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EW Penguins
EW penguins in  transitions 
—————————————————————————————————————————

๏Rare (decay rate  to )
• Forbidden at tree-level, proceeds through loop
• Small CKM elements and GIM mechanism
• Heavy NP could enter at the same order as SM

๏Friendly (to experiments)
• No neutrinos involved (modulo  and )
• Several complementary channels
• Several complementary observables

๏Beautiful (involves a b quark)
• Small long-distance contributions ( )
• Can interpret with effective theory ( )

 

b → s

10−5 10−7

νν ττ

mb ≫ ΛQCD

mb ≪ mW

2

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
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(no time to cover LHCb contributions to Charm ( ) and Strange ( ) EW penguins)c → u s → d
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The LHCb experiment
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Int.J.Mod.Phys. A 30, 1530022 (2015) 
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Excellent for EW penguins

๏ About   in the acceptance 
(integrated )

๏ Very displaced  vertices thanks to 
large forward boost 

๏ Precise momentum and PID for 
charged tracks

๏ A bit more complicated for photons

1012 bb̄
ℒ = 9 fb−1

b
βγ ∼ 20
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Excellent for EW penguins

๏ About   in the acceptance 
(integrated )

๏ Very displaced  vertices thanks to 
large forward boost 

๏ Precise momentum and PID for 
charged tracks

๏ A bit more complicated for photons

1012 bb̄
ℒ = 9 fb−1

b
βγ ∼ 20
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Figure 1. Signal-enhanced Mbc (left), ∆E (middle), and O′ (right) projections of three-dimensional
unbinned extended maximum-likelihood fits to the data events that pass the selection criteria for
B+ → K+µ+µ− (top), and B+ → K+e+e− (bottom). Points with error bars are the data; blue solid
curves are the fitted results for the signal-plus-background hypothesis; red dashed curves denote
the signal component; cyan long dashed, green dash-dotted, and black dashed curves represent
continuum, BB̄ background, and B → charmless decays, respectively.

as calibration modes for the PDF shapes used as well as to calibrate the efficiency of

O > Omin requirement for possible difference between data and simulation. These are also

used to verify that there is no bias for some of the key observables. For example, we ob-

tain RK(J/ψ) = 0.994 ± 0.011 ± 0.010 and 0.993 ± 0.015 ± 0.010 for B+ → J/ψK+ and

B → J/ψK0
S
, respectively. Similarly, AI(B → J/ψK) is −0.002 ± 0.006 ± 0.014.
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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

The strength of LHCb

5

Belle

PRL 125(2020)011802

๏ A comparison for   for  
• Belle could collect ~10 events/year (assuming 200 /year)
• LHCb (Run2) collected ~1000 events/year (assumig 2 /year)

๏ Belle (2) contribution essential for other  channels: 
e.g. , , other final states with neutrals… 

B → K+μ+μ− q2 ∈ [1, 6] GeV2

fb−1

fb−1

b → sℓℓ
b → sνν b → sττ

  
for  in 

B+ → K+μ+μ−

q2 [1.1,6.0] GeV2

LHCb

JH
EP 03 (2021) 105

  
integrated in 
B+ → K+μ+μ−

q2

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2020-002.html
https://inspirehep.net/literature/1748231
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Weak effective theory

๏ Integrate out  

๏ Four-fermion interaction 
described by effective couplings

      

๏ Main SM contributions:
• Vector ( ) and Axial-vector ( ) 

leptonic currents
• Dipole  contribution in  
→ well constrained by radiative

๏ Suppressed in the SM:
• Right-handed quark currents 
• Spin-0 leptonic currents  and 

> mW

Ci = CSM
i + CNP

i

C9 C10

b → sγ* C7

C′ i

CS CP

6
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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
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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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 decayβ b → sℓℓ

integrate out > mW

ℋeff =
GF
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VtbV*ts ∑
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CiOi



 at LHCbb → sγ
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 at LHCbC(
7′ 

)

     

• 5% precise prediction only for  
inclusive BR (quark-level)

• 5% precise inclusive BR 

๏  measured with direct  

•  and similar

• Tagged time-dep. analysis  
of 

• Mixing induced CP asymm.  
in  (et al)

•  induced rate asymm.  
in  at LHCb

• Transverse asymmetries in  
 at LHCb

• Angular analysis of  
 at LHCb

• Full amplitude analysis of 
 at LHCb

BR ∝ (CSM
7 + CNP

7 )2 + (C′ NP
7 )2

ImC7 ACP

B → KSπ0γ

Bs → ϕγ

B → KSπ0γ

ΔΓs
Bs → ϕγ

B0 → K*e+e−

Λb → Λγ

B+ → K+π−π+γ

8

M. Misiak et al JHEP 06(2020)175

Left-handed C7 Right-handed C′ 7

B-factories

LHCb

B-factories

LHCb

B-factories

LHCb

LHCb

LHCb
coming soon…

HFLAV average 2022

HFLAV average 2015

HFLAV average 2015

PRL 123 (2019) 8, 081802

PRL 123 (2019) 8, 081802

JHEP 12 (2020) 081

PRD 105 (2022) 5, L051104

https://inspirehep.net/literature/1778760
https://hflav-eos.web.cern.ch/hflav-eos/rare/ICHEP22/html/radll/Badmix/BR_Badmix_Xs_gamma.html
https://www.slac.stanford.edu/xorg/hfag/triangle/summer2015/index.shtml#bsgamma
https://www.slac.stanford.edu/xorg/hfag/triangle/summer2015/index.shtml#bsgamma
https://inspirehep.net/literature/1735188
https://inspirehep.net/literature/1735188
https://inspirehep.net/literature/1822447
https://inspirehep.net/literature/1971920
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γ

 in b → sγ B0 → K*e+e−

9

d̄ d̄
B̄0 K̄*0

(spin 1)

spectator quark K−

π+(spin 0)
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γ*

 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.

10

d̄ d̄
B̄0 K̄*0

(spin 1)

spectator quark K−

π+

e+

e−

(spin 0)
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 analysisB0 → K*e+e−

๏ Select  with  
requiring 

• About 500 events with LHCb 
dataset despite BR

B0 → K*γ* γ* → e+e−

m(ee) < 0.5 GeV

∼ 2 × 10−7

11
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−e+e*0K→0B

SL/C

−e+eπ*0K→B
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)γ−e+e(0π*0K→0B

γ*0K→0B

Made possible by developments in 
electron reconstruction at LHCb

JHEP 12 (2020) 081

https://inspirehep.net/literature/1822447
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Analysis roadmap
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 analysisB0 → K*e+e−

๏  described by 3 angles 
→ Full 3D angular analysis performed 

๏ Photon polarisation measured with 

•  modulation (+phase) would 
signal right-handed contribution

B0 → K+π−e+e−

ϕ
cos 2ϕ

12

Photon 
polarisation

JHEP 12 (2020) 081

https://inspirehep.net/literature/1822447
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๏ Virtual-photon technique much 
more precise than previous 
measurements
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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:

b s

µ+

µ�
⌫

W� W+

t b s

µ+

µ�

t

�, Z0

W�

W
a
lt

D
is
n
e
y

S
t
u
d
io

s
G

m
b
H

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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 Run 1B+ → K+μ+μ−

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-045.html
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[JHEP08(2016)098]
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B+ → K+μ+μ− B0 → K0μ+μ−

dB/dq2 in exclusive b→sµµ 
seems to undershoot SM

• Coherent undershooting, but 
predictions uncertainties are 
correlated

• Theory uncertainties ~20-30% 
(hadronic form factors)

 
Recent efforts to improve 
theoretical predictions

• Non-local corrections

• Lattice QCD calculations
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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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PRL 127 (2021) 15JHEP 04 (2017) 142

B0 → K*0μ+μ− Bs → ϕμ+μ−

Gubernari et al, JHEP 09 (2022)

HPQCD, arXiv:2207.13371

https://lhcbproject.web.cern.ch/lhcbproject/Publications/l/LHCb-PAPER-2021-014.html
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-012.html
https://inspirehep.net/literature/2093023
https://arxiv.org/abs/2207.13371
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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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PRL 125(2020)011802

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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● Angular $t
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 Angular acceptance
 Background modelling
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B0 → K*0μ+μ−

B+ → K*+μ+μ−

Bs → ϕμ+μ−
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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

JHEP 11 (2021) 043

Bs → ϕμ+μ−
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https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2020-002.html
https://inspirehep.net/literature/1894428
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2020-041.html


Martino Borsato - Heidelberg U.

 angular analysesb → sμμ

20

5200 5400 5600
]2c) [MeV/−µ+µ−π+K(m

0

20

40

60

80

2 c
C

an
di

da
te

s /
 1

1 
M

eV
/ LHCb 2016

4c/2 < 6.0 GeV2q4.0 < 

800 850 900 950
]2c) [MeV/−π+K(m

0

20

40

60

802 c
C

an
di

da
te

s /
 1

0 
M

eV
/ LHCb 2016

4c/2 < 6.0 GeV2q4.0 < 

2− 0 2
φ

0

10

20

30

40

C
an

di
da

te
s /

 0
.3

1

LHCb 2016
4c/2 < 6.0 GeV2q4.0 < 

1− 0.5− 0 0.5 1
Kθcos

0

20

40

60

C
an

di
da

te
s /

 0
.1

LHCb 2016
4c/2 < 6.0 GeV2q4.0 < 

1− 0.5− 0 0.5 1
lθcos

0

10

20

30

40

C
an

di
da

te
s /

 0
.1

LHCb 2016
4c/2 < 6.0 GeV2q4.0 < 

 in B0 → K*μ+μ− 4.0 < q2 < 6.0 GeV2

PRL 125(2020)011802
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…many more observables not shown here 
+ results of  and B+ → K*+μμ Bs → ϕμμ

PRL 125(2020)011802
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๏ Measure angular observables in  bins
• e.g. 8 CP-averaged angular observables in 8 

 bins in the 

๏ SM predictions are challenging, but 
uncertainties are smaller than for BFs

๏ Optimised observables where hadronic 
uncertainties cancel out at 1st order (e.g. )

๏ Some deviations at >2σ level observed  
→ look-elsewhere effect?

q2

q2 B0 → K*0μ+μ−

P′ 5

Bharucha et al arXiv:1503.05534
Altmannshofer et al arXiv:1411.3161

Descotes-Genon et al arXiv:1407.8526
Khodjamirian et al arXiv:1006.4945
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 angular analysesb → sμμ

๏ Simple fits of vector coupling  
reported with LHCb  angular 
analyses give consistent results

๏ Significantly better fit for  < 

C9
b → sμμ

C9 CSM
9

22

°3 °2 °1 0 1
¢Re(C9)

Bs ! ¡µ+µ°
B+ ! K§+µ+µ°
B0 ! K§0µ+µ° 3.3σ 

3.1σ 
1.9σ 

Private compilation of the Flavio fits results  
presented in from PRL 125(2020)011802, 
PRL 126(2021)161802, LHCb-PAPER-2021-022
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 fit to C9 B0 → K*μμ

https://inspirehep.net/literature/1699203
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2020-002.html
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2020-041.html
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2021-022.html
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2020-002.html
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 angular analysesb → sμμ
๏ Several groups performed fits to

 results (and more)
• Varying all relevant couplings
• Taking into account Theo. and exp. 

uncertainties and correlations

๏ Theory uncertaities under scrutiny
• Special attention to the role of non-

local charmonium loops
• Could cause a shift in SM 

b → sμμ

C9

23
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B. Capdevila, M. Fedele, S. Neshatpour, P. Stangl

DiÆerent results due to diÆerent assumptions about non-local matrix
elements, diÆerent form factor inputs, diÆerent experimental inputs,
and diÆerent statistical frameworks.

Global Fit

ACDMN

AS

CFFPSV

HMMN

SM

A growing number of global fits:
Algueró et al: arXiv:2104.08921

Altmannshofer et al: arXiv:2103.13370
Ciuchini et al: arXiv:1903.09632

Geng et al arXiv:2103.12738 
Hurth et al: arXiv:2104.10058

Kowalska et al: arXiv:1903.10932
and more…

https://inspirehep.net/literature/1859140
https://inspirehep.net/literature/1853232
https://inspirehep.net/literature/1726374
https://inspirehep.net/literature/1853015
https://inspirehep.net/literature/1859340
https://inspirehep.net/literature/1726795
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 angular analysesb → sμμ

LHCb still has a lot to say

๏ More data → more sophisticated fits
• Finer  binning or unbinned
• More floating parameters
• Include CP-asymmetric observables
• Parametrise non-local contributions 

and fit them to data (several methods)

q2

24

Egede et al  JHEP 06 (2015) 084
Bobeth et al EPJC 78 (2018) 6, 451

Gubernari et al JHEP 02 (2021) 088 
Chrzaszcz et al JHEP 10 (2019) 236

Asatrian et al JHEP 04 (2020) 012
Cornella et al EPJC 80 (2020) 12, 1095

�ȭɱțǶʚʯƕƨ ŗȳŗț˦ʌǶʌ ɄǑ ࡱ# → �∗µ+µ−
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]}
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Hadronic form factors Non local ( )cc̄

https://inspirehep.net/literature/1357600
https://inspirehep.net/literature/1611302
https://inspirehep.net/literature/1831395
https://inspirehep.net/literature/1673367
https://inspirehep.net/literature/1771842
https://inspirehep.net/literature/1775559
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Testing LU in b → sℓ+ℓ−

๏  is lepton universal in the SM 
→ use it to test if LU holds at high energy

Hiller & Kruger arXiv:hep-ph/0310219

๏  not observed yet → compare µ and e

๏ Predictions are extremely 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−

b → sττ

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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μ+

μ−

?=

RH =
∫ qmax

q2
min

dℬ(B → Hμ+μ−)
dq2 dq2

∫ qmax

q2
min

dℬ(B → He+e−)
dq2 dq2

≅ 1

SM

https://inspirehep.net/literature/630881
https://arxiv.org/abs/1605.07633
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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−)

≃ 3

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

5

Electrons at LHCb

28

LHCb arXiv:2103.11769

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

MuonsElectrons

Driving the total  
uncertainty

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

๏ LU in  tested in several 
hadronic systems (more coming)

๏ Huge effort ongoing on 
combined  and  analysis
• Full dataset, more  bins
• Better precision and deeper 

understanding of systematics

๏ High priority to  
angular analysis (and others)
• Shed light on  anomalies 

and their relation to LU tests
• Main challenge is to control 

background angular shapes to 
the precision required

b → sℓℓ

RK RK*
q2

B0 → K*ee

K*μμ

29

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
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Summary
๏ Thanks to LHCb, EW penguins in 

 entered the precision era
• Strong constraints on right-handed 

currents in 
• Sophisticated analyses of  

transitions (BR+angular)
• Precise LU tests in several  

channels

๏ Several anomalies in  with a 
tantalising pattern
• Upcoming run 1+2 analyses have the 

sensitivity to clarify the situation

๏ Upgraded LHCb being commissioned
• the data rate and more precise 

trigger will translate in better precision
• Opportunity to crosscheck anomalies 

with largely new detector

b → s

b → sγ
b → sμμ

b → sℓℓ

b → sℓℓ

5 ×

30

Angular observable of b! sµ+µ� decays 23 / 38

Angular observable P 0
5 from B0 ! K⇤0µ+µ�
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/c
4 local tensions of 2.5 � and 2.9 �

⌅ Global B
0 ! K
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� analysis finds deviation corresponding to 3.3 �

⌅ [LHCb, PRL 125 (2020) 011802] consistent with [Belle, PRL 118 (2017) 111801]

[CMS, PLB 781 (2018) 517] [ATLAS, JHEP 10 (2018) 047]

⌅ Update using full LHCb data sample coming soon,
New q

2-unbinned analysis approaches ongoing
C. Langenbruch (RWTH), Implications 2022 Rare B Decays
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https://inspirehep.net/literature/1822447
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LHCb Upgrade I

๏ Installing upgrade for Runs 3 and 4 (TDR)
• Readout electronics and several 

subdetectors upgraded
• Can run at 5x higher luminosity
• Real-time trigger with GPUs

๏ Opportunity to crosscheck anomalies 
with largely new detector 

๏ , LU tests and LFV searches will 
directly profit from the higher statistics 
(about factor 3 with Run 3 only)

๏ Online electron selection will profit from 
new real-time analysis capabilities

B(s) → μμ

32

RICH

VELO

SciFi

UT

More in Giovanni Cavallero’s talk

https://cds.cern.ch/record/1443882?ln=fr
https://indico.cern.ch/event/1055778/timetable/#2-lhcb-overview
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LHCb Upgrade II

๏ Framework TDR for Upgrade II  
currently in review by the LHCC
• 10x luminosity of Upgrade I
• Can clearly check for consistency 

and distinguish NP scenarios

33

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 ℒ ~ 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 ℒ ~ 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!

LHCb overview Giovanni Cavallero October 19, 2021 41/45
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Motivations for further upgrades

Fully exploit the flavour physics potential of the High-Lumi LHC and
capability to distinguish between di↵erent NP scenarios

LHCb overview Giovanni Cavallero October 19, 2021 39/45
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Martino Borsato - Heidelberg U.

 angular analysisB0 → K*0μ+μ−

๏ Can construct theoretically cleaner 
angular observables such as

                 

where hadronic uncertainties cancel 
out at first order

๏ If NP contributes to  and  
expect large deviations in 

๏ Observed local discrepancies:
•  for 
•  for 

๏ Easier stat interpretation using 
global EFT fits → see later

P′ 5 =
S5

FL 1 − FL

C9 C10
P′ 5

2.5σ q2 = [4.0 − 6.0] GeV2

2.9σ q2 = [6.0 − 8.0] GeV2

34

models. The pseudoexperiments are generated with signal
yields many times larger than the data, in order to render
statistical fluctuations negligible.
The size of the total systematic uncertainty varies

depending on the angular observable and the q2 bin.
The majority of observables in both the Si and Pð0Þ

i basis
have a total systematic uncertainty between 5% and 25% of
the statistical uncertainty. For FL, the systematic uncer-
tainty tends to be larger, typically between 20% and 50%.
The systematic uncertainties are given in Table 3
of Ref. [70].
The dominant systematic uncertainties arise from the

peaking backgrounds that are neglected in the analysis, the
bias correction, and, for the narrow q2 bins, from the
uncertainty associated with evaluating the acceptance at a
fixed point in q2. For the peaking backgrounds, the
systematic uncertainty is evaluated by injecting additional
candidates, drawn from the angular distributions of the
background modes, into the pseudoexperiment data. The
systematic uncertainty for the bias correction is determined
directly from the pseudoexperiments used to validate the
fit. The systematic uncertainty from the variation of the
acceptance with q2 is determined by moving the point in q2

at which the acceptance is evaluated to halfway between the
bin center and the upper or the lower edge. The largest

deviation is taken as the systematic uncertainty. Examples
of further sources of systematic uncertainty investigated
include the mðKþπ−Þ line shape for the S-wave contribu-
tion, the assumption that the acceptance function is flat
across themðKþπ−Þmass, the effect of the Bþ → Kþμþμ−

veto on the angular distribution of the background and the
order of polynomial used for the background parametriza-
tion. These sources make a negligible contribution to the
total uncertainty. With respect to the analysis of Ref. [1],
the systematic uncertainty from residual differences
between data and simulation is significantly reduced,
owing to an improved decay model for B0 → J=ψK$0

decays [68].
The CP-averaged observables FL, AFB, S5, and P0

5 that
are obtained from the Si and Pð0Þ

i fits are shown together
with their respective SM predictions in Fig. 2. The results
for all observables are given in Figs. 1 and 2 and Tables 1
and 2 of Ref. [70]. In addition, the statistical correlation
between the observables is provided in Tables 4–23. The
SM predictions are based on the prescription of Ref. [44],
which combines light-cone sum rule calculations [43],
valid in the low-q2 region, with lattice determinations at
high q2 [71,72] to yield more precise determinations of the
form factors over the full q2 range. For the Pð0Þ

i observables,
predictions from Ref. [73] are shown using form factors
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FIG. 2. Results for the CP-averaged angular observables FL, AFB, S5, and P0
5 in bins of q2. The data are compared to SM predictions

based on the prescription of Refs. [43,44], with the exception of the P0
5 distribution, which is compared to SM predictions based on

Refs. [73,74].
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WC fits from angular analyses
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 angular analysisB+ → K*+μ+μ−

๏ Recently analysed also isospin 
partner 

๏ Challenging reconstruction of long-
lived 

๏ Signal yield of  events split 
in 8  bins for angular fit

๏ Angular folding technique used to 
reduce dimensionality of the fit 

B+ → K*+(KSπ+)μ+μ−

KS → π+π−

737 ± 34
q2
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Angular folding techniques [LHCb-PAPER-2020-041]
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 angular analysisB+ → K*+μ+μ−

๏ Results compatible with observations in  channel
• Similar pattern of deviations in 
• Uncertanties are much larger, but global EFT fit 

confirms same trend

B0

P′ 5

37

Angular analysis of B-meson decays B+ æ Kú+µ+µ≠
(9 fb

≠1
)

B+ æ Kú+ (æ K0
S fi+) µ+µ≠: Angular observables Si [LHCb-PAPER-2020-041]
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ASZB SM predictions by [JHEP08(2016)098] and [Eur.Phys.J.C75(2015)382]

æ all result values plus their correlations are given in the backup
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B+ æ Kú+ (æ K0
S fi+) µ+µ≠: Angular observables P (Õ)

i [LHCb-PAPER-2020-041]
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ASZB SM predictions by [JHEP08(2016)098] and [Eur.Phys.J.C75(2015)382]
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Angular analysis of B0 ! K ⇤0e+e�
at very low q2
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: Angular analysisB0 → K*e+e−

38

๏ Folding  angle to simplify 
the 3D angular expression: 

ϕ

Angular analysis of B0 ! K ⇤0e+e�
at very low q2
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Sensitivity to the photon polarization
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 photon polarisation:B0 → K*γ
AR(L) ≡ |AR(L) |eiϕR(L), tan χ ≡ AR/AL

A (2)
T ≃ sin(2χ)cos(ϕL − ϕR),

AIm
T ≃ sin(2χ)sin(ϕL − ϕR),

JHEP 12 (2020) 081
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Selection and backgrounds

⌘ As in our previous measurement, use particle ID requirements and mass vetoes to suppress

peaking backgrounds from exclusive B-decays to negligible levels

⇤ Backgrounds of e.g B+ ! D̄0(! K+e�⌫)e+⌫̄: cut on mK+e� > mD0

⇤ Mis-ID backgrounds, e.g. B ! K⇡+
(!e+)

⇡�
(!e�)

: cut on electron PID

⌘ Multivariate selection to reduce combinatorial background and improve signal significance

(BDT)

Residual backgrounds suppressed by choice of

m(K+`+`�) window

⌘ B+ ! K+J/ (e+e�)

⌘ Partially reconstructed dominated by

B ! K+⇡�e+e�
decays

⌘ Model in fit by constraining their fractions between

trigger categories and calibrating simulated

templates from data.
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Cross-check our estimates using control regions in data and changing m(K+`+`�) window in fit

K.A. Petridis (UoB) Test of LFU at LHCb March 2021 11 / 20

Backgrounds in electrons

๏ Particle ID and mass vetoes to suppress bkg e.g:
• cascade  with 
• remove  with tight electron ID

๏ Reduce combinatorial background with 
multivariate analysis (Boosted Decision Tree)

๏ Choose  window to suppress other 
backgrounds

B → D → K m(K+e−) > mD0

B+ → K+π+π−

m(K+e+e−)

39
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Figure 5: Simulated K+e� mass distributions for signal and various cascade background samples.
The distributions are all normalised to unity. (Left, with log y-scale) the bremsstrahlung
correction to the momentum of the electron is applied, resulting in a tail to the right. The
region to the left of the vertical dashed line is rejected. (Right, with linear y-scale) the mass is
computed only from the track information. The notation ⇡�

[!e�] (e
�
[!⇡�]) is used to denote an

electron (pion) that is misidentified as a pion (electron). The region between the dashed vertical
lines is rejected.

the lepton-mass hypothesis changed to that of a pion (denoted `[!⇡]). In the muon case,
Kµ[!⇡] combinations with a mass smaller than mD0 are rejected. In the electron case,
a ±40MeV/c2 window around the D

0 mass is used to reject candidates where the veto
is applied without the bremsstrahlung recovery, i.e. based on only the measured track
momenta. The mass distributions are shown in Fig. 5. The veto requirements retain
97% of B+

! K
+
µ
+
µ
� and 95% of B+

! K
+
e
+
e
� decays passing all other selection

requirements.
Background from other exclusive B-hadron decays requires at least two particles

to be misidentified. These include the decays B
+
! K

+
⇡
+
⇡
�, and misreconstructed

B
+
! J/ (! `

+
`
�)K+ and B

+
!  (2S)(! `

+
`
�)K+ decays. In the latter two decays

the kaon is misidentified as a lepton and the lepton (of the same electric charge) as a
kaon. Such background is reduced to a negligible level by particle-identification criteria.
Background from decays with a photon converted into an e

+
e
� pair are also negligible

due to the q
2 selection.

Multivariate selection

A Boosted Decision Tree (BDT) algorithm [130] with gradient boosting [131] is used to
reduce combinatorial background. For the nonresonant muon mode and for each of the
three di↵erent trigger categories of the nonresonant electron mode, a single BDT classifier
is trained for the 7 and 8TeV data, and an additional classifier is trained for the 13TeV
data. The BDT output is not strongly correlated with q

2 and the same classifiers are
used to select the respective resonant decays. In order to train the classifier, simulated
nonresonant B+

! K
+
`
+
`
� decays are used as a proxy for the signal and nonresonant

K
+
`
+
`
� candidates selected from the data with m(K+

`
+
`
�) > 5.4GeV/c2 are used as a

background sample. The k-folding technique is used in the training and testing [132]. The
classifier includes the following variables: the pT of the B

+, K+ and dilepton candidates,

11
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RK result
๏ Also measured electrons BR and compared to previous result on muons: 

dℬ (B+ → K+e+e−)
dq2

= (28.6+1.5
−1.4( stat ) ± 1.4( syst )) × 10−9c4/GeV2

40

Supplementary Material

Branching fraction measurements

The comparison of the B+! K+µ+µ�
branching fraction from Ref. [1] to the

B+! K+e+e� branching fraction resulting from the measurement of RK presented in

this paper is shown in Fig. S1. The uncertainty stemming from the branching fractions

of the corresponding normalisation channels is folded into the total uncertainty of each

measurement.
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Figure S1: Branching fractions of (blue) B+! K+e+e� from this paper and (black)

B+! K+µ+µ�
from Ref. [1] including the q2 bin 15.0 < q2 < 22.0GeV

2/c4. The SM pre-

dictions (red area) from Refs. [2, 3] are also shown.
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 from 3/fb paper:ℬ(B+ → K+μ+μ−)

→ Electrons BR closer to SM prediction (but both compatible)

LHCb arXiv:2103.11769

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2021-004.html
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LFU test in baryons
๏ New test of LFU in 

• Using Run 1 + 2016 dataset (4.7/fb)

๏ Similar physics as  and 
• Different final state and selection
• Different backgrounds and systematic 

uncertainties

๏ Crosscheck using 

๏ Measured phase space region:
•
•

Λb → pK−ℓ+ℓ−

RK

Λb → pK−J/ψ

m(pK−) > 2.6 GeV
0.1 < q2 < 6.0 GeV2
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Weak effective theory
๏ Most important SM operators:

•  → Vector

•  → Axial-vector

•  dipole operator for  contributions

๏ Operators suppressed in the SM:
•  (pseudo-)scalar op.s, suppressed by 

•  primed right-handed op.s, suppressed by 

O9 = (s̄γμPLb)(ℓ̄γμℓ)
O10 = (s̄γμPLb)(ℓ̄γμγ5ℓ)
O7 b → sγ*

OS(P) mℓmb /m2
W

O′ i ms /mb
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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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ℓ+

ℓ−

Found to be very SM like:
•  determined to 5%  

precision with 
•  < 10% from 

C7
B → Xsγ

C′ 7/C7 B → K*γ
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non-hadronic b decays

leptonic

semileptonic

radiative

dipole (e.m. penguin) V-A (EW penguin) scalar, pseudo-scalar

Radiative (e.g. )
Semileptonic (e.g. )
Leptonic (e.g. 

B → Xsγ
B → Kℓℓ

B → μμ)

Experimental 

Focus of today’s talk

More details in 
 next two talks

https://indico.cern.ch/event/1055780/timetable/#2-effective-field-theory-for-b
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 spectrum of q2 B+ → K+μ+μ−

๏ Analysis of the  spectrum
• Modelling contributions from

 with Breit-Wigners
• Measure BR and phase differences

๏ Guidance for  measurements
• Narrow  and  are large and 

normally vetoed (also narrow )
• Their interference with  

(short distance) is small
• Contributions from ,  and broad 

charmonium above the  are 
small and normally integrated

• Region of  is the 
cleanest

q2

K+V(μ+μ−)

b → sℓℓ
J/ψ ψ(2S)

ϕ
b → sℓℓ

ω ρ
ψ(2S)

1.1 < q2 < 6 GeV2
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https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2016-045.html

