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The LHCb experiment

The LHCb is a dedicated flavour detector 

 mostly produced in forward-backward region  

Around   pairs collected to date
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 decaysb → sℓℓ
 is a Flavour Changing Neutral Current 

Suppressed in the SM  

New Physics contributions could therefore cause significant deviations of physical 
observables from their SM predictions

b → sℓℓ

c 2

 New Physics contributions 
can compete with SM amplitudes

Patrick Owen PHY 451 guest lectures

• The idea is that because these are loop suppressed, NP can compete quite easily with the SM decay 
amplitude.
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Figure 1: Feynman diagrams in the Standard Model for the two classes of processes examined in this article. Top:

charged-current b ! c`+⌫` tree-level transition. Bottom: neutral-current b ! s`+`� loop-level transition

Very recently, LHCb has produced another R(D⇤) measurement by exploiting the decay of the ⌧ lepton
into three charged pions and a neutrino. This measurement was considered to be unfeasible due to the large
backgrounds from B decays into the same visible final state as signal and the apparent lack of discriminating
variables. Nevertheless, the presence of a ⌧ decay vertex significantly detached from the b-hadron decay vertex
allows to suppress the most abundant backgrounds. The residual background, due to b-hadron decaying to a
D⇤ and another charm meson that subsequently gives three pions in a detached vertex topology, is reduced
by exploiting the di↵erent resonant structure of the three-pion system. The resulting measurement of R(D⇤)
is larger than, although compatible with, the SM prediction, and consistent with previous determinations.
The combined world average (Fig. 2) of R(D⇤) and R(D) measurements, known at 5% and 10% respectively,
remains in tension with the SM prediction at a level of four standard deviations. This provides solid motivation
for further LU tests in semitauonic decays of b hadrons.

The LHCb collaboration will therefore continue performing measurements in this sector, by extending the
already performed R(D⇤) measurements on the datasets collected in Run2, and by studying the decays of
other b hadrons. For example, the first measurement of R(J/ ) has been performed, that tests LU in the
Bc sector. Again, a value higher than the SM expectation has been found, even though the uncertainties
are still significant and the SM prediction not firm yet. An important extension of this already rich physics
program will regard the study of observables other than branching fractions, such as polarization and angular
distributions of the final state particles, that will give crucial insight in the interpretation of the current
anomaly, if confirmed, in terms of new physics models.

In contrast to tree-level semileptonic decays, b ! s`` transitions are highly suppressed as there are no FCNC
in the SM. This suppression increases the sensitivity to the possible existence of new particles. The presence
of such particles could lead to a sizeable increase or decrease in the rate of particular decays, or change the
angular distribution of the final-state particles. Tests of LU in these decays involve measurements of ratios of
branching fractions between electron and muon decay modes RK(⇤) = B(B ! K(⇤)µ+µ�)/B(B ! K(⇤)e+e�).

2

SM NP

• If NP couples strongly and is light enough, it will significantly alter the behaviour compared to the SM 
expectation.
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Figure 2. Belle (a) and LHCb (b) single event displays illustrating the reconstruction of semileptonic B meson decays: Trajectories
of charged particles are shown as colored solid lines, energy deposits in the calorimeters are depicted by red bars. The Belle display is
an end view perpendicular to the beam axis with the silicon detector in the center (small orange circle) and the device measuring the
particle velocity (dark purple polygon). This is a ° (4S) ! B

+
B
� event, with B

� ! D
0t�n̄t , D

0 ! K
�p+ and t� ! e

�nt n̄e, and the
B

+ decaying to five charged particles (white solid lines) and two photons. The trajectories of undetected neutrinos are marked as
dashed yellow lines. The LHCb display is a side view with the proton beams indicated as a white horizontal line with the interaction
point far to the left, followed by the dipole magnet (white trapezoid) and the Cherenkov detector (red lines). The area close to the
interaction point is enlarged above, showing the tracks of the charged particles produced in the pp interaction, the B

0 path (dotted
orange line), and its decay B̄0 ! D

⇤+t�n̄t with D
⇤+ ! D

0p+ and D
0 ! K

�p+, plus the µ� from the decay of a very short-lived t�.

typically produced at small angles to the beam and with high
momenta, features that determined the design of the LHCb detec-
tor [25, 26], a single arm forward spectrometer, covering the polar
angle range of 3�23 degrees. The high momentum and relatively
long B hadron lifetime result in decay distances of several cm.
Very precise measurements of the pp interaction point, combined
with the detection of charged particle trajectories from B decays
which do not intersect this point, are the very effective, primary
method to separate B decays from background.

All three experiments rely on several layers of finely seg-
mented silicon strip detectors to locate the beam-beam interaction
point and decay vertices of long-lived particles. A combination
of silicon strip detectors and multiple layers of gaseous detec-
tors measure the trajectories of charged particles, and determine
their momenta from the deflection in a magnetic field. Examples
of reconstructed signal events recorded by the LHCb and Belle
experiments are shown in Figure 2.

For a given momentum, charged particles of different masses,
primarily pions and kaons, are identified by their different ve-
locities. All three experiments make use of devices which sense
Cherenkov radiation, emitted by particles with velocities that ex-
ceed the speed of light in a chosen radiator material. For lower
velocity particles, Belle complements this with time-of-flight
measurements. BABAR and Belle also measure the velocity-
dependent energy loss due to ionization in the tracking detectors.
Arrays of cesium iodide crystals measure the energy of photons

and identify electrons in BABAR and Belle. Muons are identified
as particles penetrating a stack of steel absorbers interleaved with
large area gaseous detectors.

Measurements of B
� ! t�nt decays

The decays B
� ! t�nt with two or three neutrinos in the final

state have only been observed by BABAR and Belle. These
two experiments exploit the BB pair production at the ° (4S)
resonance via the process e

+
e
� !° (4S) ! BB. These BB pairs

can be tagged by the reconstruction of a hadronic or semileptonic
decay of one of the two B mesons, referred to as Btag. If this
decay is correctly reconstructed, all remaining particles in the
event originate from the other B decay.

BABAR and Belle have independently developed two sets of
algorithms to tag BB events. The hadronic tag algorithms [27, 28]
search for the best match between one of more than a thousand
possible decay chains and a subset of all detected particles in
the event. The efficiency for finding a correctly matched Btag is
unfortunately quite small, 0.3%. The benefit of reconstructing
all final state particles is that the total energy, Emiss, and vector
momentum, ~pmiss, of all undetected particles of the other B decay
can be inferred from energy and momentum conservation. The
invariant mass squared of all undetected particles, m

2
miss = E

2
miss�

~p2
miss, is used to distinguish events with one neutrino (m2

miss ⇡ 0)
from events with multiple neutrinos or other missing particles
(m2

miss > 0).
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Figure 4: Example of Feynman diagrams of leptoquark-mediated b ! c`⌫ and b ! s`` transitions.
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search for the best match between one of more than a thousand
possible decay chains and a subset of all detected particles in
the event. The efficiency for finding a correctly matched Btag is
unfortunately quite small, 0.3%. The benefit of reconstructing
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Result of all  measurementsb → sℓℓ

NP or missing SM effects?

~4σ

arXiv:2304.07330

Joint annual meeting SPS/ÖPG Martin Andersson

Constrained by angular  
analysis of B0 → K*0μ+μ−

https://arxiv.org/abs/2304.07330


Anomalies in this mode from previous slide are measured in the  peak 

Upper region is currently not well constrained (arXiv:1609.04736) and composed 
of many resonances

K*0(892)

The high  regionm(K+π−)

c 4Joint annual meeting SPS/ÖPG Martin Andersson

PRL 122, 152002

https://arxiv.org/pdf/1609.04736.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.152002


Branching fraction measurement at high Kπ

c Martin Andersson 5

 

Measure in  bins across the full 
kinematic range 

Theory predictions in high-  suffer 
less from hadronic uncertainties 
arXiv:2305.03076 

Charmonium resonances are vetoed

ℬ(B0 → K+π−μ+μ−) =
Γ(B0 → K+π−μ+μ−)

Γ(B0 → X)

q2

q2

 = [invariant mass  
of dimuon system]2
q2

Joint annual meeting SPS/ÖPG 

https://arxiv.org/abs/2305.03076


PRL 127, 151801 

Ingredients to branching fraction measurements
Normalisation commonly done w.r.t. the  mode at LHCb 

 

Limited by the uncertainty on the normalisation channel

J/ψ
dℬ(B → Hμ+μ−)
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Figure 1: Reconstructed invariant mass of the K+K�µ+µ� system for (left) the B0
s ! J/ �

normalization mode and (right) the B0
s ! �µ+µ� signal candidates, integrated over q2 and

overlaid with the fit projections.

N�µ+µ� , of 458± 12, 484± 13, and 1064± 28 are found from the simultaneous fit to the
di↵erent data sets. Figure 1 (right) shows the m(K+K�µ+µ�) distribution of the full
data sample, integrated over q2 and overlaid with the fit projections. Figures for the
di↵erent data-taking periods are available as Supplemental Material.

The relative branching fraction measurement is a↵ected by systematic uncertainties on
the fit model and the e�ciency ratio, where the latter is determined using SM simulation.
A summary of the systematic uncertainties is provided in the Supplemental Material. The
dominant systematic uncertainty on the absolute branching fraction (Eq. 1) originates
from the model used to simulate B0

s ! �µ+µ� events (0.04–0.10⇥ 10�8GeV�2c4). The
model depends on ��s, the decay width di↵erence in the B0

s system [31], and the specific
form factors used. The e↵ect of the model-choice on the relative e�ciency is assessed
by varying ��s by 20%, corresponding to the di↵erence in ��s between the default
value [32] and that of Ref. [26], and by comparing the form factors in Ref. [33] with
the older calculations in Ref. [34]. The observed di↵erences are taken as a systematic
uncertainty. Other leading sources of systematic uncertainty arise from the limited size of
the simulation sample (0.02–0.07⇥ 10�8GeV�2c4) and the omission of small background
contributions from the fit model (0.01–0.04⇥ 10�8GeV�2c4).

The resulting relative and total branching fractions are given in Table 1. In addition,
the di↵erential branching fraction is shown in Fig. 2, overlaid with SM predictions.
These predictions are based on form factor calculations using Light Cone Sum Rules
(LCSRs) [33, 35] at low q2 and Lattice QCD (LQCD) [36, 37] at high q2, which are
implemented in the flavio software package [38]. In the q2 region between 1.1 and
6.0GeV2/c4, the measured branching fraction of (2.88± 0.22)⇥ 10�8GeV�2c4, lies 3.6 �
below a precise SM prediction of (5.37± 0.66)⇥ 10�8GeV�2c4 which uses both LCSR and
LQCD calculations. A less precise SM prediction of (4.77± 1.01)⇥ 10�8GeV�2c4 based
on LCSRs alone lies 1.8 � above the measurement. To determine the total branching
fraction, the branching fractions of the individual q2 intervals are summed and corrected
for the vetoed q2 regions using ✏q2 veto = (65.47± 0.27)%. This e�ciency is determined
using SM simulation, and its uncertainty originates from the comparison of form factors
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https://arxiv.org/abs/2105.14007
https://arxiv.org/abs/2105.14007


B-meson average flight before decaying 

High  of daughter particles 

    :    

 :  

PT

μ PT > 800 MeV/c
K* PT > 500 MeV/c

General selection
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Figure 14: Reconstructed Cherenkov angle as a function of track momentum in the C4F10

radiator

ring does not overlap with any other ring from the same radiator.
Figure 14 shows the Cherenkov angle as a function of particle momentum using information

from the C4F10 radiator for isolated tracks selected in data (∼ 2% of all tracks). As expected, the
events are distributed into distinct bands according to their mass. Whilst the RICH detectors
are primarily used for hadron identification, it is worth noting that a distinct muon band can
also be observed.

5.3 PID calibration samples

In order to determine the PID performance on data, high statistics samples of genuine K±, π±,
p and p̄ tracks are needed. The selection of such control samples must be independent of PID
information, which would otherwise bias the result. The strategy employed is to reconstruct,
through purely kinematic selections independent of RICH information, exclusive decays of
particles copiously produced and reconstructed at LHCb.

The following decays, and their charge conjugates, are identified: K0
S → π+π−, Λ →pπ−,

D∗+ → D0(K−π+)π+. This ensemble of final states provides a complete set of charged particle
types needed to comprehensively assess the RICH detectors hadron PID performance. As
demonstrated in Fig. 15, the K0

S, Λ, and D∗ selections have extremely high purity.
While high purity samples of the control modes can be gathered through purely kinematic

requirements alone, the residual backgrounds present within each must still be accounted for.
To distinguish background from signal, a likelihood technique, called sPlot [23], is used, where
the invariant mass of the composite particle K0

S,Λ, D
0 is used as the discriminating variable.

The power of the RICH PID can be appreciated by considering the ∆logL distributions for
each track type from the control samples. Figures 16(a-c) show the corresponding distributions
in the 2D plane of ∆logL(K − π) versus ∆logL(p − π). Each particle type is seen within a
quadrant of the two dimensional ∆logL space, and demonstrates the powerful discrimination
of the RICH.
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Multivariate classifier
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Done to reduce the combinatorial background 

Originates from incorrectly vertexed tracks  

Want to discriminate between signal and combinatorial 
background 

Using ~20 weakly discriminatory variables to  
create 1 strongly discriminating variable 

Signal proxy: Background subtracted  data 
Background proxy:  data above                                   
bbbbbbbbbbbbbbbb

B0 → J/ψK+π−

B0 → K+π−μ+μ−

mKπμμ > 5500 MeV



Peaking backgrounds
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Remaining backgrounds  

Same topology as signal, sometimes much larger branching fractions 

Need more dedicated selection 

Some examples: 

, hadron-lepton swaps 

,  with additional random  

,   mis-identified as  

The contamination from these is studied using simulation

B0 → K*0
892( → K+π−)J/ψ( → μ+μ−)

B+ → K+μ+μ− π

B0
s → f 0

980( → π+π−)μ+μ− π K



Peaking backgrounds - an example
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A common swap in LHCb:  

 , hadron-lepton swaps, large branching fraction! 

Events vetoed if: 

 or  
 in  or  

respectively 
AND 
lepton is hadron-like, or 
hadron is lepton-like 

 Contamination: 

π ↔ μ

B0 → K*0
892( → K+π−)J/ψ( → μ+μ−)

m(π→μKμ→πμ)J/ψ constr
m(μ→πμ) mB J/ψ

0.8 ± 0.2 %

Signal MC

Signal MC

Bkg MC

Bkg MC
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Control mode  mass fits B0
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Clean enough data to fit the  region! 

Only signal and combinatorial 
background remains 

Signal modelled by a gaussian with 
exponential tails 

Combinatorial background modelled by 
an exponential

J/ψ

LHCb Unofficial

0.8 fb−1

Contamination from the studied backgrounds are ≲ 1 %
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Corrections to simulation
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Need to trust simulation to trust the evaluated efficiencies 

Corrections found from  

Per event weights found by comparing 
simulation and LHCb Data 

Developed for the published  analysis 
arXiv:2212.0915 

Need to correct B kinematics, event multiplicity, 
 response of the PID detectors and hardware trigger

B0 → K*0J/ψ( → μ+μ−)

RK*0(892)

 momentum MeV/cB

https://arxiv.org/abs/2212.09152


Conclusion
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The set of anomalies observed in rare decays is still to be fully understood 

Hadronic uncertainties are the limiting factors 

BF measurement in a rather unexplored region of high  mass 

Valuable contribution to the puzzle of the anomalies 

Next steps: 

Some peaking backgrounds remain to be studied, finalise fit-model 
and evaluate systematics

m(Kπ)



Thank you for listening!
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