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Anomalies 
• Several electroweak penguin decays measurements showed anomalous deviation from 

the expected SM value (in semileptonic decays too, see Manuel's talk tomorrow)

• Large theory uncertainty from hadronic form factors 

• Global fit of Wilson coefficients seems to indicate a coherent pattern!  
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• Several observables appear
di↵erent than SM

• In particular P 0
5 has

significant discrepancy

• Global fits show large
disagreement
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LFU and consequences
• Lepton Flavour Universality (LFU): couplings with 

gauge bosons of all leptons are equal

• QCD uncertainties completely cancel in the ratio

• Cleaner observables can be used to probe NP effects

• Hints of deviation from LFU test consistent with 
 BF and angular analyses if NP only in 

• Possible Lepton Flavour Violation (LFV) as possible 
consequence

b → sμμ μ
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Fig. 1 Likelihood contours of the global fit and several fits to subsets
of observables (see text for details) in the plane of the WET Wilson
coefficients Cbsµµ

9 and Cbsµµ
10 (left), and Cbsµµ

9 and C ′bsµµ
9 (right).

Solid (dashed) contours include (exclude) the Moriond-2019 results for

RK and RK ∗ . As RK only constrains a single combination of Wilson
coefficients in the right plot, its 1σ contour corresponds to "χ2 = 1.
For the other fits, 1 and 2σ contours correspond to "χ2 ≈ 2.3 and 6.2,
respectively

Wilson coefficients are given by6

Cbsµµ
9 = "Cbsµµ

9 + Cuniv.
9 , (15)

Cbsee
9 = Cbsττ

9 = Cuniv.
9 , (16)

Cbsµµ
10 = −"Cbsµµ

9 , (17)

Cbsee
10 = Cbsττ

10 = 0 . (18)

The best fit values in this scenario are Cuniv.
9 = −0.49 and

"Cbsµµ
9 = −0.44 with a

√
"χ2 = 6.8 that corresponds to a

pull of 6.5σ . The updated values of RK (∗) favour a nonzero
lepton flavour universal contribution to C9 in this scenario.

One qualification is in order at this point. It is conceivable
that a new effect in C9, and all the more the Cuniv.

9 contribu-
tion discussed above, is mimicked by a hadronic SM effect
that couples to the lepton current via a virtual photon, for
example charm-loop effects at low q2 and resonance effects
at high q2, see e.g. [81–83]. In our analysis, this possibility
is taken into account in the uncertainty attached to the rele-
vant observables that contribute to the (yellow) b → sµµ
region in Fig. 2. Specifically, non-factorizable effects are
parameterized as in [59] which, at 1σ , envelops the hadronic

6 Such decomposition was adopted for the first time in [80], to which
we refer the reader for additional scenarios beyond the one we consider.
We note that a shift in Cuniv.

10 would not produce a good overall fit. This
may be appreciated from Fig. 1 (left). A Cuniv.

10 shift would only move
the (yellow) b → sµµ region vertically, hence it would not help reach
better agreement with the (blue) NCLFU region. We therefore set non-
muonic C10 contributions to zero for simplicity.
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Fig. 2 Likelihood contours from NCLFU observables (RK (∗) and
DP ′

4,5
), b → sµµ observables, and the global fit in the plane of a

lepton flavour universal contribution toCuniv.
9 ≡ Cbs%%

9 ,∀%, and a muon-
specific contribution to the linear combination C9 = −C10 (see text for
details). Solid (dashed) contours include (exclude) the Moriond-2019
results for RK and RK ∗

effects identified in [10,84]. With such ‘standard’ procedure
(adopted e.g. also in [85–87]), the global fit in Fig. 2 requires
a non-SM Cuniv.

9 shift at slightly more than 1σ .
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LHCb detector
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• Muon identification:

• εµ = 98%, εK→µ = 0.6%,  
επ→µ = 0.3% 

• Trigger efficiency: 
εµ = 90% for selected B decays

• Excellent vertex and IP 
resolution: 
σ(IP) ≃ 24µm at pT = 2GeV

• Good momentum resolution: 
σ(p)/p ≃ 0.4-0.6% for 
p∈(0,100)GeV/c 
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LHCb upgrade

๏ 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

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

32

ICHEP2020, 28 July – 6 August 2020 

LHCb upgrades plan & strategy

Federico Alessio, CERN 6

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

• full software trigger and readout all detectors at 40MHz

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

• Consolidate PID, tracking and ECAL during LS3

LHCb Phase-II upgrade during LS4 beyond Run4 

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

See ICHEP talk by Federico

Upgrade and plans

• Preparing the upgrade for Run3 and Run4 during LS2
• Full software trigger and new readout system, all detector at 40MHz (32 Tbps throughput)

• Replace tracking detectors + PID + VELO,  
• Consolidate PID, tracking and ECAL during LS3 

• Phase-II upgrade during LS4: 

• New detector technologies, 

ℒ = 2 × 1033 cm−2s−1

ℒ = 1.5 × 1034 cm−2s−1

6



Detector upgrade I

7

PID 
new detector + 

electronics

MUON 
new electronics

New Vertex Detector
improved IP 
resolution

New tracking 
stations

Calorimeters 
Reduced PMT gain + 

new electronics

Trigger-less readout & 
software trigger on GPU



Detector upgrade II

8

RICH with new 
photon detectos

, 
TORCH detector

σt < 100 ps/photon

ECAL with finer 
segmentation and 

timing with 
σt ∼ 20 − 50 ps

MUON with MPGD
(µ-RWELL), modified 

shilding

New Vertex Detector || 
smaller pixels, thinner 

sensors,
σt < 200 ps/hit

Si-strips

Improved granularity
Better radiation hardness

Better coverage for low momentum tracks
Timing to distinguish vertices

HW accelerators for online reconstruction
Trigger-less readoutAdditional 

tracking station



Lepton Flavour Universality tests
•  processes excellent probe to test for LUV 

effects 

•  is close to unity in SM, with very small 
uncertainties

• Extremely clean test: 

• cancellation of hadronic form-factors 
uncertainties in predictions 

• Possible deviation from QED corrections ~1% 
below  resonance

• Electrons are very challenging @LHCb!

b → sℓℓ

RK(*)

cc

9

W�

t

�/Z0

b

q

µ+, e+

µ�, e�

s

q
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Decays involving b! s`
+
`
� transitions, where ` represents a lepton, are mediated by

flavour-changing neutral currents. Such decays are suppressed in the Standard Model (SM),
as they proceed only through amplitudes that involve electroweak loop diagrams. These
processes are sensitive to virtual contributions from new particles, which could have masses
that are inaccessible to direct searches for resonances, even at Large Hadron Collider
experiments.

Theoretical predictions for exclusive b! s`
+
`
� decays rely on the calculation of

hadronic e↵ects, and recent measurements have therefore focused on quantities where the
uncertainties from such e↵ects are reduced to some extent, such as angular observables
and ratios of branching fractions. The results of the angular analysis of the decay
B

0
! K

⇤0
µ
+
µ
� [1–9] and measurements of the branching fractions of several b! s`

+
`
�

decays [10–13] are in some tension with SM predictions [14–19]. However, the treatment
of the hadronic e↵ects in the theoretical predictions is still the subject of considerable
debate [20–30].

The electroweak couplings of all three charged leptons are identical in the SM and,
consequently, the decay properties (and the hadronic e↵ects) are expected to be the same
up to corrections related to the lepton mass, regardless of the lepton flavour (referred to
as lepton universality). The ratio of branching fractions for B! Hµ

+
µ
� and B! He

+
e
�

decays, where H is a hadron, can be predicted precisely in an appropriately chosen range
of the dilepton mass squared q

2
min < q

2
< q

2
max [31, 32]. This ratio is defined by

RH =

Z
q
2
max

q
2
min

d�[B! Hµ
+
µ
�]

dq2
dq2

Z
q
2
max

q
2
min

d�[B! He
+
e
�]

dq2
dq2

, (1)

where � is the q2-dependent partial width of the decay. In the range 1.1 < q
2
< 6.0GeV2

/c
4,

such ratios are predicted to be unity with O(1%) precision [33]. The inclusion of charge-
conjugate processes is implied throughout this Letter.

The most precise measurements of RK in the region 1.0 < q
2
< 6.0GeV2

/c
4 and

RK⇤0 in the regions 0.045 < q
2
< 1.1GeV2

/c
4 and 1.1 < q

2
< 6.0GeV2

/c
4 have been

made by the LHCb collaboration and, depending on the theoretical prediction used,
are 2.6 [34], 2.1–2.3 and 2.4–2.5 standard deviations [35] below their respective SM
expectations [20, 21, 33, 36–43]. These tensions and those observed in the angular and
branching-fraction measurements can all be accommodated simultaneously in models with
an additional heavy neutral gauge boson [44–47] or with leptoquarks [48–52].

This Letter presents the most precise measurement of the ratio RK in the range
1.1 < q

2
< 6.0GeV2

/c
4. The analysis is performed using 5.0 fb�1 of proton-proton collision

data collected with the LHCb detector during three data-taking periods in which the
centre-of-mass energy of the collisions was 7, 8 and 13TeV. The data were taken in
the years 2011, 2012 and 2015–2016, respectively. Compared to the previous LHCb RK

measurement [34], the analysis benefits from a larger data sample (an additional 2.0 fb�1

collected in 2015–2016) and an improved reconstruction; moreover the lower limit of the
q
2 range is increased, in order to be compatible with other LHCb b! s`

+
`
� analyses

and to suppress further the contribution from B
+
! �(! `

+
`
�)K+ decays. The results

supersede those of Ref. [34].

1

Bordone, Isidori, Pattori EPJC(2016)76:440  



Electrons
• Triggered on large energy deposit on calorimeter

• Electron ID based on calorimetric information

• Selection is a factor ~3 less efficient than muons

• Boosted b-hadrons from LHC collision: most electron 
emit hard bremsstrahlung 
photon

‣ momentum resolution 
heavily affected.  

10
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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%)
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Figure 34: Distribution for the ECAL of E/pc for electrons (red) and hadrons (blue), as obtained
from the first 340 pb�1 recorded in 2011.
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Figure 35: Electron identification e�ciency versus misidentification rate.
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e±

h±
Electron Bremsstrahlung

Electrons lose a large fraction of their energy through Bremsstrahlung radiation

Bremsstrahlung recovery procedure to improve momentum measurement for
electrons
! Look for photon clusters in the calorimeter (ET > 75MeV) compatible with
electron direction before magnet

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 16/43

16/40

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



 LFU testsB+ → K+ℓ+ℓ−

• Use of double ratio to further reduce systematics:

11

Phys. Rev. Lett. 122 (2019) 191801

Throughout this Letter B
+
! K

+
`
+
`
� refers only to decays with

1.1 < q
2
< 6.0GeV2

/c
4, which are denoted nonresonant, whereas B+

! J/ (! `
+
`
�)K+

decays are referred to as resonant. The nonresonant q
2 range excludes the resonant

B
+
! J/ (! `

+
`
�)K+ region and the high-q2 region that contains contributions from

excited charmonium resonances.
The analysis strategy is designed to reduce systematic uncertainties induced by the

markedly di↵erent reconstruction of decays with muons in the final state compared to
decays with electrons. These di↵erences arise due to the significant bremsstrahlung
emission of the electrons and the di↵erent signatures exploited in the online trigger
selection. Systematic uncertainties that would otherwise a↵ect the calculation of the
e�ciencies of the B

+
! K

+
µ
+
µ
� and B

+
! K

+
e
+
e
� decay modes are suppressed by

measuring RK as a double ratio of branching fractions,

RK =
B(B+

! K
+
µ
+
µ
�)

B(B+
! J/ (! µ

+
µ
�)K+)

�
B(B+

! K
+
e
+
e
�)

B(B+
! J/ (! e

+
e
�)K+)

. (2)

The measurement requires knowledge of the observed yield and the e�ciency to trigger,
reconstruct and select each decay mode. The use of this double ratio exploits the fact
that J/ ! `

+
`
� decays are observed to have lepton-universal branching fractions within

0.4% [53, 54]. Using Eq. (2) then requires the nonresonant B
+
! K

+
e
+
e
� detection

e�ciency to be known only relative to that of the resonant B+
! J/ (! e

+
e
�)K+ decay,

rather than the B
+
! K

+
µ
+
µ
� decay. As the detector signatures of each resonant decay

are similar to those of the corresponding nonresonant decay, systematic e↵ects are reduced
and the precision on RK is dominated by the statistical uncertainty.

After the application of selection criteria, which are discussed below, the four
decay modes B

+
! J/ (! µ

+
µ
�)K+, B

+
! J/ (! e

+
e
�)K+, B

+
! K

+
µ
+
µ
� and

B
+
! K

+
e
+
e
� are separated from the background on a statistical basis, using fits to the

m(K+
`
+
`
�) distributions. For the resonant decays, the mass mJ/ (K+

`
+
`
�) is computed

by constraining the dilepton system to the known J/ mass [54]. This improves the
electron-mode mass resolution (full width at half maximum) from 140 to 24.5MeV/c2 and
the muon-mode mass resolution from 30 to 17.5MeV/c2. The m(K+

`
+
`
�) fit ranges and

the q
2 selection used for the di↵erent decay modes are shown in Table 1. The selection

requirements applied to the resonant and nonresonant decays are otherwise identical. The
two ratios of e�ciencies required to form Eq. (2) are taken from simulation. The simulation
is calibrated using data-derived control channels, including B

+
! J/ (! µ

+
µ
�)K+ and

B
+
! J/ (! e

+
e
�)K+. Correlations arising from the use of these decay modes both for

this calibration and in the determination of the double ratio of Eq. (2) are taken into
account. A further feature of the analysis strategy is that the results were not inspected
until all analysis procedures were finalised.

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, described in detail in Refs. [55, 56]. The detector includes a silicon-strip
vertex detector surrounding the proton-proton interaction region, tracking stations on
either side of a dipole magnet, ring-imaging Cherenkov (RICH) detectors, calorimeters
and muon chambers. The simulation used in this analysis is produced using the software
described in Refs. [57–62]. Final-state radiation is simulated using Photos++ 3.61
in the default configuration [60, 63], which is observed to agree with a full quantum
electrodynamics calculation at the level of 1% [33].

Candidate events are first required to pass a hardware trigger that selects either a high

2



 crosschecksB+ → K+ℓ+ℓ−

• Crosschecks universality in  resonances in all 
kinematic regions

• Can also test that RK measured at the  is 1 

cc

ψ(2S)

12
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Cross-check 4 & 5

• 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�))
,

Result well compatible with unity:

R (2S) = 0.986 ± 0.013 (stat + syst)

! Good compatibility found separately for Run 1 and Run 2 datasets,

and in all trigger categories.

• Checked that the B(B+ ! K+µ+µ�) is compatible with previous

determination [LHCb JHEP06 (2014) 133], but less precise owing to the

selection being optimised for RK .

! Good compatibility between the measurements in the Run 1 and

Run 2 samples is also found.

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 28/43

28/40

[LHCb-PAPER-2019-009]

Cross-check 3: rJ/ in 2D

• Repeat the exercise in 2D, to check against correlated e↵ects.

• Choose q2-dependent variables relevant for the detector response.

• Select B+
! K+J/ (`+`�) events in bins of this 2D space and compute rJ/ 

in each of them
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! Flatness of R2D
J/ plots gives confidence that e�ciencies are understood over all

phase-space

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 27/43
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[LHCb-PAPER-2019-009]

Cross-check 4 & 5

• 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�))
,

Result well compatible with unity:

R (2S) = 0.986 ± 0.013 (stat + syst)

! Good compatibility found separately for Run 1 and Run 2 datasets,

and in all trigger categories.

• Checked that the B(B+ ! K+µ+µ�) is compatible with previous

determination [LHCb JHEP06 (2014) 133], but less precise owing to the

selection being optimised for RK .

! Good compatibility between the measurements in the Run 1 and

Run 2 samples is also found.

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 28/43

28/40

[LHCb-PAPER-2019-009]

Cross-check 2: rJ/ as a function of kinematics
Check that e�ciencies are understood in all kinematic regions ! rJ/ is flat for
all variables examined
! e.g. given expected min(pT (`+), pT (`�)) spectra, bias expected on RK if deviations

are genuine rather than fluctuations is 0.1%
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rJ/ψ =
ℬ(B+ → J/ψ( → μ+μ−)K+)
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 LFU testsB+ → K+ℓ+ℓ−

• Measurement with 2011-2016 (~5 fb–1 at 
√s = 7,8 and 13 TeV) in central q2 bin 
[1-6]GeV2

‣
• Yield of ~766  events vs 

~1943  driving the total 
uncertainty:

‣ 7% statistical error vs 2% systematic

• RK is found to be lower than 1 by ~15% 

‣ Still compatible with the SM at  
level!

RK = 0.846+0.060
−0.054

+0.016
−0.014

B+ → K+e+e−

B+ → K+μ+μ−

2.5σ
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 LFU testsB0 → K*0ℓ+ℓ−

• Results use Run1 data ~3fb–1 of 
integrated luminosity

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

• Upcoming Run1+Run2 analysis expected 
to reduce uncertainty by a factor ~2
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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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RK* = {
0.66+0.11

−0.07 (stat) +0.03
−0.05 (syst) for 0.045 < q2 < 1.1 GeV2/c4

0.69+0.11
−0.07 (stat) +0.05

−0.05 (syst) for 1.1 < q2 < 6.1 GeV2/c4



LFU test with baryons

• First test of LU with b-baryons, using  decays, analogous to , expected 
to be unity in the SM  [Fuentes-Martin et al.] 

• Analysis performed using Run1 + 2016 dataset 

• Region considered for the measurement:  and 

• Efficiency crosschecked with resonant  component in  

Λ0
b → pKℓ+ℓ− R(K(*))

m(pK−) < 2.6 GeV/c2 0.1 < q2 < 6 GeV2/c4

J/ψ 6 < q2 < 11 GeV2/c4
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LFU test with baryons

• First observation of  with more 
than 7σ

Λ0
b → pKe+e−

ℬ(Λ0
b → pKe+e−)

0.1<q2<6GeV2/c4
= (3.1 ± 0.4 ± 0.2 ± 0.3±0.4

0.3) × 10−7

ℬ(Λ0
b → pKμ+μ−)

0.1<q2<6GeV2/c4
= (2.65 ± 0.14 ± 0.12 ± 0.29±0.38

0.23) × 10−7

RpK
0.1<q2<6GeV2/c4

= 0.86+0.14
−0.11 ± 0.05
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Prospects for  measurements in LHCbRX
• Precision driven by the electron 

mode and projection based on the 
current performances

• RK hitting QED uncertainty during 
Run 6

• Higher statistics will give access 
to additional observables such 
as Rπ

17

affected by NP contributions, which will put important constraints on the structure of these
contributions [121, 122].

In the case that there will be no change in the central value currently observed for RK and
RK* by the LHCb experiment, around 2025 both Belle-II and LHCb will be able to confirm
LU violation in b s ℓ ℓl � � transitions with a precision significantly larger than 5 σ. For
LHCb, the current systematic uncertainties are of the order of 4%–5%, but a significant part of
these is statistical in nature. Starting from 2018, the ATLAS and CMS experiments are
recording data with a B trigger in order to measure the RK and RK* ratios, however, the
expected precisions are not yet known.

Concerning angular observables, the LHCb collaboration has measured the P4a and P5a
observables in the B K0 0* N Nl � � decay mode [135] with a precision of the order of 11%.
An angular analysis of the B K e e0 0*l � � decay has been performed in a different q2 region
with an observed yield of about 120 events [236]. An extrapolation of this work indicates that
it should be possible to distinguish between different NP scenarios using these modes [235].
In the case of Belle-II, the precision on the Q4 and Q5 observabls is expected to reach about
5% for the three q2 bins (1–2.5, 2.5–4 and 4–6 cGeV2 4) [234].

The size of the LHCb data sample after the Upgrade-II (300 fb 1� )makes this a unique place
to search for LU breaking in b d ℓ ℓl � � due to the smallness of their branching fractions. In
particular, the expected statistical precision for R B B e e� �Q N N Q� l lQ

o o � � o o � �( ) ( ) in
the q2 range between 1.1 and 6 cGeV2 4 is around 4%.

9.3. Additional observables

The LU deviations observed in both FCCC and FCNC b-quark decays can be analysed by
invoking NP occurring through different kinds of operators (in the EFT approach) or different

Figure 25. Projected uncertainty for various RHs ratios from the Belle-II and LHCb
experiments (years are indicative) in the range q c1 6 GeV2 2 4_ � � . The Belle-II
values include estimates of the evolution of the systematic uncertainties (for RK*, the
charged and neutral channels have been combined). The LHCb uncertainties are
statistical only (the precision of all measurements will be dominated by the size of the
available data samples except for RK and RK* at 300 fb 1� ).
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Test of LFU with  decaysB0
(s) → e+e−

• Helicity suppressed by  relative to 

•

•

• NP effects could increase BFs by 

• Current analysis performed on Run1+2015+2016 data

• Signal extracted from UML fit on 

‣
‣

𝒪(10−4) B0
(s) → μ+μ−

ℬ(B0
s → e+e−) = (8.35 ± 0.39) × 10−14

ℬ(B0 → e+e−) = (2.39 ± 0.14) × 10−15

𝒪(106)

me+e−

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

ℬ(B0 → e+e−) < 3.0 × 10−9 at 95 % CL
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Prospects
•  already probing possible LUV 

scenarios

• Potential backgrounds like  
might become relevant with larger statistics

• Electron reconstruction/PID unknown after 
UpgradeII 

• Also  even if far from SM 
expectations still powerful tool to 
constraint NP Leptoquark models

• Run1:  

• 300 fb–1: 

B0
s → e+e−

B0
s → e+e−γ

B0
(s) → τ+τ−

ℬ(B0
(s) → τ+τ−) < 6.8 × 10−3@95 % CL

ℬ(B0
(s) → τ+τ−) < 2.6 − 5 × 10−4@95 % CL
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Lepton flavour violations measurements
• Lepton Flavour Violation forbidden in the SM

• Observation of neutrino oscillation → evidence 
of LFV in the neutral sector. However no 
observation of LFV in the charged sector so far

                       

µ

W

⌫µ ⌫e e

W

�

<latexit sha1_base64="XILg6lMqMAQfXNJ+0Y8C3Dcf/sc="></latexit>

ℬ(μ → eγ) < 10−50
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• If LFUV confirmed 

➡Interesting correlation with  and 
 LFV processes in several BSM 

models

b → sτμ
b → sμe
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Figure 3. Left: contours and excluded region for B → Kτµ = (B → Kτ+µ− + B → Kτ−µ+)/2
for C22

9 = −0.5, i.e. assuming that C22
9 takes the central value obtained from the b → sµ+µ− fit.

The colored regions are allowed by the various processes. For R(D) and R(D∗) we used again the
weighted average for R(D(∗))EXP/R(D(∗))SM. Right: the contour lines show Br[τ → µγ] × 108.
The gray region is excluded by the current upper limit and (light) red region is allowed by aµ at
the (2σ) 1σ level. Note that both δaµ and τ → µγ are only a function of λL

33/λ
L
32 and therefore

independent of b → sµ+µ− transitions.

3.2 b → sµ+µ− and b → sτ±µ∓

Let us now consider the effect of including b → sµ+µ− transitions in our analysis. In this

case effects in B → D(∗)µν/B → D(∗)eν are predicted if still addressing R(D) and R(D∗)

simultaneously. We checked that the effect is at the per-mill level which is compatible

with BELLE and BABAR measurements.3 However, interesting correlations with b → sτµ

processes appear. Here we find

C32
9 = −2

π

α

Vcb

V ∗
ts

λL
32

λL
33

(√
XD(∗) − 1

)
, (3.2)

C23
9 =

λL
33

λL
32

C22
9 , (3.3)

which depends only on the ratio λL
33/λ

L
32 as a free parameter. Note that the dependence

on C22
9 is much weaker than on XD(∗) . The resulting bounds and predictions are shown in

the left plot of figure 3. We take the experimental limit [90]

Br [B → Kτµ] < 4.8× 10−5 . (3.4)

Note that R(D(∗)) can only be fully explained for λL
33/λ

L
32 > 1.

3This is contrary to ref. [13] which cannot explain R(D(∗)) and b → sµ+µ− data simultaneously without

violating the bounds from B → D(∗)µν/B → D(∗)eν as pointed out in ref. [88]. However, this tension can

be relieved with leptoquarks masses larger than 5TeV [89].
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for C22

9 = −0.5, i.e. assuming that C22
9 takes the central value obtained from the b → sµ+µ− fit.

The colored regions are allowed by the various processes. For R(D) and R(D∗) we used again the
weighted average for R(D(∗))EXP/R(D(∗))SM. Right: the contour lines show Br[τ → µγ] × 108.
The gray region is excluded by the current upper limit and (light) red region is allowed by aµ at
the (2σ) 1σ level. Note that both δaµ and τ → µγ are only a function of λL

33/λ
L
32 and therefore

independent of b → sµ+µ− transitions.

3.2 b → sµ+µ− and b → sτ±µ∓

Let us now consider the effect of including b → sµ+µ− transitions in our analysis. In this

case effects in B → D(∗)µν/B → D(∗)eν are predicted if still addressing R(D) and R(D∗)

simultaneously. We checked that the effect is at the per-mill level which is compatible

with BELLE and BABAR measurements.3 However, interesting correlations with b → sτµ

processes appear. Here we find
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, (3.2)

C23
9 =

λL
33

λL
32

C22
9 , (3.3)

which depends only on the ratio λL
33/λ

L
32 as a free parameter. Note that the dependence

on C22
9 is much weaker than on XD(∗) . The resulting bounds and predictions are shown in

the left plot of figure 3. We take the experimental limit [90]

Br [B → Kτµ] < 4.8× 10−5 . (3.4)

Note that R(D(∗)) can only be fully explained for λL
33/λ

L
32 > 1.

3This is contrary to ref. [13] which cannot explain R(D(∗)) and b → sµ+µ− data simultaneously without

violating the bounds from B → D(∗)µν/B → D(∗)eν as pointed out in ref. [88]. However, this tension can

be relieved with leptoquarks masses larger than 5TeV [89].
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B0
(s) → τ±μ∓

• BF can be ~O(10–5) in some models with Z'/
leptoquarks [JHEP 11 (2016) 035]

• LHCb analysis with Run1 data (3 fb-1) 

• Reconstruct  candidates using the 
3-prong τ decays

• Events classified with multivariate operator and 
invariant mass (kinematically constrained)

B0
(s) → τ±μ∓

21
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B0
(s) → τ±μ∓

• Already very effective in 
constraining BSM models such 
Pati-Salam extensions

• Complementary to cLFV searches 
with τ

22
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Figure 7. Left: 68% (dark blue) and 95% (light blue) posterior probabilities of B(τ → µγ) and
B(B+ → K+τ+µ−) from the global fit. The black lines denote the 95% posterior probabilities
fixing ∆RK = −0.3 (solid) and ∆RK = −0.2 (dashed). The red bands show the 90% CL exclusion
limits for these observables. Right: 68% (dark blue) and 95% (light blue) posterior probabilities of
B(τ → 3µ) and B(Bs → τ+µ−) from the global fit.

in figure 7 (right). However, in this case the effect is diluted by the uncertainty on Z ′ mass

and couplings, which are not strongly constrained by other observables.

As a final comment, it is worth stressing that this low-energy fit does not pose stringent

constraints on the masses of the heavy vector bosons. The low-energy observables constrain

only the effective Fermi couplings in eq. (2.23), or ω1,3. Still, we can derive a well-defined

range for vector boson masses taking into account that gU # gc: setting 2.5 ≤ gU ≤ 3.0,

the masses of Z ′, U , and G′ range between 2 and 3TeV.

6 Conclusions

The main idea behind the PS3 model is that the flavor universality of strong, weak, and

electromagnetic interactions observed at low energies is only a low-energy property: the

ultraviolet completion of the SM is a theory where gauge interactions are completely flavor

non-universal, with each fermion family being charged under its own gauge group. The

motivation for this hypothesis, and the explicit construction of the PS3 model presented

in ref. [1] is twofold: it explains the pattern of anomalies recently observed in B meson

decays and, at the same time, the well-known hierarchical structure of quark and lepton

mass matrices. These two phenomena turn out to be closely connected: they both follow

from the dynamical breaking of the flavor non-universal gauge structure holding at high

energies down to the SM.

On general grounds, low-energy observables put very stringent constraints on flavor

non-universal interactions mediated by TeV-scale bosons, as expected in the PS3 model.

In this paper we have presented a comprehensive analysis of such constrains, and the cor-

responding implications for future low-energy measurements. As far as the constraints are

– 24 –
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LHCb upgrades plan & strategy

Federico Alessio, CERN 6

LHCb Phase-I upgrade ongoing now during LS2 for Run3 and Run4
• full software trigger and readout all detectors at 40MHz
• replace tracking detectors + PID + VELO and � ~ 2 x 1033 sec-1 cm-2

• Consolidate PID, tracking and ECAL during LS3

LHCb Phase-II upgrade during LS4 beyond Run4 
• Use new detector technologies + timing to increase � ~ 1.5 x 1034 sec-1 cm-2

LHCb Run1 Upgrade I Upgrade II
ℬ(B0 → e±μ∓) < 1.3 × 10−9 < 2 × 10−10 < 9 × 10−11

ℬ(B0
s → e±μ∓) < 6.3 × 10−9 < 8 × 10−10 < 3 × 10−10

ℬ(B0 → τ±μ∓) < 1.4 × 10−5 − < 3 × 10−6

projections @95% CL



B+ → K+μ±e∓

• Leptoquark/Z' scenario: 

• Leptoquarks: [PRD 97 (2018) 015019, JHEP 
06 (2015) 072, JHEP 12 (2016) 027]

• Z’: [PRD 92 (2015) 054013]

• Search for  performed with 
Run1 (3fb–1)

•

•

ℬ ∼ 𝒪(10−9 − 10−8)

B+ → K+μ±e∓

ℬ(B+ → K+μ+e−) < 8.8 × 10−9 @95 % CL

ℬ(B+ → K+μ−e+) < 9.5 × 10−9 @95 % CL
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Projections
• Expected upper limit scales with 

• Selection improvement gains quite a 
bit

• Strongly constraining New Physics 
predictions

• Potential backgrounds like 
 might become 

relevant with larger statistics

ℒ

B+ → K+π+π−

25

Unofficial
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B+ → K+μ−τ−

• BSM models predict to have large enhancement:

• PS3 model predicts BF ~ 10–5

• Best experimental limit from BaBar

•
• Analysis performed on Run1 and Run2 data 

•  four-momentum fully reconstructed using 
 decays (~1% of B+ production)

• kinematic constraint to reconstruct missing 
mass 

ℬ(B+ → K+μ−τ+) < 2.8 × 10−5 @90 % CL

τ
B*0

s2 → B+K−

mτ
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B+ → K+μ−τ−

• Simultaneous fit in four bins of BDT:

• background shape from same-sign kaon 
sample

• No excess of events observed 

• CLs method used to set the limit:

•

• Promising analysis using three-prong  decays

ℬ(B+ → K+μ−τ+) < 3.9(4.5) × 10−5 @90 % (95%) CL

τ
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Figure 4. Scan of the p-value in the signal branching fraction used to determine the CLs upper
limits, compared to the expected one. Scan points below the best-fit branching fraction are not
shown. The horizontal red line shows a p-value of 0.1, used to define the 90% CL upper limit.
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LFV in the charm sector
• Searches for 25 new charm rare/LFV/LNV

• preliminary results compatible with bkg-only hypothesis
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Conclusions Summary
• FCNC is a powerful tool to probe for NP effects

• Current anomalies in  processes suggest possible NP. Update of LFU can 
possibly show an evidence of NP already with full Run2 data.

• Additional decays can be exploited (Baryons) for the search for BSM effects.

• LFV searches with the LHCb detector can strongly constraints the parameters space of 
several BSM models.

• LHCb upgrades will provide the statistical power to discriminate between NP models, 
and provide access to additional observables.

b → sℓℓ

29



Backup

30



Effective theory
• Similarly to the β-decay we can integrate out the heavy field of the SM

• Model independent description in effective field theory:

•
Heff = � 4GFp

2⇡
V ⇤
tsVtb

X

i

[CiOi + C 0
iO0

i]
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Full theory Effective description

• Ci Wilson coefficients encoding 
info of the short distance physics 

• Oi four-fermion operators



Possible terms

32

(mb /e)(sσμνPRbFμν)

(sγμPLb)(ℓγμℓ)

(sγμPLb)(ℓγμγ5ℓ)

(sPRb)(ℓℓ)

(sPRb)(ℓγ5ℓ)

O7(‘) x x

O9(‘) x

O10(‘) x x

OS(‘),OP(‘) x

W

t t

b s

�
<latexit sha1_base64="/pbUaa5L4AK+jqlWrjMm8PzWsGU="></latexit><latexit sha1_base64="/pbUaa5L4AK+jqlWrjMm8PzWsGU="></latexit><latexit sha1_base64="/pbUaa5L4AK+jqlWrjMm8PzWsGU="></latexit><latexit sha1_base64="/pbUaa5L4AK+jqlWrjMm8PzWsGU="></latexit>

W

t t

Z0, �

`

b

`

s

<latexit sha1_base64="xR77IFdveO8w6cQ0W2AA+P8kVxo="></latexit><latexit sha1_base64="xR77IFdveO8w6cQ0W2AA+P8kVxo="></latexit><latexit sha1_base64="xR77IFdveO8w6cQ0W2AA+P8kVxo="></latexit><latexit sha1_base64="xR77IFdveO8w6cQ0W2AA+P8kVxo="></latexit>

W
b

W

⌫

s

b

`

`

<latexit sha1_base64="tsbm19GXMkzVZMflkoBZ16cx8j4="></latexit><latexit sha1_base64="tsbm19GXMkzVZMflkoBZ16cx8j4="></latexit><latexit sha1_base64="tsbm19GXMkzVZMflkoBZ16cx8j4="></latexit><latexit sha1_base64="tsbm19GXMkzVZMflkoBZ16cx8j4="></latexit>

NP

W

t

NP

s

b

`

`

<latexit sha1_base64="bzitzq3nnNLflExw8p+pm7pAJnY="></latexit><latexit sha1_base64="bzitzq3nnNLflExw8p+pm7pAJnY="></latexit><latexit sha1_base64="bzitzq3nnNLflExw8p+pm7pAJnY="></latexit><latexit sha1_base64="bzitzq3nnNLflExw8p+pm7pAJnY="></latexit>

b → sℓℓ B0
(s) → ℓ+ℓ− b → sγ



 LFU testsB0 → K*0ℓ+ℓ−

• Results use Run1 data ~3fb–1 of integrated luminosity

• Measure the double ratio with the resonant mode B→ K*J/ψ(→ℓ+ℓ–)

• Fit B mass in two q2 regions: low [0.045-1.1] GeV2/c4 and central [1.1-6.0] GeV2/c4

33
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 LFU testsB0 → K*0ℓ+ℓ−

• Similar deviation observed in  analysis on Run1 data ~3fb–1RK*

34

 modeJ/ψ0.045 < q2 < 1.1 GeV2/c4 1.1 < q2 < 6.0 GeV2/c4
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RK* crosschecks 
• Measure single ratio for the J/ψ mode to control 

absolute scale of the efficiencies:

•
• Additional cross-check from measurement of the ratio:

•
• measured with 2% precision compatible with 1 within 

1σ

• Splot technique used to statistically subtract 
background from data → good agreement between 
data and simulation

rJ/ =
B(B0 ! K⇤0J/ (! µ+µ�))

B(B0 ! K⇤0J/ (! e+e�))
= 1.043± 0.006(stat)± 0.045(syst)

R (2S) =
B(B0 ! K⇤0 (2S)(! µ+µ�))

B(B0 ! K⇤0J/ (! µ+µ�))

�
B(B0 ! K⇤0 (2S)(! e+e�))

B(B0 ! K⇤0J/ (! e+e�))
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Physics Motivation
•  decays only proceed through FCNC  

processes and are highly suppressed in SM (Loop + helicity)

• An excellent probe to look for NP.
• What to measure:

- Branching fractions:  may start to enter precision regime, while 
first evidence of  might emerge.

- Effective lifetime: only the heavy  state can decay into µµ in the SM; different 
composition of states may be allowed by NP.   

• SM predictions:

•

•

•

B0
(s) → μ+μ−

B0
s → μ+μ−

B0 → μ+μ−

Bs

ℬ(B0
s → μ+μ−) = (3.66 ± 0.14) × 10−9

ℬ(B0 → μ+μ−) = (1.03 ± 0.05) × 10−10

τμμ = 1.609 ± 0.010 ps
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Resulting 
τμμ = 2.05 ± 0.44 ± 0.05 ps

High BDT mass projection

2D contours

Decay time sPlot

• Analysis uses Run1 + 1.4fb−1 of Run2 data:

•

•
• Signal significance of 7.8σ and 1.6σ 

ℬ(B0
s → μ+μ−) = (3.0 ± 0.6(stat)+0.3

−0.2(syst)) × 10−9

ℬ(B0 → μ+μ−) < 3.4 × 10−10 @ 95 % CL



Results: Combined 2D Contours
• The 3 binned log-likelihoods are summed + 

shifted to zero.

• Apply the analytic model on the combined 2D 
likelihood histogram to obtain the combined 
branching fractions.

• Results:

•

•
• Compatibility with the SM in 2D: 2.1σ

ℬ(B0
s → μ+μ−) = (2.69 + 0.37

− 0.35) × 10−9

ℬ(B0 → μ+μ−) = (0.6 ± 0.7) × 10−10
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Results: Combined 1D Likelihood Curves
• Profile 1D likelihoods for one of the branching fractions, and the ratio  

, as obtained from the 2D contours:

•
•

• Compatibility with SM for  and : 2.4σ and 0.6σ

ℛ = ℬ(B0 → μ+μ−)/ℬ(B0
s → μ+μ−)

ℬ(B0 → μ+μ−) < 1.6 (1.9) × 10−10 @ 90 % (95%) CL

ℛ < 0.052 (0.060) × 10−10 @ 90 % (95%) CL

B0
s → μ+μ− B0 → μ+μ−
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