J/ K⇤ and B !  (2S)K⇤, in which the cc̄
state decays into two leptons. These decays are ve-
toed with the requirements �0.25 (�0.15) GeV/c2 <
M``�mJ/ < 0.08 GeV/c2 and �0.20 (�0.10) GeV/c2 <
M`` � m (2S) < 0.08 GeV/c2 for the electron (muon)
modes. In the electron case, the veto is applied twice:
with and without the bremsstrahlung-recovery treat-
ment. Di-electron background from photon conversions
(� ! e+e�) and ⇡0 Dalitz decays (⇡0 ! e+e��) is re-
jected by requiring Mee > 0.14 GeV/c2.

To maximize signal e�ciency and purity, neural net-
works are utilized sequentially from the bottom to the
top of the decay chain, transferring the output probabil-
ity from each step to the subsequent step so that the most
e↵ective selection requirements are applied in the last
stage based on all information combined. For all particle
hypotheses, a neural network is trained to separate signal
from background and an output value, oNB, is calculated
for each candidate. The classifiers for e±, µ±,K±, K0

S ,
⇡0, and ⇡± are taken from the neural-network-based full
event reconstruction described in Ref. [16]. For K⇤ se-
lection, a classifier is trained on MC samples using kine-
matic variables and vertex fit information. The final clas-
sification is performed with a requirement on oNB for each
B decay channel using event-shape variables (i.e., mod-
ified Fox-Wolfram moments [17]), vertex fit information,
and kinematic variables as input for the classifier. The
most important variables for the neural networks are�E,
the reconstructed mass of the K⇤, the product of the net-
work outputs of all secondary particles, and the distance
between the two leptons along the beam direction �z``.
If multiple candidates are found in an event (less than
2% of the time), the most probable candidate is chosen
based on oNB. The selection requirements for the neural
networks are optimized by maximizing the figure of merit
ns/

p
ns + nb separately for the electron and muon chan-

nels, where ns and nb are the expected numbers of signal
and background candidates, respectively, calculated from
MC.

Signal and background yields are extracted by an un-
binned extended maximum likelihood fit to the Mbc dis-
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FIG. 1. Distribution of the beam-energy constrained mass

for selected B ! K⇤e+e� (left) and B ! K⇤µ+µ�
(right).

Combinatorial background (shaded blue), signal (red filled)

and total (solid) fit functions are superimposed on the data

points

tribution of B ! K⇤`+`� candidates, presented in Fig. 1,
where the signal is parametrized by a Crystal Ball func-
tion [18] and the background is described by an ARGUS
function [19]. The signal shape parameters are deter-
mined from a fit to B ! J/ K⇤ data in the correspond-
ing q2 veto region while the background shape parame-
ters are allowed to float in the fit. In total 127± 15 and
185 ± 17 signal candidates are obtained for the electron
and muon channels, respectively.
The analysis is performed in four independent bins of

q2, as detailed in Table I, with an additional bin in the
range 1.0 GeV2/c2 < q2 < 6.0 GeV2/c2, which is favored
for theoretical predictions [6]. To make maximum use
of the limited statistics, a data-transformation technique
[20, 21] is applied, simplifying the di↵erential decay rate
without losing experimental sensitivity. The transforma-
tion is applied to specific regions in the three-dimensional
angular space, exploiting the symmetries of the cosine
and sine functions to cancel terms in Eq. 1. With the
following transformations to the dataset, the data are
sensitive to the observable of interest:

P 0
4, S4 :

8
><

>:

�! �� for � < 0

�! ⇡ � � for ✓` > ⇡/2

✓` ! ⇡ � ✓` for ✓` > ⇡/2,

(3)

P 0
5, S5 :

(
�! �� for � < 0

✓` ! ⇡ � ✓` for ✓` > ⇡/2.
(4)

With this procedure, the remaining observables are the
K⇤ longitudinal polarization, FL, the transverse polar-

ization asymmetry, A(2)
T = 2S3/(1 � FL), and P 0

4 or P 0
5.

Two independent maximum likelihood fits for each bin
of q2 are performed to the angular distributions to ex-
tract the P 0

4,5 observables. The fits are performed using
the data in the signal region of Mbc of all decay channels
and separately for the electron and muon mode. The sig-
nal (background) region is defined as Mbc � 5.27 GeV/c2

Belle: Phys. Rev. Lett. 118, 111801

B→K*ee B→K*µµ

Response to muons and  
electrons is very similar!
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B0 → K0
Sπ0γ

), using the final BABAR

Impossible at LHCb
→ Belle II experiment 
       (50  Belle luminosity)×

B0 → K0
Sπ0γ

4

meson candidates, where the charge of the kaon or pion
defines the charge or flavor of the B meson. The par-
ticle selection criteria lead to combinatorial background
that is suppressed by applying requirements on the beam-
energy constrained mass, Mbc =

p
E2

beam/c
4 � |~pB |2/c2,

and the energy di↵erence, �E = EB �Ebeam, where EB

and ~pB are the energy and momentum, respectively, of
the reconstructed candidate in the ⌥(4S) rest frame and
Ebeam is the beam energy in the center-of-mass frame.
Correctly reconstructed candidates are centered at the
nominal B mass in Mbc and at zero in �E. Candi-
dates that satisfy 5.22 GeV/c2 < Mbc < 5.30 GeV/c2

and �0.10 (�0.05) GeV < �E < 0.05 GeV for the
electron (muon) modes are retained. Large irreducible
background contributions arise from charmonium decays
B ! J/ K⇤ and B !  (2S)K⇤, in which the cc̄
state decays into two leptons. These decays are ve-
toed with the requirements �0.25 (�0.15) GeV/c2 <
M``�mJ/ < 0.08 GeV/c2 and �0.20 (�0.10) GeV/c2 <
M`` � m (2S) < 0.08 GeV/c2 for the electron (muon)
modes. In the electron case, the veto is applied twice:
with and without the bremsstrahlung-recovery treat-
ment. Di-electron background from photon conversions
(� ! e+e�) and ⇡0 Dalitz decays (⇡0 ! e+e��) is re-
jected by requiring Mee > 0.14 GeV/c2.

To maximize signal e�ciency and purity, neural net-
works are utilized sequentially from the bottom to the
top of the decay chain, transferring the output probabil-
ity from each step to the subsequent step so that the most
e↵ective selection requirements are applied in the last
stage based on all information combined. For all particle
hypotheses, a neural network is trained to separate signal
from background and an output value, oNB, is calculated
for each candidate. The classifiers for e±, µ±,K±, K0

S ,
⇡0, and ⇡± are taken from the neural-network-based full
event reconstruction described in Ref. [16]. For K⇤ se-
lection, a classifier is trained on MC samples using kine-
matic variables and vertex fit information. The final clas-
sification is performed with a requirement on oNB for each
B decay channel using event-shape variables (i.e., mod-
ified Fox-Wolfram moments [17]), vertex fit information,
and kinematic variables as input for the classifier. The
most important variables for the neural networks are�E,
the reconstructed mass of the K⇤, the product of the net-
work outputs of all secondary particles, and the distance
between the two leptons along the beam direction �z``.
If multiple candidates are found in an event (less than
2% of the time), the most probable candidate is chosen
based on oNB. The selection requirements for the neural
networks are optimized by maximizing the figure of merit
ns/

p
ns + nb separately for the electron and muon chan-

nels, where ns and nb are the expected numbers of signal
and background candidates, respectively, calculated from
MC.

Signal and background yields are extracted by an un-
binned extended maximum likelihood fit to the Mbc dis-
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FIG. 1. Distribution of the beam-energy constrained mass

for selected B ! K⇤e+e� (left) and B ! K⇤µ+µ�
(right).

Combinatorial background (shaded blue), signal (red filled)

and total (solid) fit functions are superimposed on the data

points

tribution of B ! K⇤`+`� candidates, presented in Fig. 1,
where the signal is parametrized by a Crystal Ball func-
tion [18] and the background is described by an ARGUS
function [19]. The signal shape parameters are deter-
mined from a fit to B ! J/ K⇤ data in the correspond-
ing q2 veto region while the background shape parame-
ters are allowed to float in the fit. In total 127± 15 and
185 ± 17 signal candidates are obtained for the electron
and muon channels, respectively.
The analysis is performed in four independent bins of

q2, as detailed in Table I, with an additional bin in the
range 1.0 GeV2/c2 < q2 < 6.0 GeV2/c2, which is favored
for theoretical predictions [6]. To make maximum use
of the limited statistics, a data-transformation technique
[20, 21] is applied, simplifying the di↵erential decay rate
without losing experimental sensitivity. The transforma-
tion is applied to specific regions in the three-dimensional
angular space, exploiting the symmetries of the cosine
and sine functions to cancel terms in Eq. 1. With the
following transformations to the dataset, the data are
sensitive to the observable of interest:

P 0
4, S4 :

8
><

>:

�! �� for � < 0

�! ⇡ � � for ✓` > ⇡/2

✓` ! ⇡ � ✓` for ✓` > ⇡/2,

(3)

P 0
5, S5 :

(
�! �� for � < 0

✓` ! ⇡ � ✓` for ✓` > ⇡/2.
(4)

With this procedure, the remaining observables are the
K⇤ longitudinal polarization, FL, the transverse polar-

ization asymmetry, A(2)
T = 2S3/(1 � FL), and P 0

4 or P 0
5.

Two independent maximum likelihood fits for each bin
of q2 are performed to the angular distributions to ex-
tract the P 0

4,5 observables. The fits are performed using
the data in the signal region of Mbc of all decay channels
and separately for the electron and muon mode. The sig-
nal (background) region is defined as Mbc � 5.27 GeV/c2
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meson candidates, where the charge of the kaon or pion
defines the charge or flavor of the B meson. The par-
ticle selection criteria lead to combinatorial background
that is suppressed by applying requirements on the beam-
energy constrained mass, Mbc =
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beam/c
4 � |~pB |2/c2,

and the energy di↵erence, �E = EB �Ebeam, where EB

and ~pB are the energy and momentum, respectively, of
the reconstructed candidate in the ⌥(4S) rest frame and
Ebeam is the beam energy in the center-of-mass frame.
Correctly reconstructed candidates are centered at the
nominal B mass in Mbc and at zero in �E. Candi-
dates that satisfy 5.22 GeV/c2 < Mbc < 5.30 GeV/c2

and �0.10 (�0.05) GeV < �E < 0.05 GeV for the
electron (muon) modes are retained. Large irreducible
background contributions arise from charmonium decays
B ! J/ K⇤ and B !  (2S)K⇤, in which the cc̄
state decays into two leptons. These decays are ve-
toed with the requirements �0.25 (�0.15) GeV/c2 <
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with and without the bremsstrahlung-recovery treat-
ment. Di-electron background from photon conversions
(� ! e+e�) and ⇡0 Dalitz decays (⇡0 ! e+e��) is re-
jected by requiring Mee > 0.14 GeV/c2.

To maximize signal e�ciency and purity, neural net-
works are utilized sequentially from the bottom to the
top of the decay chain, transferring the output probabil-
ity from each step to the subsequent step so that the most
e↵ective selection requirements are applied in the last
stage based on all information combined. For all particle
hypotheses, a neural network is trained to separate signal
from background and an output value, oNB, is calculated
for each candidate. The classifiers for e±, µ±,K±, K0

S ,
⇡0, and ⇡± are taken from the neural-network-based full
event reconstruction described in Ref. [16]. For K⇤ se-
lection, a classifier is trained on MC samples using kine-
matic variables and vertex fit information. The final clas-
sification is performed with a requirement on oNB for each
B decay channel using event-shape variables (i.e., mod-
ified Fox-Wolfram moments [17]), vertex fit information,
and kinematic variables as input for the classifier. The
most important variables for the neural networks are�E,
the reconstructed mass of the K⇤, the product of the net-
work outputs of all secondary particles, and the distance
between the two leptons along the beam direction �z``.
If multiple candidates are found in an event (less than
2% of the time), the most probable candidate is chosen
based on oNB. The selection requirements for the neural
networks are optimized by maximizing the figure of merit
ns/

p
ns + nb separately for the electron and muon chan-

nels, where ns and nb are the expected numbers of signal
and background candidates, respectively, calculated from
MC.

Signal and background yields are extracted by an un-
binned extended maximum likelihood fit to the Mbc dis-
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FIG. 1. Distribution of the beam-energy constrained mass

for selected B ! K⇤e+e� (left) and B ! K⇤µ+µ�
(right).

Combinatorial background (shaded blue), signal (red filled)

and total (solid) fit functions are superimposed on the data

points

tribution of B ! K⇤`+`� candidates, presented in Fig. 1,
where the signal is parametrized by a Crystal Ball func-
tion [18] and the background is described by an ARGUS
function [19]. The signal shape parameters are deter-
mined from a fit to B ! J/ K⇤ data in the correspond-
ing q2 veto region while the background shape parame-
ters are allowed to float in the fit. In total 127± 15 and
185 ± 17 signal candidates are obtained for the electron
and muon channels, respectively.
The analysis is performed in four independent bins of

q2, as detailed in Table I, with an additional bin in the
range 1.0 GeV2/c2 < q2 < 6.0 GeV2/c2, which is favored
for theoretical predictions [6]. To make maximum use
of the limited statistics, a data-transformation technique
[20, 21] is applied, simplifying the di↵erential decay rate
without losing experimental sensitivity. The transforma-
tion is applied to specific regions in the three-dimensional
angular space, exploiting the symmetries of the cosine
and sine functions to cancel terms in Eq. 1. With the
following transformations to the dataset, the data are
sensitive to the observable of interest:

P 0
4, S4 :

8
><

>:

�! �� for � < 0

�! ⇡ � � for ✓` > ⇡/2

✓` ! ⇡ � ✓` for ✓` > ⇡/2,

(3)

P 0
5, S5 :

(
�! �� for � < 0

✓` ! ⇡ � ✓` for ✓` > ⇡/2.
(4)

With this procedure, the remaining observables are the
K⇤ longitudinal polarization, FL, the transverse polar-

ization asymmetry, A(2)
T = 2S3/(1 � FL), and P 0

4 or P 0
5.

Two independent maximum likelihood fits for each bin
of q2 are performed to the angular distributions to ex-
tract the P 0

4,5 observables. The fits are performed using
the data in the signal region of Mbc of all decay channels
and separately for the electron and muon mode. The sig-
nal (background) region is defined as Mbc � 5.27 GeV/c2

B0 → K+π−μ+μ−
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Rare decays in Upgrade II
๏ , LFU tests and LFV searches will 

directly profit from the higher statistics

๏ Withh 400k events, the  angular 
analysis will enter a new precision era, 
where sophisticated amplitude analyses 
will allow to disentangle NP and SM 
effects

๏ If anomalies are confirmed:
• The Upgrade II will allow to precisely pin 

down their structure and possibly discover 
related effects in , 

๏ If anomalies are not confirmed:
• The Upgrade II will give a unique chance to 

probe NP effects at an energy scale about 
twice as large as the current one

B(s) → μμ

B0 → K*μμ

b → dℓℓ b → seμ

45

Table 7.2: Estimated yields of b ! se+e� and b ! de+e� processes and the statistical uncertainty
on RX in the range 1.1 < q2 < 6.0GeV2/c4 extrapolated from the Run 1 data. A linear
dependence of the bb production cross section on the pp centre-of-mass energy and unchanged
Run 1 detector performance are assumed. Where modes have yet to be observed, a scaled
estimate from the corresponding muon mode is used.

Yield Run 1 result 9 fb�1 23 fb�1 50 fb�1 300 fb�1

B+ ! K+e+e� 254 ± 29 [274] 1 120 3 300 7 500 46 000
B0 ! K⇤0e+e� 111 ± 14 [275] 490 1 400 3 300 20 000
B0

s ! �e+e� – 80 230 530 3 300
⇤0

b ! pKe+e� – 120 360 820 5 000
B+ ! ⇡+e+e� – 20 70 150 900
RX precision Run 1 result 9 fb�1 23 fb�1 50 fb�1 300 fb�1

RK 0.745 ± 0.090 ± 0.036 [274] 0.043 0.025 0.017 0.007
RK⇤0 0.69 ± 0.11 ± 0.05 [275] 0.052 0.031 0.020 0.008
R� – 0.130 0.076 0.050 0.020
RpK – 0.105 0.061 0.041 0.016
R⇡ – 0.302 0.176 0.117 0.047
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Figure 7.6: Constraints on the di↵erence in the C9 and C10 Wilson coe�cients from electron
and muon modes with the Run 3 and Upgrade II data sets. The 3� regions for the Run 3 data
sample are shown for the SM (solid blue), a vector-axial-vector new physics contribution (red
dotted) and for a purely vector new physics contribution (green dashed). The shaded regions
denote the corresponding constraints for the Upgrade II data set.

J/ decays to µ+µ� and e+e�. This approach is expected to work well, even with very large
data sets.

Other sources of systematic uncertainty can be mitigated through design choices for the
upgraded detector. The recovery of bremsstrahlung photons is inhibited by the ability to
find the relevant photons in the ECAL (over significant backgrounds) and by the energy
resolution. A reduced amount of material before the magnet would reduce the amount of
bremsstrahlung and hence would increase the electron reconstruction e�ciency and improve the
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LU tests at LHCb
๏ Previous LU tests:

•  with 
  

→ 2.2-2.5σ deviation from SM per bin
               LHCb arXiv:2103.11769

•  with 

→ agrees with SM at <1σ 
               LHCb, JHEP 05 (2020) 040

•  with 

→ 3.1σ deviation from the SM
      LHCb, JHEP 08 (2017) 055

B0 → K*0ℓ+ℓ− 3 fb−1

RK*0 = 0.66+0.11
−0.07(stat) ± 0.03(syst) in [0.045,1.1] GeV2

RK*0 = 0.69+0.11
−0.07(stat) ± 0.05(syst) in [1.1,6.0] GeV2

Λb → pK−ℓ+ℓ− 4.7 fb−1

RpK− = 0.86+0.14
−0.11(stat) ± 0.05(syst) in [0.1,6.0] GeV2

B+ → K+ℓ+ℓ− 9 fb−1

RK+ = 0.846+0.042
−0.039(stat)+0.013

−0.012(syst) in [1.1,6.0] GeV2
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0.5 1 1.5
KR

-1LHCb 9 fb
4c/2 < 6.0 GeV2q1.1 < 

Belle
4c/2 < 6.0 GeV2q1.0 < 

BaBar
4c/2 < 8.12 GeV2q0.1 < 

2021
B+ → K+ℓ+ℓ−

LH
C

b arXiv:2103.117693.1σ

๏ New tests of isospin partners  
of  and  with 

LHCb arXiv:2110.09501

RK+ RK*0 9 fb−1

R−1
K0

S
= 1.51+0.40

−0.35( stat. )+0.09
−0.04( syst. )

R−1
K*+ = 1.44+0.32

−0.29( stat. )+0.09
−0.06 (syst.) 

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2021-004.html
https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2019-040.html
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2017-013.html
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2021-004.html
https://arxiv.org/abs/2110.09501

