
LFU in rare b decays 
- update from LHCb -

Martino Borsato 
on behalf of the LHCb Collaboration

martino.borsato@cern.ch 
LHCb@Bicocca website

BEACH 2022

Mixing and indirect CP
violation in charm mesons
at LHCb

Edward Shields
on behalf of the LHCb collaboration
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Rare  decaysb → sℓ+ℓ−

An excellent test bench of SM flavour 
—————————————————————————————————————

๏Rare FCNC with decay rate < 
• Forbidden at tree level → loop factor
• Suppressed by small CKM elements
•  NP could enter at the same order as SM

๏Friendly to experiments
• Charged leptons
• Normalisation from charmonium
• Several complementary decay channels
• Several complementary observables
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Branching ratios, 
angular analyses,  
SM symmetry tests

, ,  
,  

, …

B → K*γ B → K(*)ℓ+ℓ−

Bs → ϕγ Bs → ϕℓ+ℓ−

Λb → pK−ℓ+ℓ−

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−

Huge LHCb contribution in the last decade
→  check out talks from Ulrik Egede and Andrea Mauri

https://indico.cern.ch/event/1184945/contributions/5546957/
https://indico.cern.ch/event/1184945/contributions/5589005/
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LFU tests in b → sℓ+ℓ−

๏ Use rare  transitions to test 
if LFU holds at very high energy scale

Hiller & Kruger Phys.Rev.D 69 (2004) 074020

๏ Very precise predictions
• QCD uncertainty cancels to 
• Up to  ~1% QED correction uncert.

Bordone et al Eur.Phys.J.C 76 (2016) 8, 440

b → sℓ+ℓ−
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μ+

μ−

?=

RHs
=

BR (Hb → Hsμ+μ−)
BR (Hb → Hse+e−)

= 1.00 ± 0.01

SM

๏ Lepton Flavour Universality is an exact symmetry of the SM  
(modulo small lepton Yukawas)

๏ Accidental symmetry, easily broken beyond the SM

๏ LFU violation could shed light on the flavour puzzle

https://inspirehep.net/literature/630881
https://arxiv.org/abs/1605.07633
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Before Dec 2022

๏ Coherent deviations from LFU, albeit 
statistically limited and only from one 
experiment

๏ Huge excitement in our community

๏ A large number of BSM models 
explaining the anomalies 
(Leptoquarks, heavy Z’, …)

๏ No one questioning the SM predictions

4

LHCb measurements before Dec 2022 
(other experiments  have lower precision)

Renato Quagliani

Pattern of deviation from LHCb in LFU tests

‣ Coherent pattern of tension to SM in LFU 

tests with  transition: 

✦  ratios :  decay rates 

‣  ratio extremely well predicted in SM 

✦ Cancellation of hadronic uncertainties at  

✦  QED corrections 

✦ Experimentally only statistically limited 

‣Any departure from unity is a clear sign of 

new physics

b → sℓℓ

RX
μ
e

RX

10−4

#(1%)

(*) Measurements from Belle excluded (larger statistical uncertainties)
LHC Days in Split 2022

[Unofficial, illustration purpose]

[Bordone et al arXiv:1605.07633]

7

✦  ratio extremely well predicted in SM 

‣ Cancellation of hadronic uncertainties at  

‣  QED correction 

‣ Statistically limited

RX
10-4

!(1%)

Lepton Flavour Universality (LFU) tests in b → sℓ+ℓ−

Renato Quagliani LHC Seminar, CERN 8

[Eur.Phys.J.C 76 (2016) 8]

(*)Illustration purposes

✦ Coherent pattern of tension to SM in 
LFU test with  transition:b → sℓ+ℓ−

✦ Any departure from unity is a clear 
sign of New Physics

4.7 fb-1, 1σ

9 fb-1, 1.4σ

9 fb-1, 1.5σ

9 fb-1, 3.1σ

3 fb-1, 2.4σ
2.2σ

Analysis

(*) Measurements from Belle not shown (larger statistical uncertainties)

<latexit sha1_base64="ml+2uczaZjfOWxLYTaKPwIgnhio="></latexit>

RX =
B(b ! sµ+µ�)

B(b ! se+e�)

[JHEP,2020,40 (2020)]

[JHEP08(2017)055]

[PRL 128 (2022) 191802]

[PRL 128 (2022) 191802]

[Nat. Phys. 18, 277-282 (2022)]

Check out results from Belle (II) in Bob Kowalewski’s talk

https://indico.cern.ch/event/1184945/contributions/5435448/
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New results from Dec 2022
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Phys.Rev.D 108 (2023) 3, 032002 
Phys.Rev.Lett. 131 (2023) 5, 051803

moved ~2σ up 

๏ New simultaneous analysis of the two 
most sensitive channels 

๏ Tighter selection, better background 
modelling and other improvements

๏ Additional MisID component 
identified thanks to simult. analysis

๏ Most precise measurement to date 

๏ The LFU anomaly has faded away

B → K(*)ℓℓ

https://inspirehep.net/literature/2615989
https://inspirehep.net/literature/2615983


LFU test in  at LHCb

- the state of the art - 

b → sℓℓ

6
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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
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 spectrum of q2 b → sℓℓ

Rare loop-level b → sℓℓ

Tree-level b → scc̄

Introduction

E↵ective Field Theories and Wilson coe�cients
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Control

Normalisation

central q2low q2

 pole  
for  
(not in B→Pℓℓ)

b → sγ
B → Vℓℓ

high q2

Measurement  
here is WIP



Martino Borsato - Milano-Bicocca U.

๏ Muons-electrons efficiency 
differences calibrated with very 
thorough MC corrections

๏ Weights for PID, tracking, event 
multiplicity, trigger, reconstruction 
efficiency, mass resolution

๏ Double ratio remains very stable

Efficiency correction

8
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๏ Redefine  assuming LFU in RK J/ψ → ℓℓ
Phys.Rev.D 108 (2023) 3, 032002 
Phys.Rev.Lett. 131 (2023) 5, 051803

https://inspirehep.net/literature/2615989
https://inspirehep.net/literature/2615983
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Electrons at LHCb

๏ Efficiency bottleneck at hardware trigger:
•
•

 Electron channel yield drives 
     the stat uncertainty on 

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

ϵ(B+ → K+μ+μ−)
ϵ(B+ → K+e+e−)

∼ 3

⇒
RK(*)

9

Renato Quagliani LHC Seminar, CERN 14

Challenges in LFU tests: electrons and energy lossesAnalysis: strategy

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

Selection efficiency Momentum measurement

ECAL

µ stations

๏ ~0.4  of material before the magnet  
→ energy loss to bremsstrahlung

๏ Brem recovery algorithm in place 
but has limited efficiency

 Electron channel has worse  
     B mass resolution

X0

⇒

Event 5296728
Run 191749 
23/05/2017 
At 16:45:50

 higher background rate⇒
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Signal yields
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Phys.Rev.D 108 (2023) 3, 032002 
Phys.Rev.Lett. 131 (2023) 5, 051803

5000 5500 6000
m(K+e+e°) [MeV/c2]

0

20

40

60

C
ou

nt
s

/
(3

2.
00

M
eV

/c
2 )

LHCb
9 fb-1

RK low-q2

Data
Total
Signal
Combinatorial
Misidentification
Partially Reconstructed
B+ ! K+¥0(! e+e°∞)

5000 5500 6000
m(K+º°e+e°) [MeV/c2]

0

20

40

60

C
ou

nt
s

/
(3

2.
00

M
eV

/c
2 )

LHCb
9 fb-1

RK§ low-q2

Data
Total
Signal
Combinatorial
Misidentification
Partially Reconstructed

5000 5500 6000
m(K+e+e°) [MeV/c2]

0

100

200

C
ou

nt
s

/
(3

2.
00

M
eV

/c
2 )

LHCb
9 fb-1

RK central-q2

Data
Total
Signal
Combinatorial
Misidentification
Partially Reconstructed
B+ ! K+J/√(! e+e°)

5000 5500 6000
m(K+º°e+e°) [MeV/c2]

0

50

100

C
ou

nt
s

/
(3

2.
00

M
eV

/c
2 )

LHCb
9 fb-1

RK§ central-q2

Data
Total
Signal
Combinatorial
Misidentification
Partially Reconstructed
B0 ! K§0J/√(! e+e°)

5000 5500 6000
m(K+e+e°) [MeV/c2]

0.0

0.5

1.0

C
ou

nt
s

/
(3

2.
00

M
eV

/c
2 )

£105

LHCb
9 fb-1

RK J/√-control
Data
Total
Signal
Combinatorial
Partially Reconstructed

B0
s ! K

§0
J/√

B+ ! º+J/√

5000 5500 6000
m(K+º°e+e°) [MeV/c2]

0

2

4

C
ou

nt
s

/
(3

2.
00

M
eV

/c
2 )

£104

LHCb
9 fb-1

RK§ J/√-control
Data
Total
Signal
Combinatorial
Partially Reconstructed
§0

b ! pK°J/√
B0

s ! ¡J/√

B0
s ! K

§0
J/√

K ° º swap

5200 5400 5600 5800
m(K+µ+µ°) [MeV/c2]

0

200

400

C
ou

nt
s

/
(1

4.
00

M
eV

/c
2 )

LHCb
9 fb-1

RK low-q2

Data
Total
Signal
Combinatorial

5200 5400 5600 5800
m(K+º°µ+µ°) [MeV/c2]

0

200

400

C
ou

nt
s

/
(1

4.
00

M
eV

/c
2 )

LHCb
9 fb-1

RK§ low-q2

Data
Total
Signal
Combinatorial

5200 5400 5600 5800
m(K+µ+µ°) [MeV/c2]

0

500

1000

1500

C
ou

nt
s

/
(1

4.
00

M
eV

/c
2 )

LHCb
9 fb-1

RK central-q2

Data
Total
Signal
Combinatorial

5200 5400 5600 5800
m(K+º°µ+µ°) [MeV/c2]

0

200

400

600

C
ou

nt
s

/
(1

4.
00

M
eV

/c
2 )

LHCb
9 fb-1

RK§ central-q2

Data
Total
Signal
Combinatorial

5200 5400 5600 5800 6000
m(K+µ+µ°) [MeV/c2]

0

1

2

C
ou

nt
s

/
(3

2.
26

M
eV

/c
2 )

£106

LHCb
9 fb-1

RK J/√-control
Data
Total
Signal
Combinatorial
Partially Reconstructed

B0
s ! K

§0
J/√

B+ ! º+J/√

5200 5400 5600 5800 6000
m(K+º°µ+µ°) [MeV/c2]

0

2

4

6

C
ou

nt
s

/
(3

2.
26

M
eV

/c
2 )

£105

LHCb
9 fb-1

RK§ J/√-control
Data
Total
Signal
Combinatorial
Partially Reconstructed
§0

b ! pK°J/√
B0

s ! ¡J/√

B0
s ! K

§0
J/√

K ° º swap

https://inspirehep.net/literature/2615989
https://inspirehep.net/literature/2615983


Martino Borsato - Milano-Bicocca U.

Electrons fit

11

5000 5500 6000
m(K+e+e°) [MeV/c2]

0

20

40

60
C

ou
nt

s
/

(3
2.

00
M

eV
/c

2 )

LHCb
9 fb-1

RK low-q2

Data
Total
Signal
Combinatorial
Misidentification
Partially Reconstructed
B+ ! K+¥0(! e+e°∞)

5000 5500 6000
m(K+º°e+e°) [MeV/c2]

0

20

40

60

C
ou

nt
s

/
(3

2.
00

M
eV

/c
2 )

LHCb
9 fb-1

RK§ low-q2

Data
Total
Signal
Combinatorial
Misidentification
Partially Reconstructed

5000 5500 6000
m(K+e+e°) [MeV/c2]

0

100

200

C
ou

nt
s

/
(3

2.
00

M
eV

/c
2 )

LHCb
9 fb-1

RK central-q2

Data
Total
Signal
Combinatorial
Misidentification
Partially Reconstructed
B+ ! K+J/√(! e+e°)

5000 5500 6000
m(K+º°e+e°) [MeV/c2]

0

50

100

C
ou

nt
s

/
(3

2.
00

M
eV

/c
2 )

LHCb
9 fb-1

RK§ central-q2

Data
Total
Signal
Combinatorial
Misidentification
Partially Reconstructed
B0 ! K§0J/√(! e+e°)

5000 5500 6000
m(K+e+e°) [MeV/c2]

0.0

0.5

1.0

C
ou

nt
s

/
(3

2.
00

M
eV

/c
2 )

£105

LHCb
9 fb-1

RK J/√-control
Data
Total
Signal
Combinatorial
Partially Reconstructed

B0
s ! K

§0
J/√

B+ ! º+J/√

5000 5500 6000
m(K+º°e+e°) [MeV/c2]

0

2

4

C
ou

nt
s

/
(3

2.
00

M
eV

/c
2 )

£104

LHCb
9 fb-1

RK§ J/√-control
Data
Total
Signal
Combinatorial
Partially Reconstructed
§0

b ! pK°J/√
B0

s ! ¡J/√

B0
s ! K

§0
J/√

K ° º swap

 leakage at low  
determined from control channel fit
B → K J/ψ m(ee)

Combinatorial background 
modelled with exponential 
modified by part-reco selection

Part. reco. +hadrons 
- Constrained from the signal 
yield of the  channel 
- Procedure accounts for the 
extrapolation to the full  
spectrum

B → Kee

B0 → K*0ee

m(Kπ)

Backgrounds from  misIDe±

…see next slide
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Electron misID
๏ Dependence of 4-channels result on PID requirement 

 misID component not negligible

๏ Yield and shape of misID component taken from data control regions 
enriched in  and  misID 
 

 
 
 
 

๏ Transfer function to signal region taken from pure  samples

๏ Procedure validated to 2% precision using peaking backgrounds 
 and 

⇒

π → e K → e

K /π

D̄0 → K+π− B → K+h+h−
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Phys.Rev.D 108 (2023) 3, 032002 
Phys.Rev.Lett. 131 (2023) 5, 051803
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Misidentified background in electron modeAnalysis: fit-setup

✦ Invert PID requirements on one or both  after full selection (control region) 

✦ Subtract residual  signal falling in the control region

e

e+e−

✦ Categorise pion- and kaon-like electrons in control region based on neural-net kaon ID 

classifier 

✦ Per-event/per-track weights on  to predict background shape and normalisation for efail epass
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Mass fit to rare mode electrons: simultaneous fit RK,K*0
Analysis: fit-setup

low-q2 central-q2 resonant-J/ψ
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XI. CONCLUSION

We present the first simultaneous test of LU in Bþ →
Kþlþl− and B0 → K"0lþl− decays using all pp collision
data collected with the LHCb detector between 2011 and
2018, corresponding to an integrated luminosity of 9 fb−1.
The ratios of the branching fractions of muon and electron
modes are measured in both channels and in two ranges of
the square of the dilepton invariant mass. Each of these four
measurements is either the first (RK low-q2) or the most
precise (RK" low-q2, RK central-q2 and RK" central-q2)
such measurement to date. The measured values are

low-q2
!
RK ¼ 0.994þ0.090

−0.082ðstatÞ þ0.029
−0.027ðsystÞ;

RK" ¼ 0.927þ0.093
−0.087ðstatÞ þ0.036

−0.035ðsystÞ;

central-q2
!
RK ¼ 0.949þ0.042

−0.041ðstatÞ þ0.022
−0.022ðsystÞ;

RK" ¼ 1.027þ0.072
−0.068ðstatÞ þ0.027

−0.026ðsystÞ;

where the first uncertainty in each row is statistical and the
second systematic.
The central values of the SM prediction, as calculated by

the FLAVIO software package [71], are given in Table XI.
An additional uncertainty of 1% is assigned to take into
account uncertainties in the modeling of QED effects in
Bþ → Kþlþl− and B0 → K"0lþl− decays, following
Ref. [14]. This uncertainty is assumed to be uncorrelated
between the LU observables and dominates the covariance
matrix of the SM predictions.
Each of these four measured relative decay rates is

compatible with SM predictions [14,15,71,101–108], with
the maximum difference between measurement and pre-
diction being around 1 standard deviation. The results are
interpreted collectively as a null test of the SM and their
combined compatibility with the SM is evaluated using a
χ2 test. In this test the distance of eachmeasurement from the
SMpoint is evaluated using the likelihood obtained from the
data fit. The overall compatibility is shown in Fig. 28 and
agrees with the SM prediction at 0.2 standard deviations.
The results presented here differ from previous LHCb

measurements of RK [24] and RK" [21], which they super-
sede. Themeasured values forRK" (low- and central-q2) and
RK (central-q2) move upwards from the previous results and
closer to the SM predictions. Although these shifts can be

attributed in part to statistical effects it is understood that the
change in RK is primarily due to systematic effects. In the
case of RK , the data sample is the same as in Ref. [24], but
subject to a revised analysis. For RK (central-q2) the
statistical component of the difference is evaluated using
pseudoexperiments and found to follow a Gaussian distri-
bution of width 0.033 in the absolute value ofRK . In the case
of RK" , the data correspond to more than a factor of 5
increase in the number of bb̄ pairs produced relative to
Ref. [21] and hence there is a much larger statistical
component of the difference. For RK (central-q2) the
expected systematic shifts caused by the improved treatment
of misidentified hadronic backgrounds in the electron mode
are also evaluated using pseudoexperiments. The biggest
shift (0.064with respect toRef. [24]) is found to be due to the
more stringent PID criteria applied here, which reduce the
contribution from misidentified background processes that
had previously not been accounted for appropriately. In
addition, the residual misidentified backgrounds are explic-
itly modeled in the fit, resulting in a further shift (0.038)
compared to the previous analysis. These shifts add linearly.
The systematic shift due to misidentified backgrounds to
electrons, and the uncertainties assigned to the results
presented here, are greater than the systematic uncertainties
in the earlier publication of RK. The assigned systematic
uncertainties on the new measurements presented in this
paper are smaller than in previous papers, except for RK
(central-q2) where the new result has a smaller overall
relative uncertainty despite an increase in the systematic
uncertainty from that of Ref. [24]. In all cases, the statistical
uncertainties remain significantly larger than the systematic
uncertainties and therefore additional data will continue to
challenge the Standard Model.
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FIG. 28. Measured values of LU observables in Bþ →
Kþlþl− and B0 → K"0lþl− decays and their overall compat-
ibility with the SM.

TABLE XI. SM predictions and uncertainties from the FLAVIO

software package [71]. The dominant QED uncertainty from
Ref. [14] is quoted separately.

RK
low-q2

RK
central-q2

RK"

low-q2
RK"

central-q2

SM prediction 0.9936 1.0007 0.9832 0.9964
SM uncertainty 0.0003 0.0003 0.0014 0.0006
QED uncertainty [14] 0.01 0.01 0.01 0.01

R. AAIJ et al. PHYS. REV. D 108, 032002 (2023)
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Still statistically dominated!

on the branching fractions, with the exception of the effect
induced by the normalization channel; this is taken to be
uncorrelated. The correlations between the statistical uncer-
tainties of the LU observables and the branching fractions
are evaluated based on the overlap between Bþ → Kþμþμ−

and B0 → K"0μþμ− datasets used in either measurements.
It is found that 61% of the Bþ → Kþμþμ− RUN 1 sample
was used in the corresponding branching-fraction meas-
urement, whereas for B0 → K"0μþμ− this overlap is 69%.
Combined with the RUN 2 yields, this leads to a correlation
of 0.13 between the statistical uncertainties of the Bþ →
Kþμþμ− branching fraction measurement and this LU
measurement. We similarly find a correlation of 0.14
between the B0 → K"0μþμ− statistical uncertainties. The
electron mode branching fractions, averaged over the
central-q2 region, are found to be

dBðBþ → Kþeþe−Þ
dq2

¼ ð25.5þ1.3
−1.2 & 1.1Þ × 10−9 GeV−2;

dBðB0 → K"0eþe−Þ
dq2

¼ ð33.3þ2.7
−2.6 & 2.2Þ × 10−9 GeV−2:

FIG. 27. Background-subtracted distributions of quantities describing the Bþ → Kþlþl− and B0 → K"0lþl− decays. The low-q2

region is plotted on the left, the central-q2 region on the right. The top and middle rows show the distributions of q2 for the Bþ and B0

signals, respectively. The bottom row shows the distribution of the K"0 mass for the B0 signals.

FIG. 26. Correlation factors between the RK and RK" results in
the low- and central-q2 regions.
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Towards the ultimate precision
๏ LHCb recently upgraded to collect 

data at ~5  luminosity
• Commissioning phase
• Aim at collecting ~50 

๏ LHCb Phase II upgrade
• Framework TDR and Physics case
• Another ~10  higher lumi
• Will reach theory uncertainty in 

×

fb−1

×
RK
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✦ Dominant systematic from misidentified backgrounds estimation from data driven method 
✦ Measurement still statistically dominated
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XI. CONCLUSION

We present the first simultaneous test of LU in Bþ →
Kþlþl− and B0 → K"0lþl− decays using all pp collision
data collected with the LHCb detector between 2011 and
2018, corresponding to an integrated luminosity of 9 fb−1.
The ratios of the branching fractions of muon and electron
modes are measured in both channels and in two ranges of
the square of the dilepton invariant mass. Each of these four
measurements is either the first (RK low-q2) or the most
precise (RK" low-q2, RK central-q2 and RK" central-q2)
such measurement to date. The measured values are

low-q2
!
RK ¼ 0.994þ0.090

−0.082ðstatÞ þ0.029
−0.027ðsystÞ;

RK" ¼ 0.927þ0.093
−0.087ðstatÞ þ0.036

−0.035ðsystÞ;

central-q2
!
RK ¼ 0.949þ0.042

−0.041ðstatÞ þ0.022
−0.022ðsystÞ;

RK" ¼ 1.027þ0.072
−0.068ðstatÞ þ0.027

−0.026ðsystÞ;

where the first uncertainty in each row is statistical and the
second systematic.
The central values of the SM prediction, as calculated by

the FLAVIO software package [71], are given in Table XI.
An additional uncertainty of 1% is assigned to take into
account uncertainties in the modeling of QED effects in
Bþ → Kþlþl− and B0 → K"0lþl− decays, following
Ref. [14]. This uncertainty is assumed to be uncorrelated
between the LU observables and dominates the covariance
matrix of the SM predictions.
Each of these four measured relative decay rates is

compatible with SM predictions [14,15,71,101–108], with
the maximum difference between measurement and pre-
diction being around 1 standard deviation. The results are
interpreted collectively as a null test of the SM and their
combined compatibility with the SM is evaluated using a
χ2 test. In this test the distance of eachmeasurement from the
SMpoint is evaluated using the likelihood obtained from the
data fit. The overall compatibility is shown in Fig. 28 and
agrees with the SM prediction at 0.2 standard deviations.
The results presented here differ from previous LHCb

measurements of RK [24] and RK" [21], which they super-
sede. Themeasured values forRK" (low- and central-q2) and
RK (central-q2) move upwards from the previous results and
closer to the SM predictions. Although these shifts can be

attributed in part to statistical effects it is understood that the
change in RK is primarily due to systematic effects. In the
case of RK , the data sample is the same as in Ref. [24], but
subject to a revised analysis. For RK (central-q2) the
statistical component of the difference is evaluated using
pseudoexperiments and found to follow a Gaussian distri-
bution of width 0.033 in the absolute value ofRK . In the case
of RK" , the data correspond to more than a factor of 5
increase in the number of bb̄ pairs produced relative to
Ref. [21] and hence there is a much larger statistical
component of the difference. For RK (central-q2) the
expected systematic shifts caused by the improved treatment
of misidentified hadronic backgrounds in the electron mode
are also evaluated using pseudoexperiments. The biggest
shift (0.064with respect toRef. [24]) is found to be due to the
more stringent PID criteria applied here, which reduce the
contribution from misidentified background processes that
had previously not been accounted for appropriately. In
addition, the residual misidentified backgrounds are explic-
itly modeled in the fit, resulting in a further shift (0.038)
compared to the previous analysis. These shifts add linearly.
The systematic shift due to misidentified backgrounds to
electrons, and the uncertainties assigned to the results
presented here, are greater than the systematic uncertainties
in the earlier publication of RK. The assigned systematic
uncertainties on the new measurements presented in this
paper are smaller than in previous papers, except for RK
(central-q2) where the new result has a smaller overall
relative uncertainty despite an increase in the systematic
uncertainty from that of Ref. [24]. In all cases, the statistical
uncertainties remain significantly larger than the systematic
uncertainties and therefore additional data will continue to
challenge the Standard Model.
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FIG. 28. Measured values of LU observables in Bþ →
Kþlþl− and B0 → K"0lþl− decays and their overall compat-
ibility with the SM.

TABLE XI. SM predictions and uncertainties from the FLAVIO

software package [71]. The dominant QED uncertainty from
Ref. [14] is quoted separately.

RK
low-q2

RK
central-q2

RK"

low-q2
RK"

central-q2

SM prediction 0.9936 1.0007 0.9832 0.9964
SM uncertainty 0.0003 0.0003 0.0014 0.0006
QED uncertainty [14] 0.01 0.01 0.01 0.01

R. AAIJ et al. PHYS. REV. D 108, 032002 (2023)

032002-36

Theory uncertainty < 1%
Bordone et al Eur.Phys.J.C 76 (2016) 8, 440

Let’s consider only the central-  q2 RK

Phys.Rev.D 108 (2023) 3, 032002 
Phys.Rev.Lett. 131 (2023) 5, 051803

Figure 1: Invariant mass distribution of K+e+e� candidates reconstructed by constraining the in-

variant mass of the electron pair to the known mass of the J/ meson using DecayTreeFitter [2],

aka mJ/ (K
+e+e�). An unbinned maximum likelihood fit is superimposed, as described in the

legend.

Electrons lose energy in the form of Bremsstrahlung radiation as they traverse the
LHCb detector material. An algorithm is in place to correct the reconstructed electron
momentum by matching energy deposits in the electromagnetic calorimeter to the segments
of the electron tracks recontructed upstream of the magnet. This algorithm has been
largely rewritten to cope with the high occupancy conditions of Run 3. In J/ ! e+e�

candidates, a matching energy deposit can be found for either none, one or the two
electrons in the decay. We define three Bremsstrahlung categories, namely 0, 1 and 2,
based on this. The shape of the invariant mass distribution is expected to be di↵erent for
each category given the absence or abundance of the electron energy correction. Figure 3
shows the invariant mass distribution of the e+e� pair split in the three Bremsstrahlung
categories defined above.

As expected, the more electrons for which energy loss has been recovered, the more
symmetric the invariant mass distribution becomes. On the contrary, category 0 shows
a very asymmetric mass distribution, with a sharp end at high mass and a very long
tail at low mass, due to the lost and unrecovered energy. This indicated that the Run 3
Bremsstrahlung recovery algorithm is qualitatively working as expected.

It is also worth noting that the signal purity increases when more electrons have energy

2

 from 2022 dataB → K J/ψ (ee)
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B-FIG
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TDR LHCb upgrade I

https://inspirehep.net/literature/1614076
https://inspirehep.net/literature/1691586
https://arxiv.org/abs/1605.07633
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Other channels and observables

๏ Tests at higher  are WIP

๏ Angular LU test with 
• Can disentangle BSM contributions with 

different Lorentz structure

๏ Lots of potential in  decays

๏ Can test also rarer 

q2

B0 → K*ℓ+ℓ−

Λb

b → dℓℓ

16

CERN-LHCC-2018-027

๏ LFU violation implies LFV 
→ LFV searches in G.Mohanty’s talk

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
https://indico.cern.ch/event/1184945/contributions/5547027/
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Other leptons?

๏ Extremely challenging  
reconstruction at LHCb

๏ Searched for  (Run 1) 
 
 
 
 
 
 
 
 

๏ Search for  is WIP

τ+τ−

B0
(s) → τ+τ−

B → K(*)ττ

17

C
an

di
da

te
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1
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410

LHCb

Data
Total
Background

Neural network output
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Pu
ll

5−
0
5

  
at 95%confidence level

BR(B0
s → τ+τ−) < 6.8 × 10−3

PRL. 118 (2017) 25, 251802

Tests with b → sττ Study b → sνν̄
๏ Probably impossible at LHCb

๏ Recent excess observed by Belle2 

๏  flavour unidentified anyhow

๏ Interpretation relies on interplay 
with LFU results in charged leptons

BR(B → K+νν̄) = (2.40 ± 0.67) × 10−5

ν

e.g. see Bause et al, ArXiv:2309.00075

See S.Stefkova’s talk

https://inspirehep.net/literature/1516410
https://inspirehep.net/literature/2692817
https://indico.cern.ch/event/1184945/contributions/5547026/
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Conclusions

๏ New simultaneous analysis of  and 
• World's most precise test of LFU in 
• Results are compatible with LFU

๏ Presented state-of-the-art LFU tests in 
• Analysis tools ready to bring this to ultimate precision
• Data from LHCb upgrades will reduce both stat and syst

๏ Additional LFU tests on the way:
• Other hadronic channels and angular observables
• Tests with  and searches for 

๏ Very important set of measurements that will continue to 
test the SM LFU symmetry at higher and higher energy

RK RK*
b → sℓℓ

b → sℓℓ

b → dℓℓ b → sττ

18
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PID requirements scans
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Scan results in electron PID w/o treatment of misID bkg

Renato Quagliani LHC Seminar, CERN 37

0.85 0.90 0.95 1.00 1.05 1.10 1.15
RX

> 0.20 > 0.25 > 0.30 > 0.35 > 0.40 > 0.45 > 0.50 > 0.55 > 0.60

ProbNN(e)

DLL(e) > 7

DLL(e) > 5

DLL(e) > 2

0.960

0.097
±

0.971

0.099
±

0.988

0.102
±

0.997

0.102
±

0.982

0.100
±

0.973

0.099
±

0.967

0.099
±

0.967

0.099
±

0.977

0.102
±

0.961

0.086
±

0.964

0.086
±

0.969

0.088
±

0.983

0.090
±

0.973

0.089
±

0.981

0.091
±

0.979

0.092
±

0.961

0.090
±

0.985

0.095
±

0.873

0.073
±

0.904

0.078
±

0.908

0.079
±

0.958

0.087
±

0.950

0.086
±

0.954

0.087
±

0.938

0.086
±

0.940

0.087
±

0.969

0.093
±

RK low-q2

> 0.20 > 0.25 > 0.30 > 0.35 > 0.40 > 0.45 > 0.50 > 0.55 > 0.60

ProbNN(e)

0.948

0.051
±

0.944

0.051
±

0.944

0.051
±

0.939

0.051
±

0.939

0.051
±

0.941

0.051
±

0.934

0.051
±

0.935

0.051
±

0.937

0.052
±

0.941

0.044
±

0.938

0.044
±

0.942

0.044
±

0.933

0.044
±

0.939

0.045
±

0.951

0.046
±

0.946

0.046
±

0.953

0.047
±

0.949

0.048
±

0.906

0.040
±

0.902

0.040
±

0.907

0.040
±

0.895

0.040
±

0.904

0.041
±

0.916

0.042
±

0.920

0.043
±

0.925

0.044
±

0.919

0.044
±

RK central-q2

> 0.20 > 0.25 > 0.30 > 0.35 > 0.40 > 0.45 > 0.50 > 0.55 > 0.60

ProbNN(e)

DLL(e) > 7

DLL(e) > 5

DLL(e) > 2

0.985

0.112
±

0.982

0.112
±

0.966

0.109
±

0.952

0.107
±

0.971

0.111
±

0.975

0.112
±

0.984

0.114
±

0.970

0.112
±

0.960

0.111
±

0.980

0.097
±

0.993

0.100
±

0.978

0.099
±

0.979

0.100
±

1.007

0.103
±

1.014

0.105
±

1.010

0.106
±

1.010

0.108
±

1.019

0.110
±

0.855

0.080
±

0.848

0.079
±

0.830

0.076
±

0.847

0.080
±

0.883

0.086
±

0.901

0.088
±

0.915

0.089
±

0.925

0.092
±

0.934

0.117
±

RK§ low-q2

> 0.20 > 0.25 > 0.30 > 0.35 > 0.40 > 0.45 > 0.50 > 0.55 > 0.60

ProbNN(e)

1.127

0.100
±

1.119

0.099
±

1.116

0.099
±

1.103

0.098
±

1.097

0.097
±

1.083

0.095
±

1.097

0.099
±

1.113

0.101
±

1.119

0.103
±

1.021

0.074
±

1.016

0.074
±

1.016

0.075
±

0.997

0.073
±

1.016

0.076
±

1.001

0.075
±

1.012

0.077
±

1.035

0.081
±

1.049

0.084
±

0.965

0.066
±

0.990

0.069
±

0.986

0.069
±

0.993

0.071
±

1.024

0.075
±

1.006

0.073
±

1.014

0.075
±

1.038

0.079
±

1.039

0.081
±

RK§ central-q2

LHCb
0.85 0.90 0.95 1.00 1.05 1.10 1.15

RX

> 0.20 > 0.25 > 0.30 > 0.35 > 0.40 > 0.45 > 0.50 > 0.55 > 0.60

ProbNN(e)

DLL(e) > 7

DLL(e) > 5

DLL(e) > 2

0.960

0.097
±

0.971

0.099
±

0.988

0.102
±

0.997

0.102
±

0.982

0.100
±

0.973

0.099
±

0.967

0.099
±

0.967

0.099
±

0.977

0.102
±

0.961

0.086
±

0.964

0.086
±

0.969

0.088
±

0.983

0.090
±

0.973

0.089
±

0.981

0.091
±

0.979

0.092
±

0.961

0.090
±

0.985

0.095
±

0.873

0.073
±

0.904

0.078
±

0.908

0.079
±

0.958

0.087
±

0.950

0.086
±

0.954

0.087
±

0.938

0.086
±

0.940

0.087
±

0.969

0.093
±

RK low-q2

> 0.20 > 0.25 > 0.30 > 0.35 > 0.40 > 0.45 > 0.50 > 0.55 > 0.60

ProbNN(e)

0.948

0.051
±

0.944

0.051
±

0.944

0.051
±

0.939

0.051
±

0.939

0.051
±

0.941

0.051
±

0.934

0.051
±

0.935

0.051
±

0.937

0.052
±

0.941

0.044
±

0.938

0.044
±

0.942

0.044
±

0.933

0.044
±

0.939

0.045
±

0.951

0.046
±

0.946

0.046
±

0.953

0.047
±

0.949

0.048
±

0.906

0.040
±

0.902

0.040
±

0.907

0.040
±

0.895

0.040
±

0.904

0.041
±

0.916

0.042
±

0.920

0.043
±

0.925

0.044
±

0.919

0.044
±

RK central-q2

> 0.20 > 0.25 > 0.30 > 0.35 > 0.40 > 0.45 > 0.50 > 0.55 > 0.60

ProbNN(e)

DLL(e) > 7

DLL(e) > 5

DLL(e) > 2

0.985

0.112
±

0.982

0.112
±

0.966

0.109
±

0.952

0.107
±

0.971

0.111
±

0.975

0.112
±

0.984

0.114
±

0.970

0.112
±

0.960

0.111
±

0.980

0.097
±

0.993

0.100
±

0.978

0.099
±

0.979

0.100
±

1.007

0.103
±

1.014

0.105
±

1.010

0.106
±

1.010

0.108
±

1.019

0.110
±

0.855

0.080
±

0.848

0.079
±

0.830

0.076
±

0.847

0.080
±

0.883

0.086
±

0.901

0.088
±

0.915

0.089
±

0.925

0.092
±

0.934

0.117
±

RK§ low-q2

> 0.20 > 0.25 > 0.30 > 0.35 > 0.40 > 0.45 > 0.50 > 0.55 > 0.60

ProbNN(e)

1.127

0.100
±

1.119

0.099
±

1.116

0.099
±

1.103

0.098
±

1.097

0.097
±

1.083

0.095
±

1.097

0.099
±

1.113

0.101
±

1.119

0.103
±

1.021

0.074
±

1.016

0.074
±

1.016

0.075
±

0.997

0.073
±

1.016

0.076
±

1.001

0.075
±

1.012

0.077
±

1.035

0.081
±

1.049

0.084
±

0.965

0.066
±

0.990

0.069
±

0.986

0.069
±

0.993

0.071
±

1.024

0.075
±

1.006

0.073
±

1.014

0.075
±

1.038

0.079
±

1.039

0.081
±

RK§ central-q2

LHCb

Tightening selection in electron PID without specific treatment of electron misidentified 

backgrounds exhibited a coherent pattern

Analysis: fit-setup

DLL(e): 

combination of   

sub-detectors  

delta-log-likelihood 

for /e π

ProbNN(e): 

neural-net based 

e-ID score 
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No more coherent pattern
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b ! s`` Status, Winter/Spring 2023

Greljo, Salko, Smolkovic, Stangl 2212.10497

(+ many others, see previous talk)

Cbsµµ
9 (s̄�↵PLb)(µ̄�↵µ)

Cbsµµ
10 (s̄�↵PLb)(µ̄�↵�5µ)

I LFU ratios in agreement
with SM

I Bs ! µ+µ� branching ratio in
agreement with SM

I b ! sµµ observables prefer
non-standard C9

I Tensions in the global fit

(actually not too terrible...)

�Cµ
9 ' �0.53 ± 0.18

�Cµ
10 ' �0.16 ± 0.13

Wolfgang Altmannshofer (UCSC) (My) Theoretical Perspective April 19, 2023 3 / 24

Scenarios with two Wilson coef�cients
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Cbsµµ
9
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10

flavio
Bs ! µµ 1�

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 ���� ��/��

2021

SMSM

2023

 arXiv:2103.13370 arXiv:2212.10497

https://inspirehep.net/literature/1853232
https://arxiv.org/abs/2212.10497
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B mass resolution
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Reducing backgrounds in electrons
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๏ Efficient kinematic+PID criteria to 
reduce specific backgrounds

๏ e.g.: veto  cascade (  < 4%)b → c → s ϵ

Vetoes MVA selection

๏ Partially reconstructed background

• MVA trained on vertex and track isolation

• Cut on minimum of B corrected mass

๏ Combinatorial background

• MVA trained on kinematics and vertices

• Used for both muons and electrons

e+ e−

h

B+,0

PV

γ?

Renato Quagliani LHC Seminar, CERN 24

mcorr(h e+e−) = |pcorr(e+e−) + ph |

pT(h)
pT(e+e−)p corr(e+e−) = p (e+e−) ⋅

✦ After  selection, no  missing hadron background  expected in fit range.mcorr ≥ 2
✦ Small-correlation with combinatorial shape: modelled according to same-sign data  K+,*0ℓ±ℓ±
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LHCb
Simulation

B+ ! K+e+e°

Cut low-q2

Cut central-q2

low-q2 signal
central-q2 signal
low-q2 background
central-q2 background

4000 4500 5000 5500 6000
mcorr(K+º°e+e°) [MeV/c2]

LHCb
Simulation

B0 ! K§0e+e°

Cut low-q2

Cut central-q2

low-q2 signal
central-q2 signal
low-q2 background
central-q2 background

Analysis: selection
Selection: partially reconstructed background

Phys.Rev.D 108 (2023) 3, 032002 
Phys.Rev.Lett. 131 (2023) 5, 051803

https://inspirehep.net/literature/2615989
https://inspirehep.net/literature/2615983
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Systematics
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Systematics break down

Renato Quagliani LHC Seminar, CERN 48

✦ Dominant systematic from misidentified backgrounds estimation from data driven method 
✦ Measurement still statistically dominated

0 1 2 3 4
æsyst [%]

" Form factors

" q2 migration

" Particle ID & factorisation

" Kinematics and multiplicity

" Trigger

" Stability of rK,K§

J/√

(" + fit) Modeling of mCorr

(fit) Resonant mode fit model

(fit) Fixed fit parameters

(fit) Combinatorial modelling

(fit) Partially recoed bkg

(fit) Misidentified backgrounds
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Analysis: systematics

Phys.Rev.D 108 (2023) 3, 032002 
Phys.Rev.Lett. 131 (2023) 5, 051803

https://inspirehep.net/literature/2615989
https://inspirehep.net/literature/2615983
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LHCb Upgrade II
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ICHEP2020, 28 July – 6 August 2020 

LHCb upgrades plan & strategy

Federico Alessio, CERN 6

LHCb Phase-I upgrade ongoing now during LS2 for Run3 and Run4

• full software trigger and readout all detectors at 40MHz

• replace tracking detectors + PID + VELO and ഡ ~ 2 x 1033 sec-1 cm-2

• Consolidate PID, tracking and ECAL during LS3

LHCb Phase-II upgrade during LS4 beyond Run4 

• Use new detector technologies + timing to increase ഡ ~ 1.5 x 1034 sec-1 cm-2

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!
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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

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

https://indico.cern.ch/event/868940/contributions/3813743/

