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Electrons at GPDs

๏ ATLAS and CMS reconstruct !  as 
well as !  (if not better)  
→ True, cause they are interested 
mainly in larger energies

1. Good !  resolution from ECal
2. Can trigger efficiently !  in ECal 

despite busy LHC environment
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Figure 1 – Dielectron invariant mass spectrum (left) and dimuon invariant mass spectrum (right). On top of the
smoothly falling background, some generic signal shapes are drawn in dotted lines.

210×3 310 310×2 310×3
 [GeV]X m

5−

4−

3−

2−

1−

0

1

2

3

4

5]
σ

 L
oc

al
 s

ig
ni

fic
an

ce
 [

ee channel
 channelµµ

ll channel

-1 = 13 TeV, 139 fbsATLAS
0-width resonance

210×3 310 310×2
 [GeV]X m

0

2

4

6

8

10 [%
]

X
m/

X
Γ 

0

0.5

1

1.5

2

2.5

3

3.5 ]
σ

 L
oc

al
 s

ig
ni

fic
an

ce
 [

 ll→X ATLAS -1 = 13 TeV, 139 fbs

Figure 2 – Probability that the spectrum is compatible with the background-only hypothesis for the dielectron,
dimuon and combined dilepton channels. The local p0 is quantified in standard deviations �. To the left, the
zero-width significance scan in mass is shown. To the right, the vertical axis shows the scan repeated for various
signal widths.

The generic signal shape is a non-relativistic Breit-Wigner function to model the physical
width of the resonance, convolved with the sum of a Gaussian and a crystal ball shapes to
model detector resolution. The detector resolution is determined via a comparison between
reconstructed and truth mass using MC simulation. The generic signal shape is a determined
by a reconstructed mass mX and width �X . The systematic uncertainty depends both on
mX and �X . A fiducial region is defined in order to interpret this generic shape for di↵erent
models predicting a dilepton resonance. For a given model, each lepton must pass |⌘| < 2.5
and ET(pT) > 30 GeV, and the dilepton mass must satisfy mtrue

ll
> mX � 2�X where mtrue

ll
is

the simulated dilepton mass at Born level before reconstruction. This reduces the impact from
o↵-shell e↵ects not modeled by the generic signal shape.

4 Results

The numbers of signal and background events are measured using a fit of the signal-plus-
background model to the dilepton mass distribution. A background-only fit is also performed.
Systematic uncertainties are taken into account via nuisance parameters constrained by either
Gaussian (energy and momentum scale) or log-normal (e�ciency and resolution) distributions
in the likelihood. The spurious signal is represented by allowing a non-zero signal normalization
under the background-only hypothesis. The dielectron and dimuon channels are fit separately,
and then combined under a lepton-flavor universality assumption.

310  [GeV]eem

1−10

1

10

210

310

410

Ev
en

ts
 / 

10
 G

eV ATLAS Preliminary
-1 = 13 TeV, 139 fbs

Data
Background-only fit

/m=1.2%ΓGeneric signal at 1.34 TeV, 
/m=1.2%ΓGeneric signal at 2 TeV, 
/m=1.2%ΓGeneric signal at 3 TeV, 

210×3 310 310×2 310×3
 [GeV]eem

4−
2−
0
2
4σ

(d
at

a-
fit

)/
Δ

310  [GeV]µµm

1−10

1

10

210

310

410

Ev
en

ts
 / 

10
 G

eV ATLAS
-1 = 13 TeV, 139 fbs

Data
Background-only fit

/m=1.2%ΓGeneric signal at 1.34 TeV, 
/m=1.2%ΓGeneric signal at 2 TeV, 
/m=1.2%ΓGeneric signal at 3 TeV, 

210×3 310 310×2 310×3
 [GeV]µµm

4−
2−
0
2
4σ

(d
at

a-
fit

)/

Figure 1 – Dielectron invariant mass spectrum (left) and dimuon invariant mass spectrum (right). On top of the
smoothly falling background, some generic signal shapes are drawn in dotted lines.
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Figure 2 – Probability that the spectrum is compatible with the background-only hypothesis for the dielectron,
dimuon and combined dilepton channels. The local p0 is quantified in standard deviations �. To the left, the
zero-width significance scan in mass is shown. To the right, the vertical axis shows the scan repeated for various
signal widths.

The generic signal shape is a non-relativistic Breit-Wigner function to model the physical
width of the resonance, convolved with the sum of a Gaussian and a crystal ball shapes to
model detector resolution. The detector resolution is determined via a comparison between
reconstructed and truth mass using MC simulation. The generic signal shape is a determined
by a reconstructed mass mX and width �X . The systematic uncertainty depends both on
mX and �X . A fiducial region is defined in order to interpret this generic shape for di↵erent
models predicting a dilepton resonance. For a given model, each lepton must pass |⌘| < 2.5
and ET(pT) > 30 GeV, and the dilepton mass must satisfy mtrue

ll
> mX � 2�X where mtrue

ll
is

the simulated dilepton mass at Born level before reconstruction. This reduces the impact from
o↵-shell e↵ects not modeled by the generic signal shape.

4 Results

The numbers of signal and background events are measured using a fit of the signal-plus-
background model to the dilepton mass distribution. A background-only fit is also performed.
Systematic uncertainties are taken into account via nuisance parameters constrained by either
Gaussian (energy and momentum scale) or log-normal (e�ciency and resolution) distributions
in the likelihood. The spurious signal is represented by allowing a non-zero signal normalization
under the background-only hypothesis. The dielectron and dimuon channels are fit separately,
and then combined under a lepton-flavor universality assumption.
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Electrons for B physics
๏ In energy range relevant for B 

physics at the LHC, electron energy 
is measured with the tracker, not 
with the ECal

๏ ECal used for electron identification 
and bremsstrahlung recovery

!3

B physics Z, H, SUSY, …

15/04/16 M. Borsato - USC 5

Selection of electron decays
● Level-0 online hardware trigger lines:

● Electron: large ET deposit in ECAL (main)
● Hadron: large ET deposit in HCAL (low q2)
2 triggering on kaon (also pion for RK*)

● Trigger independent of the signal tracks
2 all types of Level-0 trigger

● Electron identification
● ECAL energy deposit and associated track
● E/pc required to be close to 1

● Pre-selection has been optimized 
● can now go lower in pT
● Still learning how to best treat dielectrons

● Multivariate classifier (BDT) 
● trained to reject combinatorial background

Electron ID at LHCb

๏ Both true also for Belle II 
despite lower energy range
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LHCb electron efficiency

!4

Analysis B+→K+J/ψ(µµ)   B+→K+J/ψ(ee)   B+ in LHCb ε(ee)/ε(µµ)

1st RK 667k 88k 130b 13%

2nd RK 1162k 344k 270b 30%

2nd/1st 1.7 3.9 2.1

Similar efficiency 

๏ LHCb discards low-pT electrons
• Cannot do hardware trigger with ECal

‣ ECal threshold at !

• Can get swept out of acceptance due to 
brem loss (80% efficiency at ! )

• Come with larger combinatorial (MVA cut)
• However, !  separation is excellent 

at low momentum below RICH threshold  
(RICH1: 2.6 GeV, RICH2: 4.4 GeV)

๏ Comparing first and second RK:
• Large efficiency improvement 

๏ Could do better in LHCb upgrade  
(no hardware trigger bottleneck) 

ET > 3.5 GeV

pT = 1 GeV

e± vs π±

Phys. Rev. Lett. 122, 191801 (2019)
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Belle(II) electron efficiency
๏ Much smaller differences between 
!  and !  in Belle(II)

๏ Tracking efficiency similar to !

๏ Efficiency difference mainly due 
to tighter !  PID requirements  
(based on ECal rather than KLM)

μ± e±

μ±

e±

!5

Analysis ε(B→K*0µµ)  ε(B→K*0ee) ε(ee)/ε(µµ)

Angular K*ℓℓ    
q2= [1,6] GeV2 15.3% 12.7% 83%
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Fig. 5. E/p for electrons (solid) and
charged pions (broken).
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Fig. 6. Momentum dependence of E/p.
Electrons are represented by filled
circles, and charged pions by open
squares.

the crystal at the center of the shower to that of a sum of a 5 × 5 array of
crystals centered on the same crystal.
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Fig. 7. E9 /E25 for electrons and pions denoted by solid broken histograms, respec-
tively.

Figure 7 shows E9/E25 for electrons and charged pions. Electrons exhibit a
peak at around E/p = 0.95, with a relatively small low-side tail, while pions
have more events in the lower E9/E25 range. This is attributed to the faster
evolution (measured in terms of material depth) of electromagnetic showers
relative to that for hadronic showers. The events in the region of the pion
distribution near unity arise from minimum ionizing energy deposit in a single
ECL block.

8

3.2.4 dE/dx

The amount of ionization created by a particle as it travels through a gas filled
volume is proportional to its rate of energy loss, dE/dx, which exhibits a well-
known β−2 dependence. Although the statistical fluctuations for any single
dE/dx measurement are typically quite large, and exhibit a pronounced high-
side tail, an accurate determination of dE/dx can be made by averaging several
measurements. By excluding the highest 20% of the individual measurements
from the average, the effects of upward fluctuations can be suppressed. Fig-
ure 8 shows the resulting dE/dx distributions for electrons and for pions. The
resolution for pions is 7.8%.

The averaged dE/dx as a function of momentum is shown in Fig. 9. As can
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Fig. 8. dE/dx for electrons and pions.
The solid histogram represents elec-
trons, and the broken histogram rep-
resents pions.
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Fig. 9. Momentum dependence of
dE/dx. Electrons are represented by
filled circles, and pions by open
squares.

be seen, the momentum range of interest is almost fully covered by dE/dx in
terms of e/π separation, although the separating power is higher in the lower
momentum region. This approach is complementary to the E/p approach.

The likelihood for dE/dx is calculated from the measured dE/dx ((dE/dx)meas),
expected dE/dx ((dE/dx)exp), and the expected resolution (σdE/dx), assuming
the PDF to be a Gaussian. The mean of the Gaussian is deduced from the
Bethe-Bloch equation as a function of velocity based on an arbitrary parti-
cle hypothesis. The expected resolution is determined from test beam results.
Given a χ2 of

χ2 = (
(dE/dx)meas − (dE/dx)exp

σdE/dx
)2 ,

9

E/p from ECal dE/dx from  DC

!  don’t produce Cherenkov lightπ±

๏ Excellent PID from 
‣ E/p from ECal
‣ Shower shape in 

ECal
‣ dE/dx from drift 

chamber
‣ Cherenkov light in 

aerogel (TOP)

Nucl.Instrum.Meth.A485:490-503,2002

Simon Where PhD thesis and Phys. Rev. Lett. 118, 111801



Bremsstrahlung 
at LHCb and Belle (II)
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Bremsstrahlung

๏ Common misconception:
• Relevant bremsstrahlung effects at 

LHCb/Belle are not due to the 
magnetic field used for tracking

• It’s the interaction with the detector 
material (Coulomb field of atoms)

• Probability goes with !  → mainly 
affecting electrons

๏ Energy loss due to bremsstrahlung 
rises linearly with !  energy  
→ fractional loss roughly 
independent of !  energy  
(easier to model)

E/m2

e±

e±

!7

33. Passage of particles through matter 19

Table 33.2: Tsai’s Lrad and L′
rad, for use in calculating the radiation length in an

element using Eq. (33.26).

Element Z Lrad L′
rad

H 1 5.31 6.144
He 2 4.79 5.621
Li 3 4.74 5.805
Be 4 4.71 5.924

Others > 4 ln(184.15 Z−1/3) ln(1194 Z−2/3)

Figure 33.11: Fractional energy loss per radiation length in lead as a function of
electron or positron energy. Electron (positron) scattering is considered as ionization
when the energy loss per collision is below 0.255 MeV, and as Møller (Bhabha)
scattering when it is above. Adapted from Fig. 3.2 from Messel and Crawford,
Electron-Photon Shower Distribution Function Tables for Lead, Copper, and Air
Absorbers, Pergamon Press, 1970. Messel and Crawford use X0(Pb) = 5.82 g/cm2,
but we have modified the figures to reflect the value given in the Table of Atomic
and Nuclear Properties of Materials (X0(Pb) = 6.37 g/cm2).

33.4.3. Bremsstrahlung energy loss by e± :

At very high energies and except at the high-energy tip of the bremsstrahlung
spectrum, the cross section can be approximated in the “complete screening case” as [42]

dσ/dk = (1/k)4αr2
e
{

(4
3 − 4

3y + y2)[Z2(Lrad − f(Z)) + Z L′
rad]

+ 1
9 (1 − y)(Z2 + Z)

}

,
(33.29)

June 5, 2018 19:57

PDG
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Brem reco at Belle

๏ Belle ECal threshold to reconstruct neutral 
deposit is 10 MeV 

๏ Probability to emit at least a brem 
( ! ) is about 25%

๏ Brem emission results in kinked track
• Effects considered via noise matrix in track fit
• Work ongoing to improve this using 

information on the material distribution

๏ In Belle energy loss from bremsstrahlung is 
recovered by adding back the energy of 
photons in a cone of 0.05 rad around the 
• Sensitive to beam-induced background
• Work ongoing to optimise procedure for Belle II 

Eγ > 10 MeV

e±

!8

6.2. Bremsstrahlung Recovery

Figure 6.2.: Momentum resolution of electrons within a momentum range of |p| œ

[0.5, 2.5] GeV. The figures show the same distribution. To better visualize the
tails, the plot on the right uses a logarithmic y-axis. Electrons with no radiated
photon with E“ > 10 MeV are shown in blue, electrons with at least one radiated
photon above this threshold are shown in orange. The tail to underestimated
energies arises from radiated bremsstrahlung.

Figure 6.3.: The cumulative distribution function for the hardest photon (Primary), second
hardest photon (Secondary) and both photons to carry away a certain fraction of
energy via bremsstrahlung. The distribution shows, e.g. that the probability that
the two hardest photons carry 90% of all energy lost via bremsstrahlung is ¥95%.

31

p ∈ [0.5,2.5] GeV

(with Eγ > 10 MeV)

6. Electron Reconstruction

Figure 6.4.: Origin of bremsstrahlung photons in the tracking detectors. The major part of
bremsstrahlung originates within the radii containing the beampipe, the silicon
detectors and the inner CDC border wall (left). The layer structure of the detector
is clearly visible (right).

Figure 6.5.: The cumulative distribution function for an electron to lose a certain fraction of
energy via bremsstrahlung after leaving a sub detector. The distribution indicates
that the major bremsstrahlung energy loss happens in the SVD and is not present
in the CDC.

32

The major part of 
bremsstrahlung originates 
within the radii containing the 
beampipe, the silicon detectors 
and the inner CDC border wall 
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Belle brem correction
๏ Use beam-energy constrained mass 
!

• Less dependence on measured 

momenta: !  

and !

๏ Muon and electron modes look identical 
in beam-energy constrained B mass

๏ Bremsstrahlung effect enter only in the q2 
bins definition
• !

• !

Mbc = E⋆2
beam − p⋆2

B

σ2
Mbc

≈ σ2
E⋆

beam
+ ( p⋆

B

mB )
2

σ2
p2

B

p*B /mB ≃ 0.06

−0.25 GeV < m(ee) − mJ/ψ < 0.08 GeV
−0.15 GeV < m(μμ) − mJ/ψ < 0.08 GeV

!9

4

meson candidates, where the charge of the kaon or pion
defines the charge or flavor of the B meson. The par-
ticle selection criteria lead to combinatorial background
that is suppressed by applying requirements on the beam-
energy constrained mass, Mbc =

p
E2

beam/c
4 � |~pB |2/c2,

and the energy di↵erence, �E = EB �Ebeam, where EB

and ~pB are the energy and momentum, respectively, of
the reconstructed candidate in the ⌥(4S) rest frame and
Ebeam is the beam energy in the center-of-mass frame.
Correctly reconstructed candidates are centered at the
nominal B mass in Mbc and at zero in �E. Candi-
dates that satisfy 5.22 GeV/c2 < Mbc < 5.30 GeV/c2

and �0.10 (�0.05) GeV < �E < 0.05 GeV for the
electron (muon) modes are retained. Large irreducible
background contributions arise from charmonium decays
B ! J/ K⇤ and B !  (2S)K⇤, in which the cc̄
state decays into two leptons. These decays are ve-
toed with the requirements �0.25 (�0.15) GeV/c2 <
M``�mJ/ < 0.08 GeV/c2 and �0.20 (�0.10) GeV/c2 <
M`` � m (2S) < 0.08 GeV/c2 for the electron (muon)
modes. In the electron case, the veto is applied twice:
with and without the bremsstrahlung-recovery treat-
ment. Di-electron background from photon conversions
(� ! e+e�) and ⇡0 Dalitz decays (⇡0 ! e+e��) is re-
jected by requiring Mee > 0.14 GeV/c2.

To maximize signal e�ciency and purity, neural net-
works are utilized sequentially from the bottom to the
top of the decay chain, transferring the output probabil-
ity from each step to the subsequent step so that the most
e↵ective selection requirements are applied in the last
stage based on all information combined. For all particle
hypotheses, a neural network is trained to separate signal
from background and an output value, oNB, is calculated
for each candidate. The classifiers for e±, µ±,K±, K0

S ,
⇡0, and ⇡± are taken from the neural-network-based full
event reconstruction described in Ref. [16]. For K⇤ se-
lection, a classifier is trained on MC samples using kine-
matic variables and vertex fit information. The final clas-
sification is performed with a requirement on oNB for each
B decay channel using event-shape variables (i.e., mod-
ified Fox-Wolfram moments [17]), vertex fit information,
and kinematic variables as input for the classifier. The
most important variables for the neural networks are�E,
the reconstructed mass of the K⇤, the product of the net-
work outputs of all secondary particles, and the distance
between the two leptons along the beam direction �z``.
If multiple candidates are found in an event (less than
2% of the time), the most probable candidate is chosen
based on oNB. The selection requirements for the neural
networks are optimized by maximizing the figure of merit
ns/

p
ns + nb separately for the electron and muon chan-

nels, where ns and nb are the expected numbers of signal
and background candidates, respectively, calculated from
MC.

Signal and background yields are extracted by an un-
binned extended maximum likelihood fit to the Mbc dis-
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FIG. 1. Distribution of the beam-energy constrained mass

for selected B ! K⇤e+e� (left) and B ! K⇤µ+µ�
(right).

Combinatorial background (shaded blue), signal (red filled)

and total (solid) fit functions are superimposed on the data

points

tribution of B ! K⇤`+`� candidates, presented in Fig. 1,
where the signal is parametrized by a Crystal Ball func-
tion [18] and the background is described by an ARGUS
function [19]. The signal shape parameters are deter-
mined from a fit to B ! J/ K⇤ data in the correspond-
ing q2 veto region while the background shape parame-
ters are allowed to float in the fit. In total 127± 15 and
185 ± 17 signal candidates are obtained for the electron
and muon channels, respectively.
The analysis is performed in four independent bins of

q2, as detailed in Table I, with an additional bin in the
range 1.0 GeV2/c2 < q2 < 6.0 GeV2/c2, which is favored
for theoretical predictions [6]. To make maximum use
of the limited statistics, a data-transformation technique
[20, 21] is applied, simplifying the di↵erential decay rate
without losing experimental sensitivity. The transforma-
tion is applied to specific regions in the three-dimensional
angular space, exploiting the symmetries of the cosine
and sine functions to cancel terms in Eq. 1. With the
following transformations to the dataset, the data are
sensitive to the observable of interest:

P 0
4, S4 :

8
><

>:

�! �� for � < 0

�! ⇡ � � for ✓` > ⇡/2

✓` ! ⇡ � ✓` for ✓` > ⇡/2,

(3)

P 0
5, S5 :

(
�! �� for � < 0

✓` ! ⇡ � ✓` for ✓` > ⇡/2.
(4)

With this procedure, the remaining observables are the
K⇤ longitudinal polarization, FL, the transverse polar-

ization asymmetry, A(2)
T = 2S3/(1 � FL), and P 0

4 or P 0
5.

Two independent maximum likelihood fits for each bin
of q2 are performed to the angular distributions to ex-
tract the P 0

4,5 observables. The fits are performed using
the data in the signal region of Mbc of all decay channels
and separately for the electron and muon mode. The sig-
nal (background) region is defined as Mbc � 5.27 GeV/c2

4

meson candidates, where the charge of the kaon or pion
defines the charge or flavor of the B meson. The par-
ticle selection criteria lead to combinatorial background
that is suppressed by applying requirements on the beam-
energy constrained mass, Mbc =

p
E2

beam/c
4 � |~pB |2/c2,

and the energy di↵erence, �E = EB �Ebeam, where EB

and ~pB are the energy and momentum, respectively, of
the reconstructed candidate in the ⌥(4S) rest frame and
Ebeam is the beam energy in the center-of-mass frame.
Correctly reconstructed candidates are centered at the
nominal B mass in Mbc and at zero in �E. Candi-
dates that satisfy 5.22 GeV/c2 < Mbc < 5.30 GeV/c2

and �0.10 (�0.05) GeV < �E < 0.05 GeV for the
electron (muon) modes are retained. Large irreducible
background contributions arise from charmonium decays
B ! J/ K⇤ and B !  (2S)K⇤, in which the cc̄
state decays into two leptons. These decays are ve-
toed with the requirements �0.25 (�0.15) GeV/c2 <
M``�mJ/ < 0.08 GeV/c2 and �0.20 (�0.10) GeV/c2 <
M`` � m (2S) < 0.08 GeV/c2 for the electron (muon)
modes. In the electron case, the veto is applied twice:
with and without the bremsstrahlung-recovery treat-
ment. Di-electron background from photon conversions
(� ! e+e�) and ⇡0 Dalitz decays (⇡0 ! e+e��) is re-
jected by requiring Mee > 0.14 GeV/c2.

To maximize signal e�ciency and purity, neural net-
works are utilized sequentially from the bottom to the
top of the decay chain, transferring the output probabil-
ity from each step to the subsequent step so that the most
e↵ective selection requirements are applied in the last
stage based on all information combined. For all particle
hypotheses, a neural network is trained to separate signal
from background and an output value, oNB, is calculated
for each candidate. The classifiers for e±, µ±,K±, K0

S ,
⇡0, and ⇡± are taken from the neural-network-based full
event reconstruction described in Ref. [16]. For K⇤ se-
lection, a classifier is trained on MC samples using kine-
matic variables and vertex fit information. The final clas-
sification is performed with a requirement on oNB for each
B decay channel using event-shape variables (i.e., mod-
ified Fox-Wolfram moments [17]), vertex fit information,
and kinematic variables as input for the classifier. The
most important variables for the neural networks are�E,
the reconstructed mass of the K⇤, the product of the net-
work outputs of all secondary particles, and the distance
between the two leptons along the beam direction �z``.
If multiple candidates are found in an event (less than
2% of the time), the most probable candidate is chosen
based on oNB. The selection requirements for the neural
networks are optimized by maximizing the figure of merit
ns/

p
ns + nb separately for the electron and muon chan-

nels, where ns and nb are the expected numbers of signal
and background candidates, respectively, calculated from
MC.

Signal and background yields are extracted by an un-
binned extended maximum likelihood fit to the Mbc dis-
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FIG. 1. Distribution of the beam-energy constrained mass

for selected B ! K⇤e+e� (left) and B ! K⇤µ+µ�
(right).

Combinatorial background (shaded blue), signal (red filled)

and total (solid) fit functions are superimposed on the data

points

tribution of B ! K⇤`+`� candidates, presented in Fig. 1,
where the signal is parametrized by a Crystal Ball func-
tion [18] and the background is described by an ARGUS
function [19]. The signal shape parameters are deter-
mined from a fit to B ! J/ K⇤ data in the correspond-
ing q2 veto region while the background shape parame-
ters are allowed to float in the fit. In total 127± 15 and
185 ± 17 signal candidates are obtained for the electron
and muon channels, respectively.
The analysis is performed in four independent bins of

q2, as detailed in Table I, with an additional bin in the
range 1.0 GeV2/c2 < q2 < 6.0 GeV2/c2, which is favored
for theoretical predictions [6]. To make maximum use
of the limited statistics, a data-transformation technique
[20, 21] is applied, simplifying the di↵erential decay rate
without losing experimental sensitivity. The transforma-
tion is applied to specific regions in the three-dimensional
angular space, exploiting the symmetries of the cosine
and sine functions to cancel terms in Eq. 1. With the
following transformations to the dataset, the data are
sensitive to the observable of interest:

P 0
4, S4 :

8
><

>:

�! �� for � < 0

�! ⇡ � � for ✓` > ⇡/2

✓` ! ⇡ � ✓` for ✓` > ⇡/2,

(3)

P 0
5, S5 :

(
�! �� for � < 0

✓` ! ⇡ � ✓` for ✓` > ⇡/2.
(4)

With this procedure, the remaining observables are the
K⇤ longitudinal polarization, FL, the transverse polar-

ization asymmetry, A(2)
T = 2S3/(1 � FL), and P 0

4 or P 0
5.

Two independent maximum likelihood fits for each bin
of q2 are performed to the angular distributions to ex-
tract the P 0

4,5 observables. The fits are performed using
the data in the signal region of Mbc of all decay channels
and separately for the electron and muon mode. The sig-
nal (background) region is defined as Mbc � 5.27 GeV/c2

Phys. Rev. Lett. 118, 111801
Phys. Rev. Lett. 118, 111801

B → K*e+e−

B → K*μ+μ−
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Brems emitted at LHCb

๏ Most brem emission 
due to material 
interaction

๏ If emitted before the 
magnet can affect 
momentum 
measurement

๏ Try to find brem 
photon and add its 
energy back

!10

Daniel Berninghoff Bremsstrahlungskorrektur 29.02.2016 / 136

Studien anhand von  
simulierten                          Zerfällen

250mra
d

100mrad

M1RICH2

T1T2
T3

5m 10m 15m

TTtex
Locator

RICH1

5m

Man beachte:
• Nur wenige Photonen werden 

im Magneten emittiert 
    weiche Photonen 

• Keine rekonstruierten 
Photonen von Tracking 
Stationen (T1-3) 
     teilen sich Kalorimeter  
     Zellen mit Elektron 

B+ ! K+e+µ�

Nur Material-WW vor dem Magneten relevant!
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Brem recovery at LHCb

!11

ECAL

VELO

UT

Recover photons   
in this region

e ± track

๏ LHCb brem recovery algorithm:
• Extrapolate upstream !  track to the ECAL
• Take all reconstructed neutral clusters  

with !
• Add them back to electron momentum

๏ Main shortcomings
• ECAL energy resolution worse  

 than tracking resolution
• Brem can be out of ECAL or too soft

๏ Electrons with brem recovered:
• Better momentum resolution (more symmetric)
• Better particle identification ( !  don’t emit brem)

๏ What if no brem is found?  
→ most of the time it was missed

e±

ET > 75 MeV

π±
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Figure S2: Distributions of various reconstructed properties for simulated decays. The first row
shows the angle between the two leptons, or one lepton and the kaon. The second row shows
the rapidity distributions, and the third row the transverse momentum distributions of all the
final-state particles. The bottom left plot shows the distribution for the quality of the B+ vertex
fit and the bottom right plot shows the �2

IP(B
+) variable, which quantifies the significance of

the B+ impact parameter.

Such decays are suppressed by placing an additional veto on the K+
e
� mass reconstructed

without the bremsstrahlung correction, i.e. based on the measured track momentum alone.
This veto removes background around the known D

0 mass, as shown in Fig. S3. After
the application of both these vetoes, the cascade backgrounds are reduced to a negligible
level while retaining 97% of B+

! K
+
µ
+
µ
� and 95% of B+

! K
+
e
+
e
� decays passing

the remainder of the selection requirements.
The fits to the nonresonant (resonant) decay modes divided into di↵erent data-taking

periods and trigger categories are shown in Fig. S4 (Fig. S5). For the resonant modes
these projections come from independent fits to each period/category. The nonresonant

2

Brems emitted at LHCb

๏ How many brem/electron are typically emitted?
• !  complete screening approximation
• Material budget before magnet: !
• !
• Average number of brem emitted with at least 2.5% 

of the !  energy  

!

• At LHCb most electrons emit one energetic brem 
before the magnet

E(e±) > 10 GeV
d ≃ 38 % X0

pT(e±) ∼ 3 GeV ⇒ min(ET(γ)) = 75 MeV = 2.5 %

e±

< Nγ > =
d
X0 [ 4

3
ln ( kmax

kmin ) −
4 (kmax − kmin)

3E
+

k2
max − k2

min

2E2 ] ≃ 1

!12
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Figure S2: Distributions of various reconstructed properties for simulated decays. The first row
shows the angle between the two leptons, or one lepton and the kaon. The second row shows
the rapidity distributions, and the third row the transverse momentum distributions of all the
final-state particles. The bottom left plot shows the distribution for the quality of the B+ vertex
fit and the bottom right plot shows the �2

IP(B
+) variable, which quantifies the significance of

the B+ impact parameter.

Such decays are suppressed by placing an additional veto on the K+
e
� mass reconstructed

without the bremsstrahlung correction, i.e. based on the measured track momentum alone.
This veto removes background around the known D

0 mass, as shown in Fig. S3. After
the application of both these vetoes, the cascade backgrounds are reduced to a negligible
level while retaining 97% of B+

! K
+
µ
+
µ
� and 95% of B+

! K
+
e
+
e
� decays passing

the remainder of the selection requirements.
The fits to the nonresonant (resonant) decay modes divided into di↵erent data-taking

periods and trigger categories are shown in Fig. S4 (Fig. S5). For the resonant modes
these projections come from independent fits to each period/category. The nonresonant
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Figure S2: Distributions of various reconstructed properties for simulated decays. The first row
shows the angle between the two leptons, or one lepton and the kaon. The second row shows
the rapidity distributions, and the third row the transverse momentum distributions of all the
final-state particles. The bottom left plot shows the distribution for the quality of the B+ vertex
fit and the bottom right plot shows the �2

IP(B
+) variable, which quantifies the significance of

the B+ impact parameter.

Such decays are suppressed by placing an additional veto on the K+
e
� mass reconstructed

without the bremsstrahlung correction, i.e. based on the measured track momentum alone.
This veto removes background around the known D

0 mass, as shown in Fig. S3. After
the application of both these vetoes, the cascade backgrounds are reduced to a negligible
level while retaining 97% of B+

! K
+
µ
+
µ
� and 95% of B+

! K
+
e
+
e
� decays passing

the remainder of the selection requirements.
The fits to the nonresonant (resonant) decay modes divided into di↵erent data-taking

periods and trigger categories are shown in Fig. S4 (Fig. S5). For the resonant modes
these projections come from independent fits to each period/category. The nonresonant
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Brem recovery at LHCb

๏ Assuming every !  emits one brem 
and probability of brem recovery ( ! ) 
is uncorrelated among !  and ! :

!

e±

P
e+ e−

1 = f ee
2cl + f ee

1cl + f ee
0cl

= P2 + 2P(1 − P) + (1 − P)2

⇒ P ≃ 50 %

!13
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Figure 5: Fraction of (left) B0! K⇤0J/ (! e+e�) and (right) B0! K⇤0�(! e+e�) candidates
(in percent) with zero, one, and two or more recovered clusters per trigger category. The numbers
are from (darker colour) data and (lighter colour) simulation. Due to the very low opening angle
of the two electrons in B0! K⇤0�(! e+e�) decays, the bremsstrahlung photon energy deposits
overlap and only one bremsstrahlung cluster at most is resolved.

category are taken from simulation, the latter having been checked on data control channels
(see figure 5). In order to account for possible data-simulation discrepancies, the mean
(width) of the PDF for each trigger category is allowed to shift (scale). These shift and
scale factors are common between the nonresonant and resonant PDFs. An additional
scale factor is also applied to the parameter describing the tail of the CB functions. The
combinatorial background is described by an exponential function with di↵erent slope
parameters for the resonant and nonresonant modes, and in each trigger category and q

2

region, that are free to vary in the fit. The shape of the partially reconstructed hadronic
background, B! X(! Y K

⇤0)e+e
� (where the decay product Y is not reconstructed), is

obtained from simulation using a sample that includes decays of higher kaon resonances,
X, such as K

+
1 (1270) and K

⇤+
2 (1430). The mass distribution is modelled using a kernel

estimation technique separately in each trigger category and q
2 region. The fraction

of this background is free to vary in both q
2 intervals. Due to the requirement on the

four-body invariant mass with a J/ mass constraint (see section 5), there is no partially
reconstructed background left to contaminate B

0! K
⇤0

J/ (! e
+
e
�) candidates. Due to

the long radiative tail of the dielectron invariant mass, B
0! K

⇤0
J/ (! e

+
e
�) decays can

contaminate the central-q2 region and an additional background component is considered
(see figure 2), however this contribution does not peak at the nominal B

0 mass. The
distribution is modelled using simulated events, while the normalisation is constrained
using a mixture of data and simulation. The contributions to the resonant modes from
⇤

0
b
! K

+
pJ/ (! e

+
e
�) and B

0
s
! K

⇤0
J/ (! e

+
e
�) decays are treated following the same

procedure as for the muon channel. The normalisations are fixed to the yields returned
by the muon fit after correcting for e�ciency di↵erences between the two final states.

The results of the fits to the muon channels are shown in figure 6, while figure 7 displays
the fit results for the electron channels, where the three trigger categories have been
combined. The distribution of the normalised fit residuals of the B

0! K
⇤0

J/ (! µ
+
µ
�)

mode shows an imperfect description of the combinatorial background at high mass values,
although the e↵ect on the signal yield is negligible. The resulting yields are listed in
table 2.
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B mass resolution at LHCb

๏ B mass resolution essential to 
separate signal from partially 
reconstructed and combinatorial

!14

]2c [MeV/)−e+e+m(K
5000 5500 6000

)2 c
C

an
di

da
te

s /
 (2

4 
M

eV
/

0

20

40

60

80

100 Data
Total fit

 = 1KRTotal 
−e+e+ K→+B

Part. Reco.
+)K−e+(eψ J/→+B

Combinatorial

LHCb

]2c [MeV/)−µ+µ+m(K
5200 5300 5400 5500 5600

)2 c
C

an
di

da
te

s /
 (7

 M
eV

/

0

50

100

150

200

250

300

350

Data
Total fit

 = 1KRTotal 
−µ+µ+ K→+B

Combinatorial

LHCb

]2c [MeV/)−e+e+(KψJ/m
5200 5400 5600

)2 c
C

an
di

da
te

s /
 (1

2 
M

eV
/

0
10
20
30
40
50
60
70
80
90

100
310×

Data
Total fit

+)K−e+(eψ J/→+B
Part. Reco.

+π)−e+(eψ J/→+B
Combinatorial

LHCb

]2c [MeV/)−µ+µ+(KψJ/m
5200 5300 5400 5500 5600

)2 c
C

an
di

da
te

s /
 (4

 M
eV

/

0
20
40
60
80

100
120
140
160
180
200
220

310×

Data
Total fit

+)K−µ+µ(ψ J/→+B
+π)−µ+µ(ψ J/→+B

Combinatorial

LHCb

Figure 2: Fits to the m(J/ )(K
+`+`�) invariant mass distribution for (left) electron and

(right) muon candidates for (top) nonresonant and (bottom) resonant decays. For the electron
(muon) nonresonant plots, the red-dotted line shows the distribution that would be expected
from the observed number of B+

! K+µ+µ� (B+
! K+e+e�) decays and RK = 1.

the di↵erent data-taking periods and trigger categories. A fit to just the 7 and 8TeV data
gives a value for RK compatible with the previous LHCb measurement [33] within one
standard deviation. This consistency test takes into account the large correlation between
the two data samples, which are not identical due to di↵erent reconstruction and selection
procedures. The result from just the 7 and 8TeV data is also compatible with that from
only the 13TeV data at the 1.9 standard deviation level.

The branching fraction of the B
+
! K

+
e
+
e
� decay is determined in the nonresonant

signal region 1.1 < q
2
< 6.0GeV2

/c
4 by combining the value of RK with the value of

B(B+
! K

+
µ
+
µ
�) from Ref. [12], taking into account correlated systematic uncertainties.

This gives

dB(B+
! K

+
e
+
e
�)

dq2
(1.1 < q

2
< 6.0GeV2

/c
4) = (28.6 +2.0

�1.7 ± 1.4)⇥ 10�9
c
4
/GeV2

.

The dominant systematic uncertainty is from the limited knowledge of the B
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Figure 2: Fits to the m(J/ )(K
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Minimum reconstructed B mass

๏ Maybe one should take into account 
!  resolution when testing 
PHOTOS approximation

๏ Due to brem losses, minimum true 
!  is far from a step function
• no problem for !

๏ Tested quickly using RapidSim (latest 
version includes an approximation of 
brem losses at LHCb)

๏ Not taking into account FSR recovery 
through brem adder  
(included through PHOTOS in actual 
LHCb simulation)

m(Kℓℓ)

m(Kee)
m(Kμμ)

!15

   GDR-InF workshop, 2019                   Eluned Smith

How well does PHOTOS model these effects?

➤ Using PHOTOS in EvtGen 

�32
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RapidSim of LHCb response
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Summary
๏ Electron reconstruction efficiency
• Belle(II): very similar between !  and !  at
• LHCb: improved significantly in past years 

(more expected in upgrade)

๏ Bremsstrahlung recovery
• Belle(II): few photons emitted, recovered if 

 and within 0.05 rad
• LHCb: most electrons emit a hard brem before 

the magnet, recovered with efficiency about 50%

๏ QED corrections:
• Need to test PHOTOS using more realistic mass 

thresholds for LHCb?

μ± e±

Eγ > 10 MeV

!16
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q2 versus B mass
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Double ratio
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Figure S6: (Top) distributions of the spectra of (left) the B+ transverse momentum and (right)
the minimum pT of the leptons. (Bottom) the single ratio rJ/ relative to its average value⌦
rJ/ 

↵
as a function of these variables.
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Figure S7: (Left) the value of rJ/ , relative to the average value of rJ/ , measured in two-
dimensional bins of the maximum lepton momentum (p(l)) and the opening angle between
the two leptons (↵(l+, l�)). (Right) the bin definition in this two-dimensional space together
with the distribution for B+

! K+e+e� (B+
! J/ (! e+e�)K+) decays depicted as red (blue)

contours.
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Figure 1: (Top) expected distributions of the opening angle between the two leptons, in the
laboratory frame, for the four modes in the double ratio used to determine RK . (Bottom) the
single ratio rJ/ relative to its average value

⌦
rJ/ 

↵
as a function of the opening angle.

in the double ratio. For each of the variables examined, no significant trend is observed.
Figure 1 shows the ratio as a function of the dilepton opening angle and other examples
are provided in the Supplemental Material [71]. Assuming the deviations that are observed
indicate genuine mismodelling of the e�ciencies, rather than fluctuations, and taking into
account the spectrum of the relevant variables in the nonresonant decay modes of interest,
a total shift on RK is computed for each of the variables examined. In each case, the
resulting variation is within the estimated systematic uncertainty on RK . The rJ/ ratio
is also computed in two- and three-dimensional bins of the considered variables. Again, no
trend is seen and the deviations observed are consistent with the systematic uncertainties
on RK . An example is shown in Fig. S7 in the Supplemental Material [71]. Independent
studies of the electron reconstruction e�ciency using control channels selected from the
data also give consistent results.

The results of the fits to the m(K+
`
+
`
�) and mJ/ (K+

`
+
`
�) distributions are shown

in Fig. 2. A total of 1943 ± 49 B
+
! K

+
µ
+
µ
� decays are observed. A study of the

B
+
! K

+
µ
+
µ
� di↵erential branching fraction gives results that are consistent with pre-

vious LHCb measurements [12] but, owing to the selection criteria optimised for the
precision on RK , are less precise. The B

+
! K

+
µ
+
µ
� di↵erential branching fraction

observed is consistent between the 7 and 8TeV data and the 13TeV data.
The value of RK is measured to be

RK = 0.846 +0.060
� 0.054

+0.016
� 0.014 ,
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