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This lecturer will cover some aspects involved in the „flavour sector‰

Why LHCb?  

[Physics programme, b-physics, design] 

The LHCb detector    

How to perform an analysis at LHCb? 

[e.g. CP violation and LFU measurement] 
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Flavour physics 

„The term flavour was first used in particle 
physics in the context of the quark model of 

hadrons. It was coined in 1971 by Murray Gell-
Mann and his student at the time, Harald 

Fritzsch, at a Baskin-Robbins ice-cream store in 
Pasadena. Just as ice cream has both colour and 

flavour so do quarks.‰

RMP 81 (2009) 1887
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Flavour physics

Parameters of the Standard Model 

3 gauge couplings  

2 Higgs parameters 

6 quark masses  

3 quark mixing angles                            
+ 1 phase  

3 + 3* lepton masses  

(3 lepton mixing angles + 1 phase)
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How do we search for New Physics?

VOLUME 33, NUMBER 23 PHYSICAL REVIEW LETTERS 2 DECEMBER 1974

tion of all the counters is done with approximate-
ly 6-GeV electrons produced with a lead convert-
er target. There are eleven planes (2&&A„3&&A,
3XB, 3XC) of proportional chambers rotated ap-
proximately 20' with respect to each other to re-
duce multitrack confusion. To further reduce the
problem of operating the chambers at high rate,
eight vertical and eight horizontal hodoseope
counters are placed behind chambers A and B.
Behind the largest chamber C (1 m&& 1 m) there
are two banks of 251ead glass counters of 3 ra-
diation lengths each, followed by one bank of
lead-Lucite counters to further reject hadrons
from electrons and to improve track identifica-
tion. During the experiment all the counters are
monitored with a PDP 11-45 computer and alI
high voltages are checked every 30 min.
The magnets were measured with a three-di-

mensional Hall probe. A total of 10' points were
mapped at various current settings. The accep-
tance of the spectrometer is 6 0=+ 1', h, q = + 2,
hm =2 GeV. Thus the spectrometer enables us
to map the e'e mass region from 1 to 5 GeV in
three overlapping settings.
Figure 1(b) shows the time-of-flight spectrum

between the e' and e arms in the mass region
2.5&m &3.5 GeV. A clear peak of 1.5-nsec width
is observed. This enables us to reject the acci-
dentals easily. Track reconstruction between the
two arms was made and again we have a clear-
cut distinction between real pairs and accidentals.
Figure 1(c) shows the shower and lead-glass
pulse height spectrum for the events in the mass
region 3.0 & m &3.2 GeV. They are again in agree-
ment with the calibration made by the e beam.
Typical data are shown in Fig. 2. There is a

clear sharp enhancement at m =3.1 GeV. %ithout
folding in the 10' mapped magnetic points and
the radiative corrections, we estimate a mass
resolution of 20 MeV. As seen from Fig. 2 the
width of the particle is consistent with zero.
To ensure that the observed peak is indeed a

real particle (7-e'e ) many experimental checks
were made. %e list seven examples:
(1) When we decreased the magnet currents by

10%%uo, the peak remained fixed at 3.1 GeV (see
Fig. 2).
(2) To check second-order effects on the target,

we increased the target thickness by a factor of
2. The yield increased by a factor of 2, not by 4.
(3) To check the pileup in the lead glass and

shower counters, different runs with different
voltage settings on the counters were made. No
effect was observed on the yield of J;
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Fla. 2. Mass spectrum showing the existence of J'.
Results from two spectrometer settings are plotted
showing that the peak is independent of spectrometer
currents. The run at reduced current was taken two
months later than the normal run.

(4) To ensure that the peak is not due to scatter-
ing from the sides of magnets, cuts were made
in the data to reduce the effective aperture. No
significant reduction in the Jyield was found.
(5) To check the read-out system of the cham-

bers and the triggering system of the hodoscopes,
runs were made with a few planes of chambers
deleted and with sections of the hodoscopes omit-
ted from the trigger. No effect was observed on
the Jyield.
(6) Runs with different beam intensity were

made and the yield did not change.
(7) To avoid systematic errors, half of the data

were taken at each spectrometer polarity.
These and many other checks convinced us that

we have observed a reaI massive particle J-ee.
U we assume a production mechanism for J to

be da/dp~ccexp(-6p~) we obtain a yield of 8 of ap-
1405
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observed at a c.m. energy of 3.2 GeV. Subse-
quently, we repeated the measurement at 3.2
GeV and also made measurements at 3.1 and 3.3
QeV. The 3.2-GeV results reproduced, the 3.3-
QeV measurement showed no enhancement, but
the 3.1-GeV measurements were internally in-
consistent —six out of eight runs giving a low
cross section and two runs giving a factor of 3 to
5 higher cross section. This pattern could have
been caused by a very narrow resonance at an
energy slightly larger than the nominal 3.1-QeV
setting of the storage ring, the inconsistent 3.1-
QeV cross sections then being caused by setting
errors in the ring energy. The 3.2-GeV enhance-
ment would arise from radiative corrections
which give a high-energy tail to the structure.
Vfe have now repeated the measurements using

much finer energy steps and using a nuclear mag-
netic resonance magnetometer to monitor the
ring energy. The magnetometer, coupled with
measurements of the circulating beam position
in the storage ring made at sixteen points around
the orbit, allowed the relative energy to be deter-
mined to 1 part in 104. The determination of the
absolute energy setting of the ring requires the
knowledge of fBdl around the orbit and is accur-
ate to +0.1@.
The data are shown in Fig. 1. All cross sec-

tions are normalized to Bhabha scattering at 20
mrad. The cross section for the production of
hadrons is shown in Fig. 1(a). Hadronic events
are required to have in the final state either ~ 3
detected charged particles or 2 charged particles
noncoplanar by & 20'. ' The observed cross sec-
tion rises sharply from a level of about 25 nb to
a value of 2300 + 200 nb at the peak' and then ex-
hibits the long high-energy tail characteristic of
radiative corrections in e'e reactions. The de-
tection efficiency for hadronic events is 45% over
the region shown. The error quoted above in-
cludes both the statistical error and a 7%%uq contri-
bution from uncertainty in the detection efficiency.
Our mass resolution is determined by the en-

ergy spread in the colliding beams which arises
from quantum fluctuations in the synchrotron
radiation emitted by the beams. The expected
Gaussian c.m. energy distribution (@=0.56 MeV),
folded with the radiative processes, ' is shown as
the dashed curve in Fig. 1(a). The width of the
resonance must be smaller than this spread; thus
an upper limit to the full width at half-maximum
is 1.3 MeV.
Figure 1(b) shows the cross section for e'e

final states. Outside the peak this cross section
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is equal to the Bhabha cross section integrated
over the acceptance of the apparatus. '
Figure 1(c) shows the cross section for the

production of collinear pairs of particles, ex-
cluding electrons. At present, our muon identi-

FIG. 1. Cross section versus energy for (a) multi-
hadron final states, (b) e g final states, and (c) p+p,
~+7t, and K"K final states. The curve in (a) is the ex-
pected shape of a g-function resonance folded with the
Gaussian energy spread of the beams and including
radiative processes. The cross sections shown in (b)
and (c) are integrated over the detector acceptance.
The total hadron cross section, (a), has been corrected
for detection efficiency.

Direct production of new particles Indirect effects of new particles on 
well-predicted observables, e.g., the 

flavour anomalies  
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[PRL 33 (1974) 1404, PRL 33 (1974) 1406]  

[Belle arXiv:1612.05014, ATLAS-CONF-2017-023 
CMS-PAS-BPH-15-008]

[LHCb JHEP 02 (2016) 104]
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How do we search for New Physics?

Direct production of new particles, 
such as the initial excess observed by 
ATLAS/CMS at 750 GeV di-photon

Indirect effects of new particles on 
well-predicted observables, e.g., the 

flavour anomalies  
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Figure 1: Invariant mass distribution of the selected diphoton events. Residual number of events with respect to the
fit result are shown in the bottom pane. The first two bins in the lower pane are outside the vertical plot range.

The events in this region are scrutinized. No detector or reconstruction e�ect that could explain the larger
rate is found, nor any indication of anomalous background contamination. The kinematic properties of
these events are studied with respect to those of events populating the invariant mass regions above and
below the excess, and no significant di�erence is observed.

The Run-1 analysis presented in Ref. [13] is extended to invariant masses larger than 600 GeV by using the
new background modeling techniques presented in this note (cf. Section 7). The compatibility between
the results obtained with the 8 TeV and 13 TeV datasets is estimated under the NWA hypothesis and
assuming a large-width resonance with ↵ = 6%, using the best fit value of the ratio of cross sections. For
an s-channel gluon-initiated process, the parton-luminosity ratio is expected to be 4.7 [43]. Under those
assumptions, the results obtained with the two datasets are found to be compatible within 2.2 and 1.4
standard deviations for the two width hypotheses respectively.

The 95% CL expected and observed upper limits on �fiducial⇥BR(X ! ��), corresponding to the fiducial
volume defined in Section 6, are computed using the CLs technique [39, 44] for a scalar resonance with
narrow width as a function of the mass hypothesis mX , and are presented in Figure 3. The larger diphoton
rate in the mass region around 750 GeV is translated to a higher-than-expected cross section limit at the

13
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The events in this region are scrutinized. No detector or reconstruction e�ect that could explain the larger
rate is found, nor any indication of anomalous background contamination. The kinematic properties of
these events are studied with respect to those of events populating the invariant mass regions above and
below the excess, and no significant di�erence is observed.

The Run-1 analysis presented in Ref. [13] is extended to invariant masses larger than 600 GeV by using the
new background modeling techniques presented in this note (cf. Section 7). The compatibility between
the results obtained with the 8 TeV and 13 TeV datasets is estimated under the NWA hypothesis and
assuming a large-width resonance with ↵ = 6%, using the best fit value of the ratio of cross sections. For
an s-channel gluon-initiated process, the parton-luminosity ratio is expected to be 4.7 [43]. Under those
assumptions, the results obtained with the two datasets are found to be compatible within 2.2 and 1.4
standard deviations for the two width hypotheses respectively.

The 95% CL expected and observed upper limits on �fiducial⇥BR(X ! ��), corresponding to the fiducial
volume defined in Section 6, are computed using the CLs technique [39, 44] for a scalar resonance with
narrow width as a function of the mass hypothesis mX , and are presented in Figure 3. The larger diphoton
rate in the mass region around 750 GeV is translated to a higher-than-expected cross section limit at the
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[ATLAS-CONF-2015-081]
[CMS-PAS-EXO-15-004] [Belle arXiv:1612.05014, ATLAS-CONF-2017-023 

CMS-PAS-BPH-15-008]

[LHCb JHEP 02 (2016) 104]
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How do we search for New Physics?
Direct production of new particles

3

Indirect effects of new particles on 
well-predicted observables, e.g., the 
flavour anomalies

[Aubert et al, PRL 33 (1974) 1404]

[Augustin et al, PRL 33 (1974) 1406]
[Descotes-Genon et al, JHEP 12 (2014) 125] 

[Belle, arXiv:1612.05014][LHCb, JHEP 02 (2016) 104]
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by beam energy

Flavour frontier, where 
virtual production allows to 

probe scales beyond the 
energy frontier when 

performing high precision 
measurements
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The indirect approach

Decays that are forbidden at tree level are sensitive to quantum corrections from 
degrees of freedom at larger scales  

This indirect approach has historically been used to predict the existence of new 
particles before direct observation was possible 

Albert Puig

Indirect searches for NP are typically with rare decays 
and try to access quantum corrections from physics at 
larger energy scales

Indirect searches for new physics 6
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A lesson from history ⁄

New physics shows up at precision frontier before energy frontier  

- GIM mechanism before discovery of charm  

- CP violation / CKM before discovery of bottom & top  

- Neutral currents before discovery of Z  

Particularly sensitive – loop processes  

- Standard Model contributions suppressed / absent  

- Flavour changing neutral currents (rare decays)  

- CP violation  

- Lepton flavour / number violation / lepton universality  

LHCb roadmap: search for NP in flavour sector!
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Why the b quark?

Heaviest quark that forms hadronic bound states  

All decays are CKM suppressed 

Long lifetime (~1.6 ps) 
Experimentally favourable 

High mass: many accessible final  
states with different expected rates  

Dominant: „tree‰ b→c transitions
Very suppressed „tree‰ b→u transition  
FCNC: „penguin‰ b→s,d transition  
Flavour oscillation

CP violation – expect large CP asymmetries in some B decays 
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LHCb

Key features that distinguish LHCb from general purpose detectors

● forward geometry

● bb production forward peaked

● large Lorentz boost, helps with proper-time resolution

● lower p
T
 trigger thresholds than at central detectors

● vertex detector inside LHC vacuum vessel

● minimize extrapolation distance to interaction point

● minimize multiple scattering before first measurement

● impact parameter resolution to identify tracks from B decays

● proper-time resolution, e.g. to resolve fast B0
s
B0

s
  oscillations

● low-mass tracking system

● momentum and invariant 

mass resolution to fight 

combinatorial backgrounds
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LHCb design

Detector designed to maximise the acceptance of the b-quark production
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Figure 4.2: (left) Dominant Feynman diagrams for bb̄ production at LHCb (from top to
bottom): qq̄ annihilation; gluon separation; and gluon fusion. The correlation of the bb̄

pair angle is shown from simulation (top right) in terms of pseudorapidity of the b and
b̄, including a comparison between the LHCb and ATLAS/CMS acceptance and (bottom
right) in terms of the polar angle [120].

Hence, this harsh environment compromises the sensitivity of many precision mea-

surements. Figure 4.4 indicates the correlation between the number of proton-proton

interactions and the luminosity. Notice that the probability of a single pp collision

is maximised approximately at 3 ⇥ 1032 cm�2 s�1. However, additional factors (ra-

diation damage in the electronics and detector occupancy) motivated the choice for

a design luminosity of 2⇥ 1032 cm�2 s�1. The luminosity reduction, known as “lev-

elling”, is provided by mis-aligning the beams (transverse beam o↵set [122]) around

the interaction point at LHCb.

While LHCb is primarily dedicated to study CP -violation e↵ects and rare

decays in the beauty and charm sectors, it has an extensive physics programme that

depends on several key features

i. Many analyses rely significantly on the vertex resolution, where is essential to

achieve a precise measurement of the distance with which tracks approach the

primary vertex, separation of primary and secondary vertices, and decay time

resolution (the limiting feature to resolve B
0
s flavour oscillation);
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While LHCb is primarily dedicated to study CP -violation e↵ects and rare

decays in the beauty and charm sectors, it has an extensive physics programme that

depends on several key features

i. Many analyses rely significantly on the vertex resolution, where is essential to

achieve a precise measurement of the distance with which tracks approach the

primary vertex, separation of primary and secondary vertices, and decay time

resolution (the limiting feature to resolve B
0
s flavour oscillation);
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LHCb design

Detector designed to maximise the acceptance of the b-quark production
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bottom): qq̄ annihilation; gluon separation; and gluon fusion. The correlation of the bb̄

pair angle is shown from simulation (top right) in terms of pseudorapidity of the b and
b̄, including a comparison between the LHCb and ATLAS/CMS acceptance and (bottom
right) in terms of the polar angle [120].

Hence, this harsh environment compromises the sensitivity of many precision mea-

surements. Figure 4.4 indicates the correlation between the number of proton-proton

interactions and the luminosity. Notice that the probability of a single pp collision

is maximised approximately at 3 ⇥ 1032 cm�2 s�1. However, additional factors (ra-

diation damage in the electronics and detector occupancy) motivated the choice for

a design luminosity of 2⇥ 1032 cm�2 s�1. The luminosity reduction, known as “lev-

elling”, is provided by mis-aligning the beams (transverse beam o↵set [122]) around

the interaction point at LHCb.

While LHCb is primarily dedicated to study CP -violation e↵ects and rare

decays in the beauty and charm sectors, it has an extensive physics programme that

depends on several key features

i. Many analyses rely significantly on the vertex resolution, where is essential to

achieve a precise measurement of the distance with which tracks approach the

primary vertex, separation of primary and secondary vertices, and decay time

resolution (the limiting feature to resolve B
0
s flavour oscillation);
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Luminosity at LHCb

At nominal LHC luminosity multiple pp interactions per bunch crossing

Particle densities are very high in the forward 
acceptance covered by LHCb  

Events with multiple pp interactions                      
⇒ high detector occupancy, low trigger and 
reconstruction efficiency, poor S/B 

Multiple primary vertices in one event                  
⇒ risk to assign wrong PV and 
reconstruction 

Solution: slightly mis-align LHC beams in LHCb 
interaction point ⇒ operate at the same time as 
ATLAS/CMS

CKM - Facilities (24/25) O. SteinkampFlavour Physics FS14

● but: particle densities very high in the forward direction covered by LHCb 

● events with multiple pp interactions fi high detector 

occupancy, low trigger and reconstruction efficiency, 

poor signal / background separation

● also: multiple primary vertices in one event

fi risk to assign B decay vertex to wrong primary 

vertex, reconstruct wrong decay length / decay time

● solution: slightly mis-align LHC beams in LHCb 

interaction point fi operate at the same time as

ATLAS/CMS, but at lower instantaneous luminosity

● nominal LHCb luminosity: 2 × 1032 cm-2s-1, tuned to
maximize number of BX with a single pp interaction

Luminosity

At nominal LHC luminosity multiple pp interactions per bunch crossing

<N int /BX> =
N int / t

NBX / t
=

L × σ inelastic
pp

NBX / t
= 1034 cm−2 s−1 × 80 mb

31.6 × 106 s−1 ≈ 25

CKM - Facilities (24/25) O. SteinkampFlavour Physics FS14
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LHCb running conditions

ATLAS/CMS harsh environment would significantly affect the physics programme

 6S. Leontsinis

Another	example
The	CMS	experiment

U. Zurich
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LHCb running conditions

ATLAS/CMS harsh environment would significantly affect the physics programme
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LHCb running conditions

ATLAS/CMS harsh environment would significantly affect the physics programme

Daniel Saunders, iCSC 2016 - Data Reconstruction in Modern Particle Physics (Lecture 1/2)
32

One of the hardest cases - Pb 
collisions in ALICE, a real event.



R. Coutinho (UZH)  25

Keep luminosity in LHCb constant throughout LHC fills 

Continuously monitor instantaneous luminosity in LHCb at the interaction 
point, reduce beam separation when lumi drops below a pre-defined limit  
Larger integrated luminosity (= area underneath the curve) 
Constant data taking conditions (detector occupancies, trigger 
thresholds, etc) 

Luminosity Levelling at LHCb

CKM - Facilities (25/25) O. SteinkampFlavour Physics FS14

Luminosity Leveling

Keep luminosity in LHCb constant throughout LHC fills

beam separation

measured
luminosity

● continuously monitor instantaneous luminosity in LHCb interaction point, 
reduce beam separation when lumi drops below a pre-defined limit 

● larger integrated luminosity (= area underneath the curve)

● constant data taking conditions (detector occupancies, trigger thresholds, etc)

● note: LHCb actually operating at 4 × 1032 cm-2s-1 = 2 × nominal luminosity

CKM - Facilities (25/25) O. SteinkampFlavour Physics FS14

Luminosity Leveling

Keep luminosity in LHCb constant throughout LHC fills

beam separation

measured
luminosity

● continuously monitor instantaneous luminosity in LHCb interaction point, 
reduce beam separation when lumi drops below a pre-defined limit 

● larger integrated luminosity (= area underneath the curve)

● constant data taking conditions (detector occupancies, trigger thresholds, etc)

● note: LHCb actually operating at 4 × 1032 cm-2s-1 = 2 × nominal luminosity
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The LHCb detector
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The LHCb detector
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The LHCb detector
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The LHCb detector

Shielding wall 
(against radiation)

Electronics  
+ CPU farm

Offset interaction point (to make best 
use of existing cavern)

Detectors can be moved  
away from beam-line for access
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The LHCb detector

~ 300 mrad

10 mrad

!

p p
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The LHCb detector

!



R. Coutinho (UZH)  33

The LHCb detector

!

Vertex Locator (Velo) 
21 stations of silicon strip 
detectors (r-φ) 
  ~ 8 µm hit resolution 
 ~25 µm IP resolution 
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The LHCb detector

!

Vertex Locator (Velo) 
21 stations of silicon strip 
detectors (r-φ) 
  ~ 8 µm hit resolution 
 ~25 µm IP resolution 

Ds

Bs
K+

K−

K+

π−

d~1cm

47 µm 144 µm

440 µm

Primary vertex

σ(t) ~40 fs

Example: Bs → Ds K
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The LHCb detector



R. Coutinho (UZH)  36

The LHCb detector
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Inner  
Tracker

Trigger 
Tracker

4 layers Si:  
~200 µm pitch

Outer  
Tracker

24 layer 
Straws 
σhit~200µm
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Inner  
Tracker

Trigger 
Tracker

4 layers Si:  
~200 µm pitch

Outer  
Tracker

24 layer 
Straws 
σhit~200µm

! btag

Bs K+

K−

π+, K+

π−
Ds

Primary vertex

Bs→ Ds K 
Bs →Ds π

Mass  resolution 
σ ~14 MeV
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The LHCb detector

!
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The LHCb detector

!
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The LHCb detector

e

!
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The LHCb detector

e
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The LHCb detector

!

µ
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The LHCb detector

!

µ
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Mass reconstruction

From relativistic kinematics, the relation between energy E, momentum p, and 
(rest) mass m is:  E2 = p2 + m2  

 
[The full expression:  E2 = p2c2 + m2c4 but factors of c are often dropped] 

Consider a particle that decays to give two daughter particles: 
 

The invariant mass of the two particles from the decay:   

  M 
2 = m1

2 + m2
2 + 2 (E1E2 − p1 p2 cosθ ) 

to reconstruct the parent mass a precise knowledge of the momentum and the angle 
θ of decay products is needed, from the tracking system, as well as their particle 
type, which determines their masses m1 and m2
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Mass reconstruction

Typical example of reconstruction of a particle decay:  π0 → γγ  
one of the first composite particles reconstructed in the LHC experiments 

This technique an also be used to search for more exciting signals:

The largest absolute signal yield as defined above is
taken as the systematic uncertainty on the background
model. It amounts to ±(0.2−4.6) and ±(0.3−6.8) events,
depending on the category for the 7 TeV and 8 TeV data
samples, respectively. In the final fit to the data (see
Section 5.7) a signal-like term is included in the likeli-
hood function for each category. This term incorporates
the estimated potential bias, thus providing a conserva-
tive estimate of the uncertainty due to the background
modelling.

5.6. Systematic uncertainties
Hereafter, in cases where two uncertainties are

quoted, they refer to the 7 TeV and 8 TeV data, respec-
tively. The dominant experimental uncertainty on the
signal yield (±8%, ±11%) comes from the photon re-
construction and identification efficiency, which is es-
timated with data using electrons from Z decays and
photons from Z → ℓ+ℓ−γ events. Pile-up modelling
also affects the expected yields and contributes to the
uncertainty (±4%). Further uncertainties on the sig-
nal yield are related to the trigger (±1%), photon isola-
tion (±0.4%, ±0.5%) and luminosity (±1.8%, ±3.6%).
Uncertainties due to the modelling of the underlying
event are ±6% for VBF and ±30% for other produc-
tion processes in the 2-jet category. Uncertainties on the
predicted cross sections and branching ratio are sum-
marised in Section 8.
The uncertainty on the expected fractions of signal

events in each category is described in the following.
The uncertainty on the knowledge of the material in
front of the calorimeter is used to derive the amount of
possible event migration between the converted and un-
converted categories (±4%). The uncertainty from pile-
up on the population of the converted and unconverted
categories is ±2%. The uncertainty from the jet energy
scale (JES) amounts to up to ±19% for the 2-jet cate-
gory, and up to ±4% for the other categories. Uncertain-
ties from the JVF modelling are ±12% (for the 8 TeV
data) for the 2-jet category, estimated from Z+2-jets
events by comparing data and MC. Different PDFs and
scale variations in the HqT calculations are used to de-
rive possible event migration among categories (±9%)
due to the modelling of the Higgs boson kinematics.
The total uncertainty on the mass resolution is ±14%.

The dominant contribution (±12%) comes from the un-
certainty on the energy resolution of the calorimeter,
which is determined from Z→ e+e− events. Smaller
contributions come from the imperfect knowledge of the
material in front of the calorimeter, which affects the ex-
trapolation of the calibration from electrons to photons
(±6%), and from pile-up (±4%).
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Figure 4: The distributions of the invariant mass of diphoton can-
didates after all selections for the combined 7 TeV and 8 TeV data
sample. The inclusive sample is shown in (a) and a weighted version
of the same sample in (c); the weights are explained in the text. The
result of a fit to the data of the sum of a signal component fixed to
mH = 126.5 GeV and a background component described by a fourth-
order Bernstein polynomial is superimposed. The residuals of the data
and weighted data with respect to the respective fitted background
component are displayed in (b) and (d).

5.7. Results

The distributions of the invariant mass, mγγ, of the
diphoton events, summed over all categories, are shown
in Fig. 4(a) and (b). The result of a fit including a signal
component fixed to mH = 126.5 GeV and a background
component described by a fourth-order Bernstein poly-
nomial is superimposed.
The statistical analysis of the data employs an un-

binned likelihood function constructed from those of
the ten categories of the 7 TeV and 8 TeV data samples.
To demonstrate the sensitivity of this likelihood analy-
sis, Fig. 4(c) and (d) also show the mass spectrum ob-
tained after weighting events with category-dependent
factors reflecting the signal-to-background ratios. The
weight wi for events in category i ∈ [1, 10] for the 7 TeV
and 8 TeV data samples is defined to be ln (1 + S i/Bi),
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Figure 3: The diphoton invariant mass distribution with each event weighted by the S/(S+ B)
value of its category. The lines represent the fitted background and signal, and the coloured
bands represent the ±1 and ±2 standard deviation uncertainties in the background estimate.
The inset shows the central part of the unweighted invariant mass distribution.
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Tracking - Pattern recognition

LHCb VErtex LOcator example

Modules (21+2)

RF foil (300µm to beam vacuum) 

Pile-up

LHC vacuum 

Secondary  
vacuum

p

p

Interaction point

2-side semi-circular (R and ϕ sensors)   
microstrip silicon 300µm n+-on-n sensors 
(two sensors are n+-on-p); 

Strip pitches from 40 to 120 µm; 

Evaporative CO2 cooling system to keep 
sensors at -7oC. 
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Tracking - Pattern recognition

Looking side on: 

- Particle tracks clearly visible to eye 

- Extra hits: typically electrical noise 
and/or secondary show tracks 

„Transform‰ data points into 

                    (x, y, z time) 

Target: find an algorithm to track using 
this information: 

- Many possible choices, 
combinatorial, „seeding‰ ⁄ 

Daniel Saunders, iCSC 2016 - Data Reconstruction in Modern Particle Physics (Lecture 1/2)

• Looking side on:
• Particle tracks clearly visible to eye.
• Extra hits present, typically electrical 

noise or secondary short tracks.

• Recall data points in the format:
(x, y, z, time)

• Time resolution only accurate to which 
collision the particles come from (25ns, 
sometimes worse…).

• Have to find an algorithm to track using 
this information and in these conditions. 
Many choices - consider the following 
(LHC) examples…

Tracking - Pattern Recognition Example

LHCb VELO data event (2d projection)

34

z (beam)x
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Tracking - Pattern recognition

Daniel Saunders, iCSC 2016 - Data Reconstruction in Modern Particle Physics (Lecture 1/2)

Tracking - Pattern Recognition Example

LHCb VELO data event (2d projection, top half)
37

Name Description Scalability

Combinatorial
• Form every track from each possible combination of hits.
• Access each track by quality (e.g. !2) and tag.

nTracks!
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Tracking - Pattern recognition

Daniel Saunders, iCSC 2016 - Data Reconstruction in Modern Particle Physics (Lecture 1/2)

Tracking - Pattern Recognition Example

LHCb VELO data event (2d projection, top half)
38

Name Description Scalability

Combinatorial
• Form every track from each possible combination of hits.
• Access each track by quality (e.g. !2) and tag.

nTracks!
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Tracking - Pattern recognition

Daniel Saunders, iCSC 2016 - Data Reconstruction in Modern Particle Physics (Lecture 1/2)

Tracking - Pattern Recognition Example

LHCb VELO data event (2d projection, top half)
39

Name Description Scalability

Combinatorial
• Form every track from each possible combination of hits.
• Access each track by quality (e.g. !2) and tag.

nTracks!

Hough 
Transform

• Transform points into a system where clusters form.
• If straight tracks, take the difference between consecutive hits.
• Group (e.g. in a histogram) and tag peaks.

xn2



R. Coutinho (UZH)  52

Tracking - Pattern recognition

Daniel Saunders, iCSC 2016 - Data Reconstruction in Modern Particle Physics (Lecture 1/2)

Tracking - Pattern Recognition Example

LHCb VELO data event (2d projection, top half)
40

Name Description Scalability

Combinatorial
• Form every track from each possible combination of hits.
• Access each track by quality (e.g. !2) and tag.

nTracks!

Hough 
Transform

• Transform points into a system where clusters form.
• If straight tracks, take the difference between consecutive hits.
• Group (e.g. in a histogram) and tag peaks.

xn2
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Tracking - Pattern recognition

Daniel Saunders, iCSC 2016 - Data Reconstruction in Modern Particle Physics (Lecture 1/2)

Tracking - Pattern Recognition Example

LHCb VELO data event (2d projection, top half)
41

Name Description Scalability

Combinatorial
• Form every track from each possible combination.
• Access each track by quality (e.g. !2) and tag.

nTracks!

Hough 
Transform

• Transform points into a system where clusters form.
• E.g. for straight tracks, take the difference between consecutive hits.
• Group (e.g. in a histogram) and tag peaks.

x

Seeding
• Form seeds from pairs of hits on a sub set of the detector.
• Extrapolate the seed and count hits intercepted.
• Tag if sufficient number of hits.

nlog(n)

n2
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Tracking - Pattern recognition

Three main features used to decide most appropriate algorithm  

- Efficiency: fraction of real tracks found 
- Purity: fraction of tracks that are real  
- Computational speed 

Simplified simulation using LHCb VELO design 

Daniel Saunders, iCSC 2016 - Data Reconstruction in Modern Particle Physics (Lecture 1/2)

Tracking - Pattern Recognition Algorithms

43

• Recall three main factors in choosing such algorithms:
• Efficiency: fraction of real tracks found  
• Purity: fraction of tracks that are real  
• Computational speed.

• Toy simulation for LHCb VELO:

LHCb VELO toy event (2d projection)
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Tracking - Pattern recognition

Three main features used to decide most appropriate algorithm  

- Efficiency: fraction of real tracks found 
- Purity: fraction of tracks that are real  
- Computational speed 

Simplified simulation using LHCb VELO design 

Daniel Saunders, iCSC 2016 - Data Reconstruction in Modern Particle Physics (Lecture 1/2)

Tracking - Pattern Recognition Algorithms

44

• Recall three main factors in choosing such algorithms:
• Efficiency: fraction of real tracks found  
• Purity: fraction of tracks that are real  
• Computational speed.

• Toy simulation for LHCb VELO:

Any use case 
for green?
Curves!
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Tracking - Pattern recognition

In general experiments use a combination of these approaches 

Daniel Saunders, iCSC 2016 - Data Reconstruction in Modern Particle Physics (Lecture 1/2)

Tracking - Pattern Recognition Algorithms
• Typically use a combination of these algorithms. Each example taken from LHC activities:

• Combinatorial often used 
at testbeams: 

• Low occupancy, so fast.
• Efficient and pure.

• Hough transforms used for 
more complicated shapes 
(e.g. rings in LHCb RICH*). 

• All LHC experiments use 
seeding extensively 
(highest occupancy).

Timepix3 Tracking Telescope

45

Testbeam Data

RICH DataLHCb RICH Subdetector

ATLAS Inner LayersATLAS Tracker
*Often not needed to actually reconstruct rings.

Daniel Saunders, iCSC 2016 - Data Reconstruction in Modern Particle Physics (Lecture 1/2)

Tracking - Pattern Recognition Algorithms
• Typically use a combination of these algorithms. Each example taken from LHC activities:

• Combinatorial often used 
at testbeams: 

• Low occupancy, so fast.
• Efficient and pure.

• Hough transforms used for 
more complicated shapes 
(e.g. rings in LHCb RICH*). 

• All LHC experiments use 
seeding extensively 
(highest occupancy).

Timepix3 Tracking Telescope

45

Testbeam Data

RICH DataLHCb RICH Subdetector

ATLAS Inner LayersATLAS Tracker
*Often not needed to actually reconstruct rings.
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Track Fitting

46

• Tracking particles through detectors involves two step.
• Pattern recognition: identifying which detector hits for a track.
• Track fit: approximate the path of the particle with an equation.

• Typically use a Kalman filter. Basic steps:
• Track is approximated as a ‘zig-zag’ (fewer free parameters than co-ordinates!).
• Start with seed or estimate of track parameters (e.g. straight line fit).
• Propagate to the next plane (approximating B field, account for scattering in material).
• Predict position of next particle, weighting by closest hits (needs too be tuned).

Kalman Filter Example
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Tracking Fitting

Tracking particles through the detectors involve two steps 

- Pattern recognition: identify detector hits in order to build a track 
- Track fit: approximate the path of the particle with an equation 

Mostly approximated using a „Kalman-Fitter‰: 

- Track is approximated as a „zig-zag‰ 
- Start with a seed to estimate of track parameters 
- propagate to the next plane 
- Predict position of next particle, weighting by closest hits
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Tracking refinement 

Daniel Saunders, iCSC 2016 - Data Reconstruction in Modern Particle Physics (Lecture 1/2)

Track Refinement

47

• Common to tune pattern recognition to be efficient and impure → refine selection 
later using full particle information. 

• Caution: if fake/ghost tracks are formed from parts of real tracks, they may be lost.

• Can use !2 to find well fitting tracks.
• Can also use/combine with other 

parameters:
• Number of hits (complimentary 

information to !2).
• Fits from different sub detectors

• Typically build an MVA out of different 
quality parameters  - LHCb uses a 
neutral net.

LHCb

Common to tune pattern recognition to be efficient and impure: refine selection 
later using addition information 

- Can use 𝝌2 to find well fitted tracks 
- Typically combine with information  

   from different detectors and number  
   of hits  

- For optimal approach a MVA is often  
used in experiments  

Detector hits can also be part of multiple tracks:  

- Detector spatial resolution too low to separate tracks  
- Secondary tracks produced with the interaction with material
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Vertexing

Vertexing involves clustering tracks that originated from the same point 

- Easy in cases that the vertex location is known - extrapolate all tracks and 
apply some selection 

- Physics inputs can narrow search region significantly 
- Some analytical methods can also be used to seed search 
- Common approach to seed by projecting in 2D plane and searching for a 

point with high track density 

Daniel Saunders, iCSC 2016 - Data Reconstruction in Modern Particle Physics (Lecture 1/2)

Vertexing (Briefly)

49

• Vertexing involves clustering tracks that originate from the same point.
• Easy in cases where vertex location is known - extrapolate all tracks and apply 

selection criteria.
• Else, Physics input can narrow search region significantly.
• Can use analytic methods (e.g. distance of closest approach) to seed search.
• Common to seed by projecting into 2D plane and searching for point of high 

“track density” (essentially a peak finding/clustering problem).

p p

Vertex particle
Tracked particle

Detector

1cm

px

Vertex example in LHCb Velo. End on projection.
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Particle identification

Classify each track as a type of particle event by event 
Many kinds of particle, not just fundamental particles, also composite hadrons 
(e.g. Pion, Kaon)

“Simple” example in CMS: 

Daniel Saunders, iCSC 2016 - Data Reconstruction in Modern Particle Physics (Lecture 1/2)

Particle ID (Briefly)

50

• Classify each track as a type of particle event by event:
• Needed to refine selections for offline analysis (remove background).

• Many kinds of particle:
• Not just fundamental particles, also composite hadrons (e.g. Pion, Kaon).

• Some easy cases:

http://ippog.org/sites/ippog.web.cern.ch/files/import/cms_slice_elab.swf
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Particle identification

RICH detector at LHCb uses Cherenkov radiation:  

- Light emitted when a particle slows passing through a material 
- Emission is isotropic, and forms rings on detectors 
- Not required to reconstruct the ring itself - instead, test different hypotheses

Light produced in a cone with cosθc=1/βn 
can be detected as a ring image

By measuring θc  (∝ radius of ring) 
the velocity β of the particle is found 
Then with knowledge of its momentum 
the mass of the particle can be found
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Particle identification

RICH detector at LHCb uses Cherenkov radiation:  

- Light emitted when a particle slows passing through a material 
- Emission is isotropic, and forms rings on detectors 
- Not required to reconstruct the ring itself - instead, test different hypotheses

Simulated event in RICH-1  
Large rings: aerogel, small: C4F10
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Particle identification

Separating two particle types using the signal 
from a RICH detector is illustrated for K and 
π from a test beam 

Adjusting the position of the cut placed 
between the two peaks to identify a ring as 
belonging to a K or π gives a trade-off 
between efficiency and misidentification 

LHCb particle identification is actually built 
by combining not only information from the 
RICH, but also from other sub-detector in a 
multivariate analysis 

LHCb simulation

Test beam
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Particle identification performance

Example: clean separation of Bd,s → hh modes 

Criteria inly applied in the bachelor Kaon

with PID without 
PID 
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How to perform an analysis? 

!2

CP Violation in the Early Universe
• Very early in the universe might expect equal numbers of baryons and anti-baryons 
• However, today the universe is matter dominated (no evidence for anti-galaxies, etc.) 
• From “Big Bang Nucleosynthesis” obtain the matter/anti-matter asymmetry 

i.e. for every baryon in the universe today there are          photons      

• How did this happen?
̣ Early in the universe need to create a very small asymmetry between baryons and 
     anti-baryons

e.g. for every 109 anti-baryons there were 109+1 baryons 
        baryons/anti-baryons annihilate  
                 1 baryon + ~109 photons + no anti-baryons

̣ To generate this initial asymmetry three conditions must be met (Sakharov, 1967):
❶ “Baryon number violation”, i.e.                     is not constant  
❷ “C and CP violation”, if CP is conserved for a reaction which generates 
          a net number of baryons over anti-baryons there would be a CP 
          conjugate reaction generating a net number of anti-baryons  
❸ “Departure from thermal equilibrium”, in thermal equilibrium any baryon 
      number violating process will be balanced by the inverse reaction

Mark Thomson/Nico Serra KTII - 2018

Physics case - Previous lecture by Nico
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How to perform an analysis? 

Analysis framework: e.g. Β → ππ decays

Daniel Saunders, iCSC 2016 - Data Reconstruction in Modern Particle Physics (Lecture 1/2)
54

• Each reconstruction stage typically (sometimes by necessity) follows sequentially, e.g:

• Such a chain can be performed for a single event, or large set of events.
• Reminder: each event is (usually) statistically independent of each-other.

• Strategy for single core is obvious, but for multi core, not so much.
• Nowadays, reconstruction involves tens of thousands of CPUs worldwide - need 

efficient strategy.
• Currently limited by memory:

• E.g. CMS end of 2011 could only 6 out of 8 cores on average.

Event Reconstruction Implementation

Vertexing

→→ → → →→→
Input OutputHistogram 

plotting
Histogram 

plotting
Particle 

ID
Track 
fitting

Track 
finding

Table 4: Summary of the values of the cuts used to form the Hb! h
+
h
0� candidates by the

StrippingB2HHBDTLine, previous to the application of the BDT algorithm. The meaning of the
various symbols is explained in the text.

Cut type value
Track �

2
/ndf < 3

Track GhostProb < 0.5
Track pT [ GeV/c ] > 1.0
Track dIP [µm ] > 120
dCA [µm ] < 100
d
Hb
IP
[µm ] < 120

t⇡⇡ [ ps ] > 0.6
p
Hb
T

[ GeV/c ] > 1.2

htemp
Entries  3497883
Mean    5.345
RMS    0.2213

-π
+
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Figure 1: Distribution of invariant mass under the ⇡
+
⇡
� final state hypothesis for the events

surviving the StrippingB2HHBDTLine stripping selection and the trigger requirements described
in the text. The total amount of events is about 3.75 millions.

3.2 Trigger requirements118

The following trigger requirements are applied to the events surviving the Stripping:119

L0 Trigger : L0Hadron TOS OR L0Global TIS;120

Hlt1 : Hlt1TraclAllL0Decision TOS;121

Hlt2 : Hlt2B2HHDecision TOS OR Hlt2Topo2BodyBBDTDecision TOS.122

In Figure 1 the m⇡+⇡� distribution of the events surviving the preselection is reported.123

3.3 Simulated samples124

We use simulated samples of B0! K
+
⇡
�, B0

s
! ⇡

+
K

�, B0! ⇡
+
⇡
�, B0

s
! ⇡

+
⇡
�, B0

s
!125

K
+
K

�, ⇤0

b
! pK

� and ⇤
0

b
! p⇡

� decays2, produced with the Sim08b/Digi13 version of126

2The charge conjugation is implied throughout this document.

5

No PID applied

]2 [GeV/c-π+πm
5 5.2 5.4 5.6 5.8

)2
Ev

en
ts

 / 
( 8

 M
eV

/c

0

2000

4000

6000

8000

10000
-π+π →0B
-π+ K→0B

Part. Reco. Bkg.
Comb. bkg.

]2 [GeV/c-K+Km
5 5.2 5.4 5.6 5.8

)2
Ev

en
ts

 / 
( 8

 M
eV

/c

0

2000

4000

6000

8000
-K+ K→0sB
-π+ K→0B

Part. Reco. Bkg.
Comb. bkg.

LHCb Preliminary

Figure 4: Invariant mass fits used for the relative normalization of signal and background yields
in the BDT optimization: B0! ⇡

+
⇡
� (left) and B

0
s ! K

+
K

� (right).

an unbinned maximum likelihood fit to the mass spectra using a simple model. The231

invariant mass spectra receive contributions mainly from the signals (the B
0

s
! K

+
K

�
232

and the B
0 ! ⇡

+
⇡
� decays), the main cross-feed background (the B

0 ! K
+
⇡
�), the233

combinatorial background and the partially reconstructed B! h
+
h
�
X decays. The signal234

component is parameterised using the sum of a Gaussian function and a Johnson function235

(an extended description of this model can be found in Section 5.1). The combinatorial236

background component is modelled using an exponential function. The component due to237

partially reconstructed multibody B decays, populating the low invariant mass region, is238

parameterised by an ARGUS function [25] convolved with a Gaussian resolution having239

the same width of the one used for the signal model. The cross-feed background due to240

misidentified B
0! K

+
⇡
� decays is modeled using the same method described in Section241

5.2 of Reference [15] and summarised in Section 5.2 of this analysis note. Figure 4 shows242

the ⇡
+
⇡
� and K

+
K

� invariant mass spectra after applying the preselection and the PID243

requirements, with the results of the fits superimposed. The signal yields determined from244

the fits are N(B0 ! ⇡
+
⇡
�) = 33644 ± 462 and N(B0

s
! K

+
K

�) = 45042 ± 299. The245

amount of signal candidates surviving each BDT requirement is then estimated from these246

initial numbers and from the e�ciencies of the BDT cuts applied to simulated events.247

The amount of the combinatorial background is instead determined from an unbinned248

maximum likelihood fit to the high invariant mass sideband using an exponential function.249

The result of each fit is used to extrapolate the total background yields in the ±60 MeV/c2250

invariant mass window around the signal peak. Figure 5 shows ⇠ calculated as a function251

of the requirement on the BDT variable for the B0! ⇡
+
⇡
� and B

0

s
! K

+
K

�, respectively.252

It turns out that the maximum value of ⇠ for the B0! ⇡
+
⇡
� is obtained with a cut BDT253

> 0.1, while for the B
0

s
! K

+
K

� the optimal cut is BDT > �0.1. The e�ciencies of the254

cut optimised for the B
0! ⇡

+
⇡
� decay are 83.3± 1.2% and 6.57± 0.07% for signal and255

background respectively. The e�ciencies of the cut optimised for the B
0

s
! K

+
K

� decay256

are 93.9± 0.8% and 19.2± 0.3% for signal and background respectively. The simplified257

models used in Figure 4 have been adapted to the selected samples applying the two258

10

pre-Selection
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How to perform an analysis? 

“Offline” selection: apply a set of criteria to have a “clean” signal distribution

) (GeV/c)-
T

,p+
T

min(p
0 5 10 15

En
tr

ie
s/

(0
.2

 G
eV

/c
)

0

0.2

0.4

0.6
Signal

Background

)))-
IP

(d2χ),+
IP

(d2χlog(min(
0 2 4 6 8 10

En
tr
ie
s/
(0
.1
)

0

0.1

0.2

0.3

0.4 Signal

Background

) (GeV/c)-
T

,p+
T

max(p
0 5 10 15 20 25

En
tr

ie
s/

(0
.2

5 
G

eV
/c

)

0

0.2

0.4

0.6

Signal

Background

)))-
IP

(d2χ),+
IP

(d2χlog(max(
0 5 10

En
tr
ie
s/
(0
.1
2)

0

0.2

0.4
Signal

Background

 (mm)CAd
0 0.02 0.04 0.06 0.08 0.1

En
tr

ie
s/

(0
.0

02
 m

m
)

0

10

20

30
Signal

Background

vtx
2χ

0 5 10 15

En
tr
ie
s/
(0
.1
5)

-310

-210

-110

1
Signal

Background

 (GeV/c)bH
T

p
0 10 20 30

En
tr

ie
s/

(0
.2

 G
eV

/c
)

0

0.2

0.4

Signal

Background

) (mm)bH

IP
(d2χ

0 10 20 30 40

En
tr

ie
s/

(0
.2

)

0

0.1

0.2

0.3

0.4
Signal

Background

(FD))2χlog(
5 10

En
tr
ie
s/
(0
.1
2)

0

0.2

0.4

Signal

Background

Figure 40: Distribution of the variables used in the training of the BDT algorithms for B0! ⇡
+
⇡
�

decays (red histogram) and high invariant mass sideband events (blue histogram). The sum of
2011 and 2012 samples is used to produce the histograms.
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Figure 41: Distribution of the variables used in the training of the BDT algorithms for B0! ⇡
+
⇡
�

decays (red histogram) and high invariant mass sideband events (blue histogram). Only 2011
samples are used to produce the histograms.
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Figure 40: Distribution of the variables used in the training of the BDT algorithms for B0! ⇡
+
⇡
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decays (red histogram) and high invariant mass sideband events (blue histogram). The sum of
2011 and 2012 samples is used to produce the histograms.
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Figure 41: Distribution of the variables used in the training of the BDT algorithms for B0! ⇡
+
⇡
�

decays (red histogram) and high invariant mass sideband events (blue histogram). Only 2011
samples are used to produce the histograms.
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Figure 40: Distribution of the variables used in the training of the BDT algorithms for B0! ⇡
+
⇡
�

decays (red histogram) and high invariant mass sideband events (blue histogram). The sum of
2011 and 2012 samples is used to produce the histograms.
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Figure 41: Distribution of the variables used in the training of the BDT algorithms for B0! ⇡
+
⇡
�

decays (red histogram) and high invariant mass sideband events (blue histogram). Only 2011
samples are used to produce the histograms.
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Figure 40: Distribution of the variables used in the training of the BDT algorithms for B0! ⇡
+
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decays (red histogram) and high invariant mass sideband events (blue histogram). The sum of
2011 and 2012 samples is used to produce the histograms.
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Figure 41: Distribution of the variables used in the training of the BDT algorithms for B0! ⇡
+
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decays (red histogram) and high invariant mass sideband events (blue histogram). Only 2011
samples are used to produce the histograms.
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How to perform an analysis? 

“Offline” selection: apply a set of criteria to have a “clean” signal distribution 

- Typically experiments use a “multivariate” approach, which can then classify 
the events as “signal-backgrounds”

parameter of the two tracks making the resulting distributions more Gaussian-like. The216

names of the variables are summarised in Table 7.217

Table 7: List of variables used to train the BDT algorithms. The means of symbols is explained
in the text

BDT variables
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The distributions of the variables listed in Table 7, and their correlations, are reported218

in Figures 37 to 44 in Appendix B, for both background and signal events. In Figure 3 we219

report the distributions of the output of the BDT algorithms, corresponding to BDT⇡+⇡�220

and BDTK+K� selections. With the label Train we identified the distributions obtained221

from the samples used to train the three algorithms; with the label Optim. we identified222

the distributions used in the optimization phase of the selection; with the label Final we223

identified the distributions used in the final analysis. As it can be seen in all the three224

cases the distributions are in agreement.225
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Figure 3: Distribution of the BDT variable for the background-like (blue) and the signal-like
(red) events taken from the samples used to train the BDT algorithms. Background-like events
have been selected applying the PID cut optimised for the K

+
K

� spectra (left) and for the
⇡
+
⇡
� spectra (right) on top of the preselection presented in Section 3 and the requirement

m(K+K�,⇡+⇡�) > 5.6GeV/c2. Circles represent the plot of BDT1 for S1 sample, BDT2 for S2 and
BDT3 for S3. Triangles represent the distribution of BDT1 for S2 sample, BDT2 for S3 sample and
BDT3 for S1 sample. Filled histograms represent the distribution of BDT1 for S3 sample, BDT2
for S1 sample and BDT3 for S2 sample.

The optimal requirement on the BDT output is chosen by maximising the quantity226

⇠ = S/

p
(S +B), where S and B represent the number of signal and combinatorial227

background events within ±60 MeV/c2 (corresponding to about ±3�) around the B
0

228

or B
0

s
masses. This method requires the knowledge of the amount of signals which229

are present in the initial sample. We estimate the initial signal yields by performing230

9

Where to apply a “cut”?
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Figure 5: Estimated value of ⇠ = S/

p
(S +B) as a function on the requirement applied on the

BDT output for the B
0! ⇡

+
⇡
� decays (left) and for the B

0
s ! K

+
K

� decays (right).

di↵erent BDT cuts. A slight modification to the model used for the ⇡
+
⇡
� spectrum has259

been introduced. Due to the much lower combinatorial background the components due260

to the B
0

s
! ⇡

+
⇡
� decays can not be neglected. This component has been described with261

the same model used for the B0! ⇡
+
⇡
� decays. The results are reported in Figure 6 and262

the values of the figure of merit ⇠ obtained from these fits are reported in Table 8. It can263

be seen that the change in ⇠ between using BDT⇡+⇡� and BDTK+K� is at the level of a264

relative 10%. Such a small di↵erence will not impact significantly the final errors on Cf265

and Sf . In the end we decided to use the same BDT algorithm and BDT requirement for266

the analysis of both decays: the one corresponding to BDT⇡+⇡� . This decision allows to267

simplify the analysis, avoiding the need of repeating twice several studies, in exchange of a268

negligible loss in the final precisions on CK+K� , SK+K� and A
��

K+K� . In particular, having269

to perform the analysis with two di↵erent selections poses not-easy-to-answer questions270

on how to determine properly the correlations among all the relevant variables. Finally,271

the smaller amount of combinatorial background surviving the selection BDT⇡+⇡� helps272

in improving the description of the distributions of the various spectra in the final fit.

Table 8: Values of the figure of merit ⇠ = S/
p
S +B (within ±60MeV/c2 around the signal

peaks) determined from the fits shown in Figure 6.

Selection B
0! ⇡

+
⇡
�

B
0

s
! K

+
K

�

BDT⇡+⇡� 159.024 189.012
BDTK+K� 146.668 195.869

273

11

“Significance”
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How to perform an analysis? 

“Offline” selection: apply a set of criteria to have a “clean” signal distribution 

- Typically experiments use a “multivariate” approach, which can then classify 
the events as “signal-backgrounds”
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Figure 6: Invariant mass fits to the ⇡
+
⇡
� (left) and to the K

+
K

� (right) spectra of events
surviving the BDT requirement of BDT⇡+⇡� (top) and of BDTK+K� (bottom). The model
used to fit the data is described in the text.
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Figure 4: Invariant mass fits used for the relative normalization of signal and background yields
in the BDT optimization: B0! ⇡

+
⇡
� (left) and B

0
s ! K

+
K

� (right).

an unbinned maximum likelihood fit to the mass spectra using a simple model. The231

invariant mass spectra receive contributions mainly from the signals (the B
0

s
! K

+
K

�
232

and the B
0 ! ⇡

+
⇡
� decays), the main cross-feed background (the B

0 ! K
+
⇡
�), the233

combinatorial background and the partially reconstructed B! h
+
h
�
X decays. The signal234

component is parameterised using the sum of a Gaussian function and a Johnson function235

(an extended description of this model can be found in Section 5.1). The combinatorial236

background component is modelled using an exponential function. The component due to237

partially reconstructed multibody B decays, populating the low invariant mass region, is238

parameterised by an ARGUS function [25] convolved with a Gaussian resolution having239

the same width of the one used for the signal model. The cross-feed background due to240

misidentified B
0! K

+
⇡
� decays is modeled using the same method described in Section241

5.2 of Reference [15] and summarised in Section 5.2 of this analysis note. Figure 4 shows242

the ⇡
+
⇡
� and K

+
K

� invariant mass spectra after applying the preselection and the PID243

requirements, with the results of the fits superimposed. The signal yields determined from244

the fits are N(B0 ! ⇡
+
⇡
�) = 33644 ± 462 and N(B0

s
! K

+
K

�) = 45042 ± 299. The245

amount of signal candidates surviving each BDT requirement is then estimated from these246

initial numbers and from the e�ciencies of the BDT cuts applied to simulated events.247

The amount of the combinatorial background is instead determined from an unbinned248

maximum likelihood fit to the high invariant mass sideband using an exponential function.249

The result of each fit is used to extrapolate the total background yields in the ±60 MeV/c2250

invariant mass window around the signal peak. Figure 5 shows ⇠ calculated as a function251

of the requirement on the BDT variable for the B0! ⇡
+
⇡
� and B

0

s
! K

+
K

�, respectively.252

It turns out that the maximum value of ⇠ for the B0! ⇡
+
⇡
� is obtained with a cut BDT253

> 0.1, while for the B
0

s
! K

+
K

� the optimal cut is BDT > �0.1. The e�ciencies of the254

cut optimised for the B
0! ⇡

+
⇡
� decay are 83.3± 1.2% and 6.57± 0.07% for signal and255

background respectively. The e�ciencies of the cut optimised for the B
0

s
! K

+
K

� decay256

are 93.9± 0.8% and 19.2± 0.3% for signal and background respectively. The simplified257

models used in Figure 4 have been adapted to the selected samples applying the two258

10
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CP violation in B decays
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Invariant mass fit and raw CP asymmetries 
•  The raw CP asymmetries are measured from unbinned maximum likelihood fits to 

the Kπ invariant mass spectra 

•  Two different selections have been optimized in order to achieve the best 
sensitivities on the two CP asymmetries 

B0K+π� 

Raw ACP(B0Kπ) = -0.091 ± 0.006 

 Maria Zangoli   First 5� observation of  CP violation in the decays of  Bs at LHCb     8/13 

B0K�π+ 
� 

0 

Invariant mass fit and raw CP asymmetries 
•  The raw CP asymmetries are measured from unbinned maximum likelihood fits to 

the Kπ invariant mass spectra 

•  Two different selections have been optimized in order to achieve the best 
sensitivities on the two CP asymmetries 

B0
sK-π+ 

Raw ACP(BsKπ) = 0.28 ± 0.04 

 Maria Zangoli   First 5� observation of  CP violation in the decays of  Bs at LHCb     9/13 
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Physics case (II) - flavour anomalies

[PRD 69 074020 (2004)]

Measurements of lepton flavour universality (LFU) 
constitute theoretically very clean probes of this hypothesis

The SM predicts that particles 
couple universally to leptons 

of different flavours



Albert Puig

b s

µ+

µ�

g̃

H
+

NP

Indirect searches for NP are typically with rare decays 
and try to access quantum corrections from physics at 
larger energy scales

Indirect searches for new physics 6

1 GeV

b

s

µ+

µ�

This approach has been used to predict the existence of new particles before 
direct observation was possible Proton Neutron

n

e

⌫

p

Albert Puig

b s

µ+

µ�

g̃

H
+

NP

Indirect searches for NP are typically with rare decays 
and try to access quantum corrections from physics at 
larger energy scales

Indirect searches for new physics 6

1 GeV

b

s

µ+

µ�

This approach has been used to predict the existence of new particles before 
direct observation was possible Proton Neutron

n

e

⌫

p

e+

e�

= 1 +O(10�3)

R. Coutinho (UZH)

[PRD 69 074020 (2004)]

Beyond the SM, theories can 
feature non-universal couplings

Measurements of lepton flavour universality (LFU) 
constitute theoretically very clean probes of this hypothesis

Physics case (II) - flavour anomalies
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These flavour transitions can be 
measured through ratios of decay rates

Physics case (II) - flavour anomalies



Bremsstrahlung − I
› Electrons emit a large amount of bremsstrahlung that results in
degraded momentum and mass resolutions

› Two types of bremsstrahlung

CERN SeminarSimone Bifani 11

Upstream
brem

Downstream
brem

» Downstream of the magnet
- photon energy in the same
calorimeter cell as the electron
- momentum correctly measured

» Upstream of the magnet
- photon energy in different
calorimeter cells than electron
- momentum evaluated after
bremsstrahlung

Air

Part-Reco Background − I

Simone Bifani 19

› Partially-reconstructed backgrounds arise from decays involving higher
K resonances with one or more decay products in addition to a Kp pair
that are not reconstructed
› Large variety of decays, most abundant due to B→K1(1270)ee and

B→K2
*(1430)ee

CERN Seminar

64 CHAPTER 5. PATTERN RECOGNITION

Velo tracks contain only hits of the Vertex Locator. They can travel in the back-
ward direction, or in the forward direction at a su�cient polar angle to leave
the detector before the Tracker Turicensis. The L0 trigger uses the backward
Velo tracks in its determination of the interaction multiplicity, as described in
subsection 3.5.1. Velo tracks can have a pseudorapidity which is lower than
the region occupied by Upstream and Long tracks. This makes the uncer-
tainty on the impact parameter of such a Velo track smaller than of the Long
and Upstream tracks, allowing the primary vertex to be determined more pre-
cisely.

Upstream tracks consist of hits from both the Vertex Locator and the Tracker Turi-
censis. These can be low momentum particles, which are bend out of the de-
tector acceptance in the magnet region, before they reach the T stations. They
are used by RICH1 for kaon reconstruction, which allows for flavour tagging
in B-meson decays.

Long tracks have hits in all tracking sub-detectors, so they traverse the entire for-
ward tracking region. This provides them with the most accurate momentum
estimate of all track types. These tracks are the dominant input for physics
analyses.

Downstream tracks have hits in the Tracker Turicensis and the T stations, but not
in the Vertex Locator. They are of interest when looking for long lived Ks and
⇤b particles, which decay outside of the VELO.

T tracks contain only hits of the Inner Tracker and Outer Tracker. These tracks are
used for pion and kaon reconstruction in RICH2.

Upstream

T
Long

Downstream

Magnet region
T−stations

Velo

TT
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Z

X

XXX
X XX

X XX

X X X
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Figure 5.1: Counting IT and OT as one sub-detector, Long tracks traverse all track-
ing sub-detectors. The Velo, Upstream, Downstream, and T tracks cross subsets of
the tracking sub-detectors, as shown in this illustration.

The electron identification at LHCb relies on a few detector features 
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How to obtain the number of events?
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In 2014, a discrepancy of 2.6σ with the SM was 
observed in the ratio of branching fractions 
of B+→K+µ+µ- with respect to B+→K+e+e- 

This ratio is expected to be very close to unity
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2.6σ tension with the SM

Ú� =
B($+ � (�ٸ+ٸ+�

B($+ � �+ƙ+ƙ�)
= ޣަޟ.ޟ�ޟިޟ.ޟ+ޤޣަ.ޟ ±ɯɾŏɾ ޥޢޟ.ޟ ɯʿɯɾ

[Bobeth et al, JHEP 12 (2007) 040]
Úë�� = (ߞ−ߜߝ)O+ߝ

Intriguing! What happens next?   Measure, measure, measure ⁄

Ratios of „branching fractions‰ - lepton flavour universality
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Figure 1: Feynman diagrams in the SM of the B0! K⇤0`+`� decay for the (top left) electroweak
penguin and (top right) box diagram. Possible NP contributions violating LU: (bottom left) a
tree-level diagram mediated by a new gauge boson Z 0 and (bottom right) a tree-level diagram
involving a leptoquark LQ.

The measurement is performed as a double ratio of the branching fractions of the
B

0! K
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� and B
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�) decays
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where the two channels are also referred to as the “nonresonant” and the “resonant” modes,
respectively. The experimental quantities relevant for the measurement are the yields
and the reconstruction e�ciencies of the four decays entering in the double ratio. Due
to the similarity between the experimental e�ciencies of the nonresonant and resonant
decay modes, many sources of systematic uncertainty are substantially reduced. This
helps to mitigate the significant di↵erences in reconstruction between decays with muons
or electrons in the final state, mostly due to bremsstrahlung emission and the trigger
response. The decay J/ ! `

+
`
� is measured to be consistent with LU [24]. In order to

avoid experimental biases, a blind analysis was performed. The measurement is corrected
for final-state radiation (FSR). Recent SM predictions for RK⇤0 in the two q

2 regions are
reported in table 1. Note that possible uncertainties related to QED corrections are only
included in Ref. [26], and these are found to be at the percent level. The RK⇤0 ratio is
smaller than unity in the low-q2 region due to phase-space e↵ects.

The remainder of this paper is organised as follows: section 2 describes the LHCb
detector, as well as the data and the simulation samples used; the experimental challenges
in studying electrons as compared to muons are discussed in section 3; section 4 details
how the simulation is adjusted in order to improve the modelling of the data; the
selection of the candidates, rejection of the background and extraction of the yields
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