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The big picture

๏ We have evidence that there is physics beyond the SM
• Neutrino masses, Dark Matter, BAU, Gravity
• Also, the flavour sector is unexplained!

๏ New physics energy scale could be higher than the LHC 
collision energy 

๏ We might see new physics indirectly first
• Vast program of precision SM measurements
• The LHC can greatly contribute (EW, Higgs, flavour)
• Several particles we know were first seen indirectly!
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Rare beauty-quark decays
๏ Rare  provide an excellent NP probe

• Flavour-changing  neutral current
‣ Forbidden at tree-level, proceeds through loop
‣ Small CKM matrix elements and GIM mechanism 
‣ SM branching ratio below  
‣ TeV-scale NP can contribute at the same order!

• (Semi)-leptonic beauty  transitions
‣ Long-distance contributions under control ( )
‣ Sensitive to lepton-flavour, additional Z or lepto-quarks

• Examples of hadron decays involving :
‣ , , , 
‣ Spectator quark of  changes (similar physics probe)
‣ Lorentz structure of physics probed depends on hadrons spins

b → sℓ+ℓ−

b → s

10−6

b → sℓ+ℓ−

mb ≫ ΛQCD

b → sℓ+ℓ−

Bs → ℓ+ℓ− B → Kℓ+ℓ− Bs → ϕℓ+ℓ− Λb → Λℓ+ℓ−

b → sℓ+ℓ−
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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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Rare beauty-quark decays

4

SM process NP example

B+
! K+`+`� and related decays

⌘ Occur through b ! s`+`� transition but in contrast to B0
s ! `+`�, contain

a hadron in the final state.
e.g B+

! K+`+`�, B0
! K⇤0`+`�, Bs ! �µ+µ�, ⇤b ! ⇤⇤`+`�...

The Standard Model (SM) of particle physics provides precise predictions for the1

properties and interactions of fundamental particles, which have been confirmed by2

numerous experiments since the inception of the model in the 1960’s. However, it is clear3

that the model is incomplete. The SM is unable to explain cosmological observations of the4

dominance of matter over antimatter, the apparent dark-matter content of the Universe,5

or explain the patterns seen in the interaction strengths of the particles. Particle physicists6

have therefore been searching for ‘new physics’ — the new particles and interactions that7

can explain the SM’s shortcomings.8

One method to search for new physics is to compare measurements of the properties9

of hadron decays, where hadrons are bound states of quarks, with the SM predictions10

for such properties. Measurable quantities can be precisely predicted in the decays of a11

charged beauty hadron, B+
, into a charged kaon, K+

, and two charged leptons, `+`�
.12

The B+
hadron contains a beauty antiquark, b, and the K+

a strange antiquark, s, such13

that at the quark level the decay involves a b ! s transition. Quantum field theory allows14

such a process to be mediated by virtual particles that have a physical mass larger than15

the mass di�erence between the initial- and final-state particles. In the SM description of16

such processes, these virtual particles include the electroweak-force carriers, the �, W±
17

and Z0
bosons, and the top quark (see Fig. 1). Such decays are highly suppressed [1] and18

the fraction of B+
hadrons that decay into this final state (the branching fraction, B) is19

of the order of 10
�6

[2].20

A distinctive feature of the SM is that the di�erent leptons, electron (e�
), muon (µ�

)21

and tau (��
), have the same interaction strength, which is known as ‘lepton universality’.22

The only exception to this is due to the Higgs boson coupling, since the lepton-Higgs23

interaction strength gives rise to the di�ering lepton masses m� > mµ > me [3–9]. The24

suppression of b ! s transitions is understood in terms of the fundamental symmetries on25

which the SM is built. Conversely, lepton universality is an accidental symmetry of the26

SM, which is not a consequence of any axiom of the theory. Extensions to the SM that27

aim to address many of its shortfalls predict new virtual particles that could contribute28

to b ! s transitions (see Fig. 1) and could have nonuniversal interactions, hence giving29

branching fractions of B+
! K+`+`�

decays with di�erent leptons that di�er from the30

SM predictions. Whenever a decay mode is specified in this article, the inclusion of the31

Figure 1: Fundamental processes contributing to B+
! K+`+`� decays in the SM and possible

new physics models. A B+ meson, consisting of b and u quarks, decays into a K+, containing
s and u quarks, and two charged leptons, `+`�. (Left) The SM contribution involves the
electroweak bosons �, W+ and Z0. (Right) A possible new physics contribution to the decay
with a hypothetical leptoquark (LQ) which, unlike the electroweak bosons, could have di�erent
interaction strengths with the di�erent types of leptons.

1

⌘ Offer multitude of observables complementary to B0
s ! `+`� measurements.

K.A. Petridis (UoB) Test of LFU at LHCb March 2021 2 / 20
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SM NP example



Martino Borsato - Heidelberg U.

Weak effective theory
๏  → Integrate out electroweak scale and above
• Includes Higgs, W, Z, top quark or any heavier NP particle
• Basically the good old Fermi theory of weak interaction
• Describe  process with dimension-6 operators
• NP enters in effective couplings (Wilson coefficients)

mB ≪ mW

b → sℓ+ℓ−

5

Effective Field Theory 

4

ℋeff =
GF

2
VtbV*ts ∑

i

CiOi

Wilson  
coefficients Dimension-6  

 operatorsbsℓℓFermi  
constant

CKM  
elements

Ci = CSM
i + CNP

iWhat we 
measure

SM prediction New heavy  
particle?
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Weak effective theory

6

27/04/15 M. Borsato - LAL 4

non-hadronic b decays

leptonic

semileptonic

radiative

dipole (e.m. penguin) V-A (EW penguin) scalar, pseudo-scalardipole operator vector, axial-vector scalar, pseudo-scalar
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 for semileptonic q2 b → sℓℓ

7

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)

No photon pole  
for B → Pμμ

Photon pole  
for B → Vμμ

q2 = m2
ℓℓ [GeV2]

dΓ/dq2 C7

C9, C10 + long-distance 
C9, C10

cc̄

1561

27/04/15 M. Borsato - LAL 4

non-hadronic b decays

leptonic

semileptonic

radiative

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

9

๏ LHC  collisions at 7-13 TeV
• Huge  cross-section
• Also large background 

• LHCb designed for b-hadrons:
• In the forward region of  collisions 

where most of  pairs are produced
• Running at lower luminosity and 

one pp collision per bunch crossing
• Low-  triggers (few GeV)
• Identify displaced -hadron vertex 

leveraging large boost 
• Momentum measurement with 

spectrometer 
• PID with calorimeters, muon system 

and Cherenkov detectors (RICH)

pp
pp → bb̄X

σ(inelastic) ≃ 200σ(bb̄)

pp
bb̄

pT

b

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
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The LHCb experiment

๏ Excellent performance in  
LHC Run 1 and 2
• About   in the acceptance
• Recorded world-largest sample of  

 decays
• About 50 times more  events 

than the Belle experiment
• Statistics of  events per channel 

e.g.  
for a BR of about 

• Best performance for fully-charged final 
states with muons

1012 bb̄

b → sℓℓ
B → K*μμ

𝒪(103)
N(B+ → K+μ+μ−) = 3850 ± 70

1.2 × 10−7

10

Run 1 ∼ 3/fb

Run 2 ∼ 6/fb

arXiv:2103.11769
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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
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LHCb results

๏ Analysis of semileptonic 

๏ Analysis of leptonic 

๏ Test of lepton universality in 

b → sμμ

Bs → μμ

b → sℓℓ

11

Increasing precision of SM
 prediction
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BR of semileptonic b → sμμ

12

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

(hadronic form factors)
• Coherent undershooting, but 

predictions uncertainties are 
correlated

Inclusive  has smaller 
(10%) theory uncertainty 
• very hard at LHCb but will try 

with sum of exclusive channels 
(assume isospin symmetry)

B → Xsμμ

[JHEP08(2016)098]
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]2
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 d
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6−10×

LHCb

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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ArXiv:2105.14007JHEP 04 (2017) 142

B0 → K*0μ+μ− Bs → ϕμ+μ−
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−µ+µ0 K→0B
LHCb

JHEP 06 (2014) 133 JHEP 06 (2014) 133

B+ → K+μ+μ− B0 → K0μ+μ−

https://lhcbproject.web.cern.ch/lhcbproject/Publications/l/LHCb-PAPER-2021-014.html
https://arxiv.org/pdf/1606.04731.pdf
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Angular analysis

What are angular analyses?

K+

⇡�
K⇤0 ✓K

µ+

µ�

B0

✓`

(a) ✓K and ✓` definitions for the B0 decay

µ�

µ+

K+

⇡�
B0

K⇤0
�

K+ ⇡�

n̂K⇡

�p̂K⇡

µ�

µ+

n̂µ+µ�

(b) � definition for the B0 decay

⇡+

K�
K⇤0

µ�

µ+

B0

�

K� ⇡+

n̂K⇡

� p̂K⇡

µ�

µ+

n̂µ�µ+

(c) � definition for the B0 decay

topology of decay angles

leptonic and hadronic decay part

decay kinematic parametrization using 3 angles:

✓K , ✓L, � (see left)

plus squared momentum transfer of di-leptons, q
2

Angular di↵erential decay rate:

1

d(� + �̄)/dq2

d4
(� + �̄)

dq2d cos ✓Kd cos ✓Ld�
=

9

32⇡

h
3

4
(1 � FL) sin

2 ✓K + FL cos
2 ✓K

+
1

4
(1 � FL) sin

2 ✓K cos 2✓L � FL cos
2 ✓K cos 2✓L

+S3 sin
2 ✓K sin

2 ✓L cos 2� + S4 sin 2✓K sin 2✓L cos�

+S5 sin 2✓K sin ✓L cos� +
3

4
AFB sin

2 ✓K cos ✓L

+S7 sin 2✓K sin ✓L sin� + S8 sin 2✓K sin 2✓L sin�

+S9 sin
2 ✓K sin

2 ✓L sin 2�
i

angular observables FL, AFB and Sx
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 angular analysisb → sμμ
๏  gives 4-particle final state

• 3D angular analysis in bins of 

๏ Kinematics defined by 3 angles
• Described by spherical harmonics
• Measure a set of ang. observables  

(some have clear physical meaning)

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

B → V(hh)μ+μ−

q2

Si

B0 → K*0μ+μ−

B+ → K*+μ+μ−

Bs → ϕμ+μ−

13

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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Angular analysis of B0 ! K ⇤0e+e�
at very low q2
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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

μ+

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

LHCb-PAPER-2021-022 
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 angular analysisB0 → K*0μ+μ−

๏ Measure 8 CP-averaged 
angular observables in 
8  bins (64 numbers!)

๏ Deviations at 1-2 sigma 
level observed in some 
observables 
→ is it simply look-
elsewhere effect?

q2

14

PRL 125(2020)01 1802

Angular analysis B0 ! K⇤0µ+µ�
(4.7 fb

�1
)

B0! K ⇤0µ+µ�
: Resulting values of angular observables
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angular observables obtained by simultaneous fit to Run 1 + 2016 data (4.7 fb�1
)

SM predictions by [JHEP08(2016)098][arXiv:1503.0553] and [Eur.Phys.J.C75(2015)382][arXiv:1411.3161]
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Angular analysis B0 ! K⇤0µ+µ�
(4.7 fb
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B0! K ⇤0µ+µ�
: Resulting values of angular observables
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Angular analysis B0 ! K⇤0µ+µ�
(4.7 fb

�1
)

B0! K ⇤0µ+µ�
: Resulting values of angular observables
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…4 more observables not shown here
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 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

15

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].

PHYSICAL REVIEW LETTERS 125, 011802 (2020)

011802-5

SM predictions by [JHEP12(2014)125] 
and [JHEP09(2010)089]

PRL 125(2020)01 1802
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WET fit
๏ Can fit Wilson coeffs to all semileptonic 

 (BR and angular observables)
• Most relevant are  and 

• Taking into account th. and exp. 
uncertainties and correlations

๏ Theory uncertainties under scrutiny
• A shift in  could be mimicked by 

hadronic effects (charm loop)
• LHCb working to get experimental 

handles to pin this down

b → sμμ
C(′ )

9 C(′ )
10

C9

16

Scenarios with two Wilson coef�cients
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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 ���� ��/��
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Scenarios with a single Wilson coef�cients

b ! sµµ LFU, Bs ! µµ all rare B decays
Wilson coef�cient best �t pull best �t pull best �t pull

Cbsµµ
� ��.8�+�.��

��.�8 �.�� ��.��+�.��
��.�� �.�� ��.8�+�.��

��.�� �.��
Cbsµµ

�� +�.��+�.��
��.�� �.�� +�.6�+�.��

��.�� �.�� +�.��+�.��
��.�� �.8�

C0bsµµ
� +�.��+�.��

��.�6 �.�� ��.��+�.�6
��.�� �.�� ��.��+�.��

��.�� �.��

C0bsµµ
�� ��.��+�.��

��.�6 �.6� +�.�6+�.��
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��.�� �.��

Cbsµµ
� = Cbsµµ
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��.�� �.��

Only small pull for
I Coef�cients with ` = e (cannot explain b ! sµµ anomaly and Bs ! µµ)
I Scalar coef�cients (can only reduce tension in Bs ! µµ)

see also similar �ts by other groups:
Algueró et al., arXiv:����.����8 Ciuchini et al., arXiv:����.����� Datta et al., arXiv:����.���86
Kowalska et al., arXiv:����.����� Arbey et al., arXiv:����.�8��� Geng et al., arXiv:����.����8

J. Matias & P. Stangl (UAB & U. Bern) Beyond the Flavour Anomalies, �� April ���� �6/��

Fit at 1 and 2 σ 

Fit from W. Altmannshofer and P. Stangl arXiv:2103.13370 

Similar fits from other groups:
Algueró et al., arXiv:1903.09578 

Kowalska et al., arXiv:1903.10932 
Ciuchini et al., arXiv:2011.01212 

Datta et al., arXiv:1903.10086 
Arbey et al., arXiv:1904.08399 
Geng et al., arXiv:2103.12738 

V-A

Hadronic uncertainties: charm loops

I important for resonance
regions (charmonia)

I SM effect contributing to C�`

I depends on q�, lepton univ.
I quark-hadron duality approx

at large q� (syst of few %) B M

`+

`�

Oi

cc̄

3

Several approaches agree at low-q�

I LCSR estimates [Khodjamirian, Mannel, Pivovarov, Wang; Gubenari, Van Dyk]

(see talk by Gubenari)
I order of magnitude estimate for the �ts (LCSR or ⇤/mb), check with bin-by-bin

�ts QM: we include a nuisance parameter si to allow for
constructive/destructive interference between charm and short-distance

for each amplitude widening theo uncertainties [Crivellin, Capdevila, SDG, Hofer, Matias;

Straub, Altmannshoffer; Hurth, Mahmoudi]
I �t of sum of resonances to the data [Blake, Egede, Owen, Pomery, Petridis]
I dispersive representation + J/ , (�S) data [Bobeth, Chrzaszcz, van Dyk, Virto]

Is charm-loop overestimated instead of underestimated?

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

 loop??cc̄

SM

 loop diagramcc̄

https://inspirehep.net/literature/1853232


Leptonic Bs → μμ

17
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Figure 22: Mass distribution of the selected B0

(s)
! µ+µ� candidates (black dots) with BDT > 0.5.

The result of the fit is overlaid (blue solid line) and the di↵erent components detailed: B0
s ! µ+µ�

(red solid line), B0
! µ+µ� (green solid line), B0

s ! µ+µ�� (violet solid line), combinatorial
background (blue dashed line), B0

(s)
! h+h0� (magenta dashed line), B0

! ⇡�µ+⌫µ (black

dot-dashed line), B0
s ! K�µ+⌫µ (grey dot-dashed line), B0(+)

! ⇡0(+)µ+µ� (cyan dashed line),
B+

c ! J/ µ+⌫µ (orange dot-dashed line) and ⇤0

b
! pµ�⌫µ (brown dot-dashed line).

53

B(s) → μ+μ−

๏ Purely leptonic  decay 

• Same diagrams as 

• Much smaller BR because of helicity 
suppression (  pseudoscalar)

• More precise predictions because of 
leptonic final state 

 
  

• Sensitive to (pseudo-)scalar  and 
axial-vector  couplings

B(s) → μ+μ−

b → sμμ

B(s)

ℬ(B0
s → μ+μ−) = (3.66 ± 0.14) × 10−9

ℬ(B0 → μ+μ−) = (1.03 ± 0.05) × 10−10

C(′ )
S,P

C10

18

Rare-b decays

Model-independent description: Heff = � 4GFp
2
VtbV

⇤
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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)
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+ box diagram with neutrinos

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

Updated with  full dataset

27/04/15 M. Borsato - LAL 4

non-hadronic b decays

leptonic

semileptonic

radiative

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

Preliminary

LHCB-PAPER-2021-007

https://link.springer.com/article/10.1007/JHEP10(2019)232
https://journals.aps.org/prd/references/10.1103/PhysRevD.97.053007
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 updateB(s) → μ+μ−
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BaBar
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µ+
µ 

→ 0 s
BF

( B

Zoom on LHC

Preliminary

LHCB-PAPER-2021-007

BR(B0
s → μ+μ−) = (3.09 + 0.46 + 0.15

− 0.43 − 0.11) × 10−9

BR(B0 → μ+μ−) < 2.6 × 10−10 at 95 % CL
BR(B0

s → μ+μ−γ)mμμ>4.9GeV/c2 < 2.0 × 10−9 at 95 % CL
τ(B0

s → μ+μ−) = (2.07 ± 0.29 ± 0.03) ps

16% uncertainty!
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LHC combination
๏ Combining results  results from ATLAS, CMS and LHCb

๏ Uncertainty on  reduced to about 12%

๏ Measurement undershoots SM by about 2σ 
→ Compatible with  shift that could explain !

B(s) → μμ

BR(Bs → μμ)

C10 b → sμμ

20

Combination of Bs,d ! µ+µ� measurements

Measurements of BR(Bs,d ! µ+µ�) by LHCb, CMS, and ATLAS show combined
deviation from SM by about ��. ATLAS, arXiv:�8��.�����

CMS, arXiv:����.�����
LHCb seminar �� March ����

Altmannshofer, PS, arXiv:����.�����

0 1 2 3 4 5

BR(Bs ! µ+µ�) �10�9

0

1

2

3

4

5

6

B
R

(B
0

!
µ

+
µ

�
)

�10�10

ATLAS 2018

CMS 2019

LHCb 2021

full comb.

Gaussian comb.

SM prediction

QM: We take the average of ATLAS, CMS, LHCb (now closer to SM)
BBs!µ+µ� = (�.8�+�.��

��.��) ⇥ ����

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

Combination by Altmannshofer, PS, arXiv:2103.13370

Official combination not yet updated with 
2021 LHCb in LHCb-CONF-2020-002 

Scenarios with two Wilson coef�cients

�2.0 �1.5 �1.0 �0.5 0.0 0.5 1.0

Cbsµµ
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C
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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 ���� ��/��
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10

 semileptonic  1σ, 2σb → sμμ
 1σ Bs → μμ

Fit from arXiv:2103.13370 

SM

https://inspirehep.net/literature/1853232


Lepton Flavour  
Universality tests

21
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A word on 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

๏ Not the subject of this talk, 
but something to keep an eye on

b → cℓν
τ ℓ = μ(,e)

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

22
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RK (⇤) :=
B(B ! K (⇤)µ+µ�)

B(B ! K (⇤)e+e�)

SM
⇠= 1

LFU test in b→s𝓁𝓁: µ vs e

๏ Can use semileptonic b→s𝓁𝓁 to search for LFU-violation 
due to New Physics

๏ Rare b→s𝓁𝓁 with 𝓁=τ are not observed yet

๏ Can compare BR with 𝓁=µ and e :

• LFU QCD uncertainties ~completely cancel in the ratio
• Largest uncertainty remaining is  1% due to QED corrections 

(taken into account with PHOTOS, but with approximations) 

๏ Previous tests at B-factories limited by statistics

๏ LHCb has much higher statistics, but electrons more 
challenging than muons
• Trigger, PID, background, bremsstrahlung

23

Bordone, Isidori, Pattori EPJC(2016)76:440
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e+e− at LHCb: Selection

24

๏ Electrons at LHCb:
• Being light, they are produced in a 

plethora of decay channels
• Trigger on large e±/h± energy deposit on 

calorimeters
• Electron ID relies on calorimeter for 

suppression of π mis-ID
• Large combinatorial background:  

machine-learning based classification 
using kinematics info and isolation

๏ Muons trigger and ID is easier
• Selection more efficient

                 
ϵ (B+ → K+μ+μ−)
ϵ (B+ → K+e+e−)

≃ 3

15/04/16 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

Hardware trigger at LHCb:

Electron ID at LHCb

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

•
•

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

Phys. Rev. Lett. 122 (2019) 191801
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4.6 4.8 5.0 5.2 5.4 5.6

m(Kº``) [GeV/c2]

0.0

0.2

0.4

0.6

0.8

1.0 B ! J/√(ee)K§

B ! J/√(µµ)K§

e+e− at LHCb: Bremsstrahlung

๏ Boosted B from LHC collision
• Most electrons emit hard 

bremsstrahlung photon
• If emitted before the magnet it 

affects the momentum measurement 

๏ Brem-recovery algorithm searches 
for compatible deposits in the 
calorimeter
• Recovery efficiency is limited 

(but well reproduced in simulation)
• ECAL resolution is worse than 

spectrometer (1-2% vs 0.5%)

25

Tail due to missed  
upstream brew

ECAL  
resolution

unofficial plot

140 MeV
40 MeV

ECAL

VELO

Recover brem   
in this region

e ± track

Int.J.Mod.Phys. A 30, 1530022 (2015) LHCb, JHEP 08 (2017) 055
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 for semileptonic q2 b → sℓℓ

26

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)

B → Pμμ

q2 [GeV2]

dΓ/dq2 C7

C9, C10 + long-distance 
C9, C10

cc̄

1561

B → Vμμ

Tested LFU in  
this region so far

µ-e phase space 
differences 

Higher  is  
harder to test  
because of brem 
(work in progress)

q2
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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

e+e− at LHCb:  Resolution

๏ Background with missing pion (Part. Reco.) due to mass resolution

๏ Combinatorial background is much larger

๏ Signal mass shape controlled with  channelJ/ψ → e+e−

27

LHCb arXiv:2103.11769

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

28
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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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Charmonium control channel

29
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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 (and expected) to respect LFU at 0.4% level

๏ Excellent control channel: samples of 750k electrons and 2.3M muons

๏ Can be isolated from background using  mass constrain

B+ → K+J/ψ(ℓ+ℓ−)

J/ψ

LHCb arXiv:2103.11769
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statistical and systematic e↵ects. The consistency of this ratio with unity demonstrates
control of the e�ciencies well in excess of that needed for the determination of RK . In the
measurement of the rJ/ ratio, the systematic uncertainty is dominated by the imperfect
modelling of the B

+ production kinematics and the modelling of selection requirements,
which have a negligible impact on the RK measurement. No significant trend is observed
in the di↵erential determination of rJ/ as a function of any considered variable. An
example distribution, with rJ/ determined as a function of B+ momentum component
transverse to the beam direction, pT, is shown in Fig. 3. Assuming the observed rJ/ 

variation in such distributions reflects genuine mismodelling of the e�ciencies, rather than
statistical fluctuations, and taking into account the spectrum of the relevant variables in
the nonresonant decay modes, a total shift on RK is computed for each of the variables
examined. In each case, the resulting variation is within the estimated systematic
uncertainty on RK . Similarly, double di↵erential computations of the rJ/ ratio also do
not show any trend and are consistent with the systematic uncertainties assigned on the
RK measurement.

In addition to B
+
! J/ K

+ decays, clear signals are observed from B
+
!  (2S)K+

decays. The double ratio of branching fractions, R (2S), defined by

R (2S) =
B(B+

!  (2S)(! µ
+
µ
�)K+)

B(B+
! J/ (! µ

+
µ
�)K+)

�
B(B+

!  (2S)(! e
+
e
�)K+)

B(B+
! J/ (! e

+
e
�)K+)

, (3)

provides an independent validation of the double-ratio analysis procedure and further
tests the control of the e�ciencies. This double ratio is expected to be close to unity [2]
and is determined to be 0.997 ± 0.011, where the uncertainty includes both statistical
and systematic e↵ects. This can be interpreted as a world-leading test of lepton flavour
universality in  (2S) ! `

+
`
� decays.

The fit projections for the m(K+
`
+
`
�) and mJ/ (K+

`
+
`
�) distributions are shown in
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Figure 3: Di↵erential rJ/ measurement. The distributions of (left) the B+ transverse momentum,
pT, and (right) the ratio rJ/ relative to its average value

⌦
rJ/ 

↵
as a function of pT. The

distribution from the B+
! J/ K+ decays is similar to that of the corresponding B+

! K+`+`�

decays such that the measurement of rJ/ tests the kinematic region relevant for the RK

measurement. The lack of any dependence of the value of rJ/ /
⌦
rJ/ 

↵
as a function of B+ pT

demonstrates control of the e�ciencies.

6

e+e− at LHCb: Modelling
๏ Use double ratio: 

 
 

๏ Crosschecks using universality in  resonances

๏ Can also check  differentially to insure efficiency 
is modelled correctly as a function of the relevant 
kinematic variables

cc̄

rJ/ψ =
B (B+ → J/ψ ( → μ+μ−) K+)
B (B+ → J/ψ ( → e+e−) K+)

= 0.981 ± 0.020

rJ/ψ
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e+e− at LHCb: Modelling
๏ Can also test that RK measured at the ψ(2S) is 1 

๏ Validation of  dependence of efficiency correction

๏ Compatible with unity to 1% precision: 

Cross-check: Measurement of R (2S)

Measurement of the double ratio

R (2S) =
B(B+

! K+ (2S)(µ+µ�))

B(B+ ! K+J/ (µ+µ�))

�
B(B+

! K+ (2S)(e+e�))

B(B+ ! K+J/ (e+e�))

⌘ Independent validation of
double-ratio procedure at q2 away
from J/ 

⌘ Result well compatible with unity:

R (2S) = 0.997 ± 0.011 (stat + syst)

! can be interpreted as world’s best LFU

test in  (2S) ! `+`�
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Figure S2: Candidate invariant mass distributions. Distribution of the invariant mass
m (2S)(K

+`+`�) for B+
!  (2S)K+ resonant candidates in the (left) sample previously anal-

ysed [10] and (right) the new data sample. The top row shows the fit to the muon modes, the
combinatorial component is included in the fit but is too small to be seen. The subsequent rows
show the fits to the electron modes triggered by (second row) one of the electrons, (third row)
the kaon and (last row) by other particles in the event. The fit projections are superimposed.
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K.A. Petridis (UoB) Test of LFU at LHCb March 2021 15 / 20

[LHCb-PAPER-2021-004]

Fit to new B+ !  (2S)(`+`�)K+
data

Use  (2S) constrained m(K+`+`�)

q2

Rψ(2S) = 0.997 ± 0.011( stat  +  syst )
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RK with full Run1 and Run2 dataset

RK = 0.846 +0.042
�0.039 (stat) +0.013

�0.012 (syst)

⌘ p-value under SM hypothesis: 0.0010
! Evidence of LFU violation at 3.1�

⌘ Compatibility with the SM obtained by
integrating the profiled likelihood as a
function of RK above 1

⇤ Taking into account the 1% theory
uncertainty on RK [EPJC76(2016)8,440]
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KR
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BaBar
4c/2 < 8.12 GeV2q0.1 < 

032012]86[PRD

[JHEP03(2021)105]

[LHCb-PAPER-2021-004]

191801]122[PRL

RK with full Run 1 and Run 2 LHCb data

The measured value of RK is:

RK = 0.846 +0.042
�0.039 (stat.) +0.013

�0.012 (syst.)

dominant systematic e�ect: fit model
� e�ects such as calibration of trigger & kinematics

are at permille-level

p-value under SM hypothesis: 0.0010

significance: 3.1 � (evidence)
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Dan Moise (Imperial College London) Test of LFU at LHCb 23rd March 2021 10 / 11

K.A. Petridis (UoB) Test of LFU at LHCb March 2021 18 / 20

[LHCb-PAPER-2021-004]Submitted to Nature Physics

RK result

๏ Measured with full Run 1+2 dataset  
(9/fb at √s=7, 8 and 13 TeV) 
 

๏ Yield of ~1640 events  
(vs ~3850 in ) driving 
the total uncertainty:
• 5% statistical error vs 1.5% systematic

๏  is found to be lower than unity by 
~15% with a significance of 3.1σ 

RK = 0.846+0.042
−0.039( stat )+0.013

−0.012 (syst) 

B+ → K+e+e−

B+ → K+μ+μ−

RK
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Previous result  
confirmed by  

new data!
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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

33

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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LHCb
−µ+µ+ K→+B

JHEP 06 (2014) 133

 from 3/fb paper:ℬ(B+ → K+μ+μ−)

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



Martino Borsato - Heidelberg U.

RK* result

๏ Similar deviation was observed  
in  using Run 1 data

๏ Precision of ~17% in both bins, statistically 
dominated

๏ Upcoming Run 1 + Run 2 update expected 
to reduce uncertainty by factor ~2

RK*
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The RK∗0 ratio is measured in two regions of the dilepton invariant mass squared to be

RK∗0 =





0.66 + 0.11

− 0.07 (stat)± 0.03 (syst) for 0.045 < q2 < 1.1 GeV2/c4 ,

0.69 + 0.11
− 0.07 (stat)± 0.05 (syst) for 1.1 < q2 < 6.0 GeV2/c4 .

The corresponding 95.4% confidence level intervals are [0.52, 0.89] and [0.53, 0.94]. The

results, which represent the most precise measurements of RK∗0 to date, are compatible

with the SM expectations [26–36] at 2.1–2.3 standard deviations for the low-q2 region

and 2.4–2.5 standard deviations for the central-q2 region, depending on the theoretical

prediction used.

Model-independent fits to the ensemble of FCNC data that allow for NP contribu-

tions [27–36] lead to predictions for RK∗0 in the central-q2 region that are similar to the

value observed; smaller deviations are expected at low-q2. The larger data set currently

being accumulated by the LHCb collaboration will allow for more precise tests of these

predictions.
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Table 5: Measured RK⇤0 ratios in the two q2 regions. The first uncertainties are statistical and
the second are systematic. About 50% of the systematic uncertainty is correlated between the
two q2 bins. The 95.4% and 99.7% confidence level (CL) intervals include both the statistical
and systematic uncertainties.

low-q2 central-q2

RK⇤0 0.66 + 0.11
� 0.07 ± 0.03 0.69 + 0.11

� 0.07 ± 0.05

95.4% CL [0.52, 0.89] [0.53, 0.94]

99.7% CL [0.45, 1.04] [0.46, 1.10]
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Figure 10: (left) Comparison of the LHCb RK⇤0 measurements with the SM theoretical predic-
tions: BIP [26] CDHMV [27–29], EOS [30, 31], flav.io [32–34] and JC [35]. The predictions are
displaced horizontally for presentation. (right) Comparison of the LHCb RK⇤0 measurements
with previous experimental results from the B factories [4, 5]. In the case of the B factories the
specific vetoes for charmonium resonances are not represented.

of 3 fb�1 of pp collisions, recorded by the LHCb experiment during 2011 and 2012, are
used. The RK⇤0 ratio is measured in two regions of the dilepton invariant mass squared
to be

RK⇤0 =

(
0.66 + 0.11

� 0.07 (stat) ± 0.03 (syst) for 0.045 < q
2

< 1.1 GeV2
/c

4
,

0.69 + 0.11
� 0.07 (stat) ± 0.05 (syst) for 1.1 < q

2
< 6.0 GeV2

/c
4
.

The corresponding 95.4% confidence level intervals are [0.52, 0.89] and [0.53, 0.94]. The
results, which represent the most precise measurements of RK⇤0 to date, are compatible
with the SM expectations [26–35] at 2.1–2.3 standard deviations for the low-q2 region
and 2.4–2.5 standard deviations for the central-q2 region, depending on the theoretical
prediction used.

Model-independent fits to the ensemble of FCNC data that allow for NP contribu-
tions [27–35] lead to predictions for RK⇤0 in the central-q2 region that are similar to the
value observed; smaller deviations are expected at low-q2. The larger data set currently
being accumulated by the LHCb collaboration will allow for more precise tests of these
predictions.
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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 fits
๏ Fit all  data with Weak Effective Theory
• Semileptonic  (BR and angular)
•  measurement
• LFU tests  vs 

๏  NP contribution give large pull from SM (>5σ)
• Objection 1: semileptonic  predictions are hard
• Objection 2: you cherry picked the coefficient to fit!

b → sℓℓ
b → sμμ

BR(Bs → μμ)
b → se+e− b → sμ+μ−

bsμμ
b → sμμ

37

Scenarios with a single Wilson coef�cients

b ! sµµ LFU, Bs ! µµ all rare B decays
Wilson coef�cient best �t pull best �t pull best �t pull

Cbsµµ
� ��.8�+�.��

��.�8 �.�� ��.��+�.��
��.�� �.�� ��.8�+�.��

��.�� �.��
Cbsµµ

�� +�.��+�.��
��.�� �.�� +�.6�+�.��

��.�� �.�� +�.��+�.��
��.�� �.8�

C0bsµµ
� +�.��+�.��

��.�6 �.�� ��.��+�.�6
��.�� �.�� ��.��+�.��

��.�� �.��

C0bsµµ
�� ��.��+�.��

��.�6 �.6� +�.�6+�.��
��.�� �.�� +�.��+�.��

��.�� �.��

Cbsµµ
� = Cbsµµ

�� ��.��+�.�6
��.�6 �.�� +�.��+�.�8

��.�8 �.�� ��.��+�.��
��.�� �.��

Cbsµµ
� = �Cbsµµ

�� ��.6�+�.��
��.�� �.�� ��.��+�.�8

��.�8 �.6� ��.��+�.��
��.�� �.��

Only small pull for
I Coef�cients with ` = e (cannot explain b ! sµµ anomaly and Bs ! µµ)
I Scalar coef�cients (can only reduce tension in Bs ! µµ)

see also similar �ts by other groups:
Algueró et al., arXiv:����.����8 Ciuchini et al., arXiv:����.����� Datta et al., arXiv:����.���86
Kowalska et al., arXiv:����.����� Arbey et al., arXiv:����.�8��� Geng et al., arXiv:����.����8

J. Matias & P. Stangl (UAB & U. Bern) Beyond the Flavour Anomalies, �� April ���� �6/��

Fit from W. Altmannshofer and P. Stangl arXiv:2103.13370 

Similar fits from other groups:
Algueró et al., arXiv:1903.09578 

Kowalska et al., arXiv:1903.10932 
Ciuchini et al., arXiv:2011.01212 

Datta et al., arXiv:1903.10086 
Arbey et al., arXiv:1904.08399 
Geng et al., arXiv:2103.12738 

Theoretically cleaner}

https://inspirehep.net/literature/1853232
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WET fits

38

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 

Similar fits from other groups:
Algueró et al., arXiv:1903.09578 

Kowalska et al., arXiv:1903.10932 
Ciuchini et al., arXiv:2011.01212 

Datta et al., arXiv:1903.10086 
Arbey et al., arXiv:1904.08399 
Geng et al., arXiv:2103.12738 

SM

https://inspirehep.net/literature/1853232
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WET fits

39

Scenarios with two Wilson coef�cients
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Arbey et al., arXiv:1904.08399 
Geng et al., arXiv:2103.12738 
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Figure 5: Constraints in the Wilson coe�cient planes C
bsµµ
9 vs. C

0 bsµµ
9 (left) and C

univ.
9

vs. �C
bsµµ
9 = �C

bsµµ
10 (right). The dashed lines show the constraints before

the recent updates [11, 13].

13

SM

 fit gives  
5.7σ pull w.r.t. SM
Cbsμμ

9 , Cbsμμ
10

5.7σ 

https://inspirehep.net/literature/1853232
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Upcoming Run 2 analyses

๏ Updates with full Run 2:
•
•

๏ New analyses:
• Search for 

B0 → K*μ+μ−

Bs → ϕμ+μ−

B → K*τ+τ−

41

CERN-LHCC-2018-027

Prospects for LU tests
Prospects for muons

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

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

We got  
0.042!

+ we are exploring high q2

https://arxiv.org/abs/1808.08865
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 angular analysisB0 → K*e+e−

๏ If  angular anomalies and 
 anomalies have the same NP 

origin, then  angular observables 
should be SM!

๏  angular analysis was 
performed only at very low  to 
measure 

๏ Next step is to extend the analysis to 
higher  values and compare to 
muons

b → sμμ
b → sℓℓ

b → see

B0 → K*ee
q2

b → sγ*

q2

42
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 angular analysisB0 → K*e+e−

By the way, …

the  angular 
analysis at low  just placed 
world best limit on  
photon polarisation, a golden 
flavour physics parameter

B0 → K*e+e−

q2

b → sγ
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LHCb upgrade I

๏ Preparing upgrade for LHC Run 3 and 4
• Higher luminosity → collect 50/fb by the end of Run 4
• Upgrade to maintain performance and improve trigger 

capabilities

๏ LHCb detector Upgrade I in a nutshell:
• More precise vertexing and tracking systems
• Completely new readout system: throughput of 32 Tbps
• Full software trigger on 500 modern GPUs

44

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 aQd ഡ a 2 [ 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 a 1.5 [ 1034 sec-1 cm-2

See ICHEP talk by Federico

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

46

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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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

47

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

78
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Summary
๏ Flavour anomalies in the  sector were 

reinforced by recent measurements
• Are we seeing a coherent pattern?

๏ More data needed to solve the puzzle
• Upcoming analyses of Run 2 data (on tape)
• Upcoming LHCb upgrade (starting data-taking next year)
• Other experiments: Belle II, CMS, ATLAS

๏ Upgrade II as the ultimate precision flavour factory

b → sℓℓ

48

Carl Sagan Thomas Kuhn 

“Discovery commences with  
the awareness of anomaly” 

“Extraordinary claims require  
extraordinary evidence”



BACKUP
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 and Bs → e+e− Bs → τ+τ−

๏ Not lepton universal in the SM
• Very different levels of helicity suppression 

depending on the lepton mass

๏ Electrons and taus present additional 
experimental challenges

๏ LHCb has search for both and has set upper limits 
 BR(B0

s → e+e−) < 11.2 × 10−9 at 95 % CL
BR(B0

s → τ+τ−) < 6.8 × 10−3 at 95 % CL

50
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A handle on the  loopcc̄

51

Blake et al., arXiv:1709.03921 W.Altmannshofer et al Eur.Phys.J. C77 (2017) no.6, 377 
B.Capdevilla et al PoS LHCP2016 (2016) 073

Figure 3: Distributions of the angular observables P 0
5, AFB S7, and FL as a function of

q2 for regions below (left) and above (right) the open charm threshold (cyan). Specific
choices are highlighted for ✓0j = 0 (hatched band) and ✓0j = ⇡ (dark band). The measured
values of the observables from Ref. [49] are also shown (black points). The theoretical
predictions (magenta band) using flavio [48] are shown for comparison.

in the SM. The observable S7 exhibits a particularly large dependence on the strong
phases, demonstrating that measurements of the angular distribution of B0

! K⇤0µ+µ�

decays can be used to determine the phases of the hadronic resonances. Therefore, this
observable can be used to separate short-distance from the non-local contributions, as only
the non-local part has a strong-phase di↵erence. The remaining CP -averaged observables
can be found in Appendix B. Definitions of these observables can be found for instance in
Ref. [47]. As the phase ✓0j of all the resonant final states appearing in Table 1 are unknown,
all possible variations of phases ✓0j are considered. The uncertainties arising from the
combined light-cone sum rules and lattice QCD calculations of B ! K⇤ form factors are
accounted for using the covariance matrix provided in Ref. [15]. The predictions of these
observables using flavio [48] are also shown for comparison. The lack of knowledge of
the phase ✓0j results in a large uncertainty for the prediction of P 0

5, diluting the sensitivity
of this observable to the e↵ects of physics beyond the SM. However, for the choice of ✓0j
that results in a non-local charm contribution that is compatible with the latest prediction
presented in Ref. [21] and is shown in Fig. 2), the tension of the prediction with the
measured value of P 0

5 cannot be explained solely through hadronic e↵ects.

9

• Perform full angular analysis of 
B→K*µµ including cc resonances 
and measure interference phases

• NP in C9 would give helicity and q2 
independent effect while hadronic 
effects could be helicity and q2 
dependent E˥ɱƨɼǶȭƨȳʚŗț ÿƨʌʚʌࣘ ¥â ƉɄȳʚɼǶſʯʚǶɄȳʌ ʚɄ İ,ʌ ŗɼƨ ɪࣽࡽǶȳƕƨɱƨȳƕƨȳʚ
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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 analysis of B-meson decays B+ æ Kú+µ+µ≠
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≠1
)

Angular folding techniques [LHCb-PAPER-2020-041]

folding 0:
„ æ „ + fi for „ < 0

folding 1:
„ æ ≠„ for „ < 0

„ æ fi ≠ „ for cos ◊L < 0

cos ◊L æ ≠ cos ◊L for cos ◊L < 0

folding 2:
„ æ ≠„ for „ < 0

cos ◊L æ ≠ cos ◊L for cos ◊L < 0

folding 3:
cos ◊L æ ≠ cos ◊L for cos ◊L < 0

„ æ fi ≠ „ for „ > fi
2

„ æ ≠fi ≠ „ for „ < ≠ fi
2

folding 4:
cos ◊L æ ≠ cos ◊L for cos ◊L < 0

„ æ fi ≠ „ for „ > fi
2

„ æ ≠fi ≠ „ for „ < ≠ fi
2

cos ◊K æ ≠ cos ◊K for cos ◊L < 0

observable moment 0 1 2 3 4
FL cos

2 ◊K (X) (X) (X) (X) X
S3 sin

2 ◊K sin
2 ◊L cos 2„ (X) (X) (X) (X) X

S4 sin 2◊K sin 2◊L cos „ X
S5 sin 2◊K sin ◊L cos „ X
AF B sin

2 ◊K cos ◊L X
S7 sin 2◊K sin ◊L sin „ X
S8 sin 2◊K sin 2◊L sin „ X
S9 sin

2 ◊K sin
2 ◊L sin 2„ X

determine FL and S3 (P1) from folding 4
Systematic study showed no bias on FL and S3
due to choice of folding

23 / 28 David Gerick (LHCb collaboration) 10
th

LHCb IW: ”Rare Decays at LHCb: recent results”

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

≠1
)
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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
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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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æ all result values plus their correlations are given in the backup
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 angular analysisB0 → K*e+e−

๏ Combined angular analysis of 
 and 

• Most sensitive approach is full 
amplitude analysis

• Local and non-local hadronic 
uncertainties are LFU and 
cancel in the combined fit

B → K*ee B → K*μμ
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Towards establishing New Physics in B0 ! K⇤0`+`� decays Andrea Mauri
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Figure 2: Left: two-dimensional sensitivity scans for the proposed parameters DC9 and DC10 for different

non-local hadronic parametrisation models. The contours correspond to 3s statistical uncertainty. Right:

the relative contribution (1, 2, 3s contours) of each step of the analysis is shown in different colours. Both

plots are evaluated for NP models with CNP

9
=�CNP

10
=�0.7, where NP is inserted only in the muon channel,

and with the expected statistics after LHCb Run-II.
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Look-elsewhere effect?
๏ How about the other Wilson coefficients?
• The dipole   and  are very constrained
• (Pseudo-)scalar operators only affect 

๏ Recent attempt at taking Look-elsewhere effect into 
account by fitting all WC together (both e and µ)
• Running pseudo-experiments to evaluate trial factor
• Marginalising over  to be conservative
• Global significance of 3.9σ 

b → sγ C7 C′ 7
Bs → μμ

Cuniv.
9
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FIG. 2. ��2 distribution (red) for SM pseudo-experiments in
the general 9 WC fit basis (top) and the reduced 5 WC basis
(bottom). The data is shown as a vertical red line on the plot.

proach. However, as discussed in Sec. II, there were good
a-priori theoretical reasons to assume no NP in C`0

9,10. To
evaluate the significance of this hypothesis we apply our
method to the reduced set of five Wilson coe�cients. The
��2 distribution is shown in Fig. 2 (bottom). Applying
the same fit to data we obtain a ��2 = 30.5, which inte-
grating the distribution corresponds to a significance of
4.7�. Interestingly, this is similar to the values quoted
in the recent literature [49–51] for single-parameter fits
of theoretically clean observables only. Having a larger
number of free parameters, one could have expected a
lower significance in our case; however, in this specific
case the LEE e↵ect is compensated by two facts: i) the
inclusion of the angular distribution in B ! K⇤µ+µ�

that, even after marginalizing over �CU
9 , retain some

sensitivity to the other WC; ii) the overall higher ��2

obtained with more parameters. This observation rein-
forces the high significance of the b ! s`+`� anomalies
in motivated NP models.

V. CONCLUSION AND DISCUSSION

In conclusion, we have presented a method to evalu-
ate the global significance for the NP interpretation of
the b ! s`+`� anomalies. This method transposes the
known criteria used for discovering new resonances, such
as the Higgs boson, into searching for NP in b ! s`+`�

transitions. It is worth emphasizing that, while it is re-
markable that all data can be explained by fitting one
or two Wilson coe�cients and that this observation can
be used to investigate what are the interesting theoreti-
cal directions, this hypothesis is made after having seen
the data. Using the same hypothesis to evaluate the
global significance of NP would be the Bayesian-inference

equivalent of choosing the prior after having calculated
the likelihood. Therefore, we advocate a more agnostic
method to calculate the global NP significance with re-
spect to the SM in b ! s`+`� processes. To this end,
we have calculated the LEE for the first time and shown
that the trial-factor cannot be neglected.

We stress that the approach proposed in this paper
should not be interpreted as a criticism towards existing
attempts made so far of combining and interpreting the
anomalies in motivated theoretical frameworks. We are
simply addressing a di↵erent question. While current
fits of selected WC sets in the b ! s`+`� system only
evaluate a local significance, these approaches are funda-
mental to obtain theory insights on the flavour anoma-
lies. Similarly, there is a strong theoretical interest in
trying to combine the b ! s`+`� anomalies with other
hints of deviations from the SM, such as the b ! c`⌫
anomalies [52–60] or the recent (g � 2)µ result [61, 62].
However, this combination is not appropriate to estab-
lish a global significance, given the hypothesis of a con-
nection between di↵erent processes is made a posteriori,
after having observed data. We also recognise that our
approach of treating �CU

9 as a nuisance SM parameter
can be viewed as a overly conservative choice. Never-
theless, in absence of a widely accepted estimate for the
theory uncertainty of the non-local cc contributions, this
is mandatory for a conservative estimate of the signifi-
cance.

It is also worth stressing that the sensitivity we have
obtained is not a↵ected by including operators to which
the measurements are not sensitive to. This is evident
from the fact that while we use the full set of nine Wil-
son coe�cients, the ��2 distribution follows a �2 dis-
tribution with 5.6 degrees of freedom. Similarly, adding
measurements insensitive to NP does not penalise the
overall sensitivity.

While the uncertainty of all the measurements used
here are statistically dominated, the results of our analy-
sis can be improved by adding correlations of experimen-
tal systematic uncertainties. In addition, other improve-
ments can be easily implemented. For instance, to sim-

plify the numerical analysis we have not included the C(0)
7

coe�cients, given we know they are strongly constrained
by b ! s� observables. However, a more rigorous ap-
proach consists of constraining those Wilson coe�cients
to the known experimental constraints. All these e↵ects
are expected have a small impact and will not change the
conclusions presented here.

The global significance of 3.9 standard deviations we
obtain for the NP hypothesis in the b ! s`+`� system
clearly demonstrates the potential of combining di↵erent
measurements in this system, even when adopting an ag-
nostic point of view. In view of future measurements,
we advocate that experimental collaborations adopt this
method to calculate the global significance of the new
physics hypothesis in a conservative and unbiased way.
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The first RK* bin

๏ Favoured region of q2 is [1.1-6]
• Far from photon pole and from J/ψ tail
• Sensitive to New Physics in C9 and C10

๏ Thanks to photon pole the [4mµ2 - 1.1] bin has 
enough statistics for a measurement
• Dominated by dipole operator O7

‣ C7 already very constrained by b→sγ
‣ Deviation pointing to underestimated systematic?

• SM LU is broken close to threshold
• LUV breaks cancellation of form factors
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FIG. 2: Predictions and experimental measurements for the
Q̂i and B5, B6s observables in specific bins. In each case,
from left to right, the predictions are given for the SM (filled
black box) and for the Scenarios 1 to 5 (in this order) de-
fined in App. C. The dashed red interval corresponds to the
experimental measurement, when available.

searches [72] and electroweak precision observables [73].
However, there is no e↵ect in b ! s⌫⌫̄ processes in the
case of a contribution C

NP
1 = �C

NP
3 to gauge-invariant

operators [74], which can be achieved with the vector LQ
SU(2) singlet [58, 59] or with a combination of two scalar
LQs [75]. In both cases large e↵ects in b ! s⌧+⌧� (of
the order of 10�3 for Bs ! ⌧+⌧�) are predicted [75].

Assuming that the coupling to the second generation
is sizeable in order to avoid the bounds from direct LHC
searches and electroweak precision observables one finds

C9(10)⌧ ⇡ C
SM
9(10) � (+)2

⇡

↵

Vcb

V ⇤
ts

 s
RD(⇤)

RSM
D(⇤)

� 1

!
. (B1)

Furthermore, in LQ models one expects sizeable branch-
ing ratios for b ! s⌧µ processes, reaching 10�5 [75].

Appendix C: Future opportunities for LFUV

The best NP scenarios obtained from the global fits
have a similar goodness of fit and describe the anoma-
lies with an equivalent success. New measurements will
determine eventually which scenario gets singled out. In
this respect, a few of the optimised observables measuring
LFUV proposed in Ref. [11] are particularly promising,
with pioneering measurements from the Belle experiment
for Q4,5 [9].

In order to illustrate the future potential for estab-
lishing which one (if any) of the various NP scenarios
is preferred, we consider not only RK,K?,� but also the

observables Q̂1,2,4,5 and B5,6s in the same q2 bins as

0.6
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0.8
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FIG. 3: Predictions and experimental measurements for RK ,
RK⇤ and R� with the same conventions as Fig. 2. In the
central box, the predictions for RK are given for the bin
[1,6] GeV2, whereas RK⇤ and R� are given in [1.1,6] GeV2.
The low-recoil bin corresponds to [15,22] GeV2, [15,19] GeV2

or [15,18.8] GeV2 for RK , RK? and R� respectively. The
smaller uncertainties in R� (compared to RK?) is due to the
choice of form factors in each case, see Sec. 2.

the RK? LHCb measurements: [0.045, 1.1], [1.1, 6.0] and
[15, 19] GeV2, and calculate the predictions within the
SM as well as within five “good” scenarios from Section 3:

I Scenario 1: CNP
9µ = �1.1,

I Scenario 2: CNP
9µ = �CNP

10µ = �0.61,

I Scenario 3: CNP
9µ = �C 0

9µ = �1.01,

I Scenario 4: CNP
9µ = �3CNP

9e = �1.06,

I Scenario 5: The best fit point in the six-dimensional
fit (Table III).

The results are summarised in Figs. 2 and 3, where
we show only the most interesting cases. We find that:

I As it is well known, RK cannot distinguish between
Scenario 3 and the SM, but it is optimal to identify NP
in the case of Scenarios 1, 2 and 4. However, it cannot
distinguish well among them. This is true in all the
three bins considered here. RK? has large uncertainties
at large recoil, but it has good sensitivity to Scenario 2
in the bin [1.1,6] (although di�cult to distinguish from
the other NP scenarios). In the same bin R� is slightly
better. The low-recoil bin of RK? and R� is particularly
promising to decouple Scenarios 1 and 5 from each other
and the SM, but only if experimental uncertainties are
small.

I hQ̂2i
[0.045,1.1] should be very approximately SM-like.

It may thus be used as a control observable.

I The observable hQ̂5i
[1.1,6] emerges as a promising one
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Furthermore, in LQ models one expects sizeable branch-
ing ratios for b ! s⌧µ processes, reaching 10�5 [75].
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 LHC combinationB(s) → μ+μ−

๏ Latest BR predictions have precision at 4-5% level: 
 

๏ ATLAS+CMS+LHCb combination: 
 

 at 95% CL

ℬ (B0
s → μ+μ−) = (3.66 ± 0.14) × 10−9

ℬ (B0 → μ+μ−) = (1.03 ± 0.05) × 10−10

ℬ (B0
s → μ+μ−) = (2.69+0.37

−0.35) × 10−9

ℬ (B0 → μ+μ−) < 1.9 × 10−10
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Figure 2: Value of �2�lnL for B(B0
s
! µ+µ�) (left) and B(B0 ! µ+µ�) (right), shown

in both as solid black line. In the left-hand plot, the dark (light) green dashed lines
represent the 1� (2�) interval. In the right-hand plot, the dark (light) blue dashed lines
represent the 90% (95%) CL. In both plots, the red solid band shows the SM prediction
with its uncertainty. The published results from the three experiments are detailed in
Ref. [1–3].
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Figure 3: Value of �2�lnL for the ratio of the B0 ! µ+µ� and B0
s
! µ+µ� branching

fractions, R, shown as solid black line. The light (dark) blue dashed line represents the
90% (95%) CL and the red solid band shows the SM prediction with its uncertainty. The
published results from the three experiments are detailed in Ref. [1–3].

68% CL interval (found where �2�lnL = 1), which reads

⌧B0
s!µ+µ� = 1.91+0.37

�0.35 ps. (14)
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Figure 1: In the left-hand plot, the two-dimensional likelihood contours of the results for
the B0

s
! µ+µ� and B0 ! µ+µ� decays for the three experiments are shown together with

their combination. The dataset used was collected from 2011 to 2016. The red dashed line
represents the ATLAS experiment, the green dot-dashed line the CMS experiment, the
blue long-dashed line the LHCb experiment and the continuous line their combination.
For each experiment and for the combination, likelihood contours correspond to the values
of �2�lnL = 2.3, 6.2, and 11.8, respectively. In the right-hand plot, the combination
of the three experiments is shown with contours of di↵erent shades. Likelihood contours
correspond to the values of �2�lnL = 2.3, 6.2, 11.8, 19.3, and 30.2, represented in order
by darkest to less dark colour. In both plots, the red point shows the SM predictions
with their uncertainties. The published results from the three experiments are detailed
in Ref. [1–3].

account. The resulting curve is shown in Fig. 3. The value of the ratio is determined to
be

R = 0.021+0.030
�0.025 (13)

and its upper limit at 90% (95)% CL isR < 0.052 (0.060). The upper limit is computed in
the same manner as for B(B0 ! µ+µ�), by integrating the likelihood only in the positive
region.

The CMS and LHCb experiments also measured the e↵ective lifetime of the observed
B0

s
! µ+µ� candidates. The LHCb B0

s
! µ+µ� e↵ective lifetime is measured from a

fit to the background-subtracted decay-time distribution of signal candidates. The CMS
measurement is determined with a two-dimensional likelihood fit to the proper decay
time and dimuon invariant mass; the model introduced in the likelihood fit adopts the
per-event decay time resolution as a conditional parameter in the resolution model. For
both experiments, the measurement is fully dominated by its statistical uncertainty, hence
the two results are uncorrelated. Two variable-width Gaussian likelihoods are used to
describe the CMS and LHCb original likelihoods and the value of �2�lnL obtained from
these functions (shown in Fig. 4) is then minimised to obtain the combined value and the

6
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2.1σ deviation  
compatible with  
other anomalies
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 lifetimeBs → μμ
• Amplitude asymmetry can reveal new 

(pseudo)scalars contributions even if 
 is SM-likeℬ(B0

s → μ+μ−)

58

Aμμ
ΔΓ =

ΓBs,H→μ+μ− − ΓBs,L→μ+μ−

ΓBs,H→μ+μ− + ΓBs,L→μ+μ−

SM= + 1

τμμ =
τBs

1 − y2
s [

1 + 2Aμμ
ΔΓys + y2

s

1 + Aμμ
ΔΓys ]

ys = τBs
ΔΓ/2 = 0.062 ± 0.006In Fig. 2, we illustrate the situation in the observable space

of the R-A!" plane. It will be interesting to complement
these model-independent considerations with a scan of
popular specific NP models.

Let us finally note that the formalism discussed above
can also straightforwardly be applied to BsðdÞ ! !þ!$

decays where the polarizations of the ! leptons can be
inferred from their decay products [10]. This would allow
an analysis of (13), where nonvanishing C" observables
would unambiguously signal the presence of the scalar S
term. Unfortunately, these measurements are currently out
of reach from the experimental point of view.

Conclusions.—The recently established width differ-
ence !"s implies that the theoretical B0

s ! #þ#$ branch-
ing ratio in (1) has to be rescaled by 1=ð1$ ysÞ for the
comparison with the experimental branching ratio, giving
the SM reference value of ð3:5% 0:2Þ & 10$9. The possi-
bility of NP in the decay introduces an additional relative
uncertainty of %9% originating from A!" 2 ½$1;þ1(.

The effective Bs ! #þ#$ lifetime !#þ#$ offers a new
observable. On the one hand, it allows us to take into
account the Bs width difference in the comparison between
theory and experiments. On the other hand, it also provides
a new, theoretically clean probe of NP. In particular, !#þ#$

may reveal large NP effects, especially those related to
(pseudo-)scalar ‘þ‘$ densities of four-fermion operators
originating from the physics beyond the SM, even in the
case that the B0

s ! #þ#$ branching ratio is close to the
SM prediction.

The determination of !#þ#$ appears feasible with the
large data samples that will be collected in the high-
luminosity running of the LHC with upgraded experiments
and should be further investigated, as this measurement
would open a new era for the exploration of Bs ! #þ#$

at the LHC, which may eventually allow the resolution of
NP contributions to one of the rarest weak decay processes
that nature has to offer.
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Angular analysis of B0 ! K ⇤0e+e�
at very low q2
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: Angular analysisB0 → K*e+e−
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๏ Folding  angle to simplify 
the 3D angular expression: 

ϕ

Angular analysis of B0 ! K ⇤0e+e�
at very low q2
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● 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

 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),
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