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1. How we do electrons 

2. What we do with them
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Electrons at GPDs

๏ ATLAS and CMS reconstruct  as 
well as  (if not better) 
→ True, cause they are designed 
mainly for higher 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.
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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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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 the energy range relevant 
for B physics at the LHC, 
the electron energy is 
measured with the tracker, 
not with the ECal

4

B physics Z, H, SUSY, …
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Electron identification

๏ ECal used for electron 
identification and 
recovery of brem radiation

๏ At very low momentum 
Cherenkov light emission 
in RICH takes leading role

5

3

LHCb RICH 1

Int.J.Mod.Phys.A 30 (2015) 07, 1530022

Fig. 2.13: (left) Schematic explanation of the principle of identification of photons,
electrons and hadrons with the calorimeter system. Adapted from [114]. (right) Dis-
tribution of m(K+K��) for a sample of B0

s ! �� events collected by LHCb with 2011
1 fb�1 data [115]. The mass resolution is dominated by the reconstructed photon energy
by the ECAL.

constraints and less stringent requirements on the resolution. Indeed, its main
purpose is to provide a trigger for charged hadrons having high transverse energy.

Electron identification and reconstruction

Electrons are identified by the energy deposit signature they leave in the calorime-
ter system, but also by looking for a track associated to the cluster and based on
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Fig. 2.14: (left) Distribution for the ECAL of E/pc for electrons (red) and hadrons
(blue), as obtained from the first 340 pb�1 recorded in 2011 [105]. (right) Schematic
representation of bremsstrahlung photons emitted by an electron before and after the
magnet [95].
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https://arxiv.org/abs/1412.6352
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Tracking and trigger

6

Similar efficiency 
Hardware trigger

๏ Electron tracking less efficient than muons
• Track pattern recognition similar to muons
• Electrons can get swept out of tracker 

acceptance due to brem energy loss  
(80% efficiency at ) 
 

๏ Hardware trigger inefficient on electrons
• Electron threshold (ECal) higher than muons

‣
‣

• Cannot use  for electron ID (no tracking)

pT = 1 GeV

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

E/p

Phys. Rev. Lett. 122, 191801 (2019)

VELO track

Long track

VELO TT T

Figure 1: Schematic view of the di↵erent track types relevant for this paper, along with a
schematic of the essential tracking detectors of the LHCb detector, showing the VELO detector,
TT detector, magnet and the downstream tracking stations. The names of the tracking detectors
are indicated in red below the figure.
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Figure 2: The simulated LHCb (left) long-track and (right) VELO-track reconstruction e�ciency
for electrons and muons produced in B+

! J/ (! `+`�)K+ decays as a function of the lepton’s
transverse momentum.

magnet can be deflected outside of the downstream tracker acceptance. This acceptance
ine�ciency is significantly larger than the ine�ciency of the pattern-recognition algorithms.
For a measurement of the long-track reconstruction e�ciency for electrons it is therefore
required to rely only on subdetectors upstream of the dipole magnet.

This paper describes the e�ciency of reconstructing electrons as long tracks, provided
that they have been reconstructed as VELO tracks. Therefore, the presented method does
not account for the e�ciency of the VELO-track reconstruction. A calibration procedure
exists already for the VELO-track reconstruction [21], which also takes into account the
ageing of the detector. In addition, the VELO detector material is described well in
the simulation, with a relative precision on x/X0 of 6% [6]. Combining the calibration

3

JIN
ST 14 (2019) P11023

Brem loss

https://arxiv.org/abs/1909.02957
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Tracking and trigger
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Similar efficiency 
Hardware trigger

๏ Electron tracking less efficient than muons
• Track pattern recognition similar to muons
• Electrons can get swept out of tracker 

acceptance due to brem energy loss  
(80% efficiency at ) 
 

๏ Hardware trigger inefficient on electrons
• Electron threshold (ECal) higher than muons

‣
‣

• Cannot use  for electron ID (no tracking)

pT = 1 GeV

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

E/p

Phys. Rev. Lett. 122, 191801 (2019)
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Figure 1: Schematic view of the di↵erent track types relevant for this paper, along with a
schematic of the essential tracking detectors of the LHCb detector, showing the VELO detector,
TT detector, magnet and the downstream tracking stations. The names of the tracking detectors
are indicated in red below the figure.
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Figure 2: The simulated LHCb (left) long-track and (right) VELO-track reconstruction e�ciency
for electrons and muons produced in B+

! J/ (! `+`�)K+ decays as a function of the lepton’s
transverse momentum.

magnet can be deflected outside of the downstream tracker acceptance. This acceptance
ine�ciency is significantly larger than the ine�ciency of the pattern-recognition algorithms.
For a measurement of the long-track reconstruction e�ciency for electrons it is therefore
required to rely only on subdetectors upstream of the dipole magnet.

This paper describes the e�ciency of reconstructing electrons as long tracks, provided
that they have been reconstructed as VELO tracks. Therefore, the presented method does
not account for the e�ciency of the VELO-track reconstruction. A calibration procedure
exists already for the VELO-track reconstruction [21], which also takes into account the
ageing of the detector. In addition, the VELO detector material is described well in
the simulation, with a relative precision on x/X0 of 6% [6]. Combining the calibration

3

JIN
ST 14 (2019) P11023

Brem loss

LHCb Upgrade I
• No Hardware trigger
• Tracking in real time 
→ can use  for IDE/p

https://arxiv.org/abs/1909.02957
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Bremsstrahlung

๏ Bremsstrahlung radiation induced  by 
interaction with detector material

๏ 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±

8

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



Martino Borsato - University of Heidelberg

Brems emitted at LHCb

๏ Most brem emission 
due to material 
interaction

๏ If emitted before the 
magnet can affect 
momentum 
measurement

9

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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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
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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
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final-state particles. The bottom left plot shows the distribution for the quality of the B+ vertex
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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

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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B mass resolution at LHCb

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

12
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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
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� decay is determined in the nonresonant
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The dominant systematic uncertainty is from the limited knowledge of the B
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branching fraction [53]. This is the most precise measurement to date and is consistent
with predictions based on the SM [41,77].
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4, the ratio

of the branching fractions for B+
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� and B
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� decays is measured to

be RK = 0.846 +0.060
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+0.016
� 0.014. This is the most precise measurement of this ratio to date

and is consistent with the SM prediction at the level of 2.5 standard deviations. Further
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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.
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Publications involving electrons
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What we do with electrons?

15
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Why electrons at LHCb?

16

๏ Why muons rather than electrons?
• Easier reconstruction at LHCb

• SM gauge couplings are the same

• Mass difference negligible 

๏ Why electrons rather than muons?
• Add stat to muons

• New physics couplings are different?

• Higher rate of virtual photons 

q2 ≫ m2
μ, m2

e

γ* → ℓℓ
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LU tests in b → sℓ+ℓ−

๏ Results much more precise than 
previous experiments 

๏ Measured in several  
decay channels 
• Coherent pattern of deviations!

๏ If confirmed, it would be a clear 
sign of physics beyond the SM

b → sℓℓ

17
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Figure 4: Comparison between RK measurements. In addition to the LHCb result, the mea-
surements by the BaBar [113] and Belle [114] collaborations, which combine B+

! K+`+`� and
B0

! K0
S`

+`� decays, are also shown.

is compatible with the SM prediction with a p-value of 0.10%. The significance of
this discrepancy is 3.1 standard deviations, giving evidence for the violation of lepton
universality in these decays.

8

RK+

SM

LHCb arXiv:2103.11769

https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2021-004.html
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What next?
Connection to high energy:

             

→ Could be out of reach for the LHC

…still a lot to do at low energy

๏ Measure at other experiments
• Results from Belle II, CMS, ATLAS 

might take years to reach the 
current LHCb sensitivity 

๏ More measurements at LHCb
• More decay channels ( )
• LU tests at high  above 
•  angular analyses
• Searches for LFV decays 

( )

g2
NP

Λ2
NP

∼
1

(30 TeV)2

Kππ, ϕ, Λ(*)

q2 ψ(2S)
b → see

eμ, μτ, eτ

18

Step two: tree-level candidates

Energy
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or LQ   

Tree level candidates:
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Branching ratios Angular analyses
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High q2

19
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Introduction

E↵ective Field Theories and Wilson coe�cients

E↵ective field theories:

!

He↵ = �GFp
2
VCKM

X

i

CiOi

Fermion operators Oi and Wilson coe�cients Ci
! Wilson coe�cients allow for model independent

comparison of di↵erent EWP measurements

q2
spectrum:
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 angular analysesb → see

๏ Challenges of  angular analysis:
• Angular modelling of backgrounds
• Multi-dimensional low-stat fit
• Hard to do fine  bins (bad resolution)

b → see

q2

20
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Virtual photons γ* → e+e−
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 with electronsb → sγ

๏  suppressed by SM symmetries
• A golden channel of the precision frontier

• Could receive large contributions from heavy particles

b → sγ

22

=

Introduction

Electroweak penguin (EWP) decays

flavour-changing neutral currents (FCNC) decays are forbidden at tree level (in SM)

but FCNC are possible via quark loops:

b s

µ+

µ�
⌫

W� W+

t b s

µ+

µ�

t

�, Z0

W�

W
a
lt

D
is
n
e
y

S
t
u
d
io

s
G

m
b
H

decays are loop suppressed ! rare decays with BF in SM of about 10
�6 � 10

�8

contributions from new physic (NP) models can enter these quark loops

Leptoquarks[PRD99(2019)055025], Z
0
[Eur.Phys.J.C75(2015)382] and others

tensions to the SM predictions have been observed ! flavour anomalies
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γ*

 in b → sγ B0 → K*e+e−

✓ Use  to measure 
photon polarisation!

✓ Get nice  final state
๏ Rate lower by 

γ* → e+e−

K−π+e−e+

αe.m.

23

d̄ d̄
B̄0 K̄*0

(spin 1)

spectator quark K−

π+

e+

e−

(spin 0)
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 analysisB0 → K*γ*

๏ Select  with  
requiring 

• About 500 events with LHCb 
dataset despite BR

B0 → K*γ* γ* → e+e−

m(ee) < 0.5 GeV

∼ 2 × 10−7

24
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Angular analysis of B0 ! K ⇤0e+e�
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Analysis roadmap

● Selection and characterisation
 Online selection
 Multivariate selection
 Optimisation
 Sample composition
 Mass -t

● Angular $t
 Strategy
 Angular acceptance
 Background modelling
 Validation

● Results Martino Borsato, Fabrice Desse B0 ! K⇤0e+e� angular analysis July 7
th

2020 4 / 20

 analysisB0 → K*γ*
๏  described by 3 angles 
→ Full 3D angular analysis performed 

๏ Photon polarisation measured with 

•  or  modulation would 
signal right-handed contribution

B0 → K+π−e+e−

ϕ
cos 2ϕ sin 2ϕ

25

Photon 
polarisation
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 analysisB0 → K*γ*

๏ Virtual-photon technique much 
more precise than real-photon

๏ Key part of the global  
picture of anomalies

๏ Made possible by developments in 
electron reconstruction at LHCb

b → sℓℓ

26
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Exploring c → uγ
๏ Unique sensitivity to up sector

๏ GIM suppressed → very sensitive to NP
•  while 
• Large contributions from LQ and SUSY

๏ Measure  polarisation
• Never done before (only BRs by Belle and BaBar)
• Can use virtual photon technique!

๏ Can use data-based approach to tackle theoretical 
uncertainties on chirality amplitudes:
•  and  are dominated by weak annichilation (WA)
• Measure  and  and infer chirality predictions for 

 (assuming U-spin holds)

•

• Sizeable systematic related to procedure, but no 
measurement so far!

Cbs
7 ≃ − 0.3 Ccu

7 ≃ − 10−3

D0 → Vγ

K̄*0 ϕ
K̄*0 ϕ

ρ0

ASM
L,R (ρ0) = AL,R (K̄*0) × [ U-spin corrections ]
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4

D

c

Q1,2

�

V D

c u

Q
(0)
7

�

V

1

FIG. 1: Weak annihilation (left) and short-distance (right) diagrams for D ! V � decays. There are

additional diagrams (not shown) induced by Q1,2 where the photon is emitted from other quark lines.

The polarization fraction in D ! V � decays can be extracted via A
� obtained from the time-

dependent distribution (4) with an O(1%) coefficient (7). As direct CP violation requires the

presence of both strong and weak phase, a measurement of ACP is complementary to A
�. In this

work we consider only BSM models with negligible CP-violation. The expression for A
� valid for

this type of models including the full dependence on the mixing parameters reads

A
� =

4 ⇠
��� q
p

��� cos�
✓
1 +

��� q
p

���
2
◆ r

1 + r2
cos(�L � �R) . (11)

We discuss expectations for the strong phases �L,R and relations between D
0
! V � modes in

section III.

III. DECAY ANATOMIES

The decays D ! V �, V = K̄
⇤0
,�, ⇢

0
,! are dominated in the SM by weak annihilation (WA)

[6, 11, 17], see figure 1, plot to the left. While this holds model-independently for V = K̄
⇤0, the

final state mesons ⇢
0
,! and, to a lesser degree, the � allow for additional contributions in and

beyond the SM. Here we consider BSM effects in dipole operators,

Q7 =
emc

16⇡2
(ūL�

µ1µ2cR)Fµ1µ2 , Q
0
7 =

emc

16⇡2
(ūR�

µ1µ2cL)Fµ1µ2 ,

Q8 =
gsmc

16⇡2
(ūL�

µ1µ2T
a
cR)G

a

µ1µ2
, Q

0
8 =

gsmc

16⇡2
(ūR�

µ1µ2T
a
cL)G

a

µ1µ2
, (12)

in the effective Lagrangian

L
weak
eff =

4GF
p
2

0

@
X

q=d,s

V
⇤
cqVuq

2X

i=1

CiQ
(q)
i

+
8X

i=7

�
CiQi + C

0
iQ

0
i

�
1

A , (13)

Anything here is NP  
(SM is GIM suppressed)

Weak annihilation 

Gudrun Hiller and Stefan de Boer arXiv:1802.02769
propose an analysis similar to  Bs → ϕγ

A significantly different polarisation  
between  (or ) and  would be a  
clear sign of NP!

K̄*0 ϕ ρ0

Future 
Prosp

ect
s
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 at LHCbc → uγ
๏ Can select  efficienctly in 

Upgrade LHCb (no trigger bottleneck)

๏ Challenging  background
• Can fight with  (  instead of 0)
• Can play with Brem adding procedure

๏
• Expect thousands of events

๏
• Hundreds of signal events
• Hard to estimate amount of bkg

๏
• Hundreds of signal events
• Less combinatorial thanks to narrow 
• Less  according to Belle analysis

D0 → Vγ*(ee)

D0 → Vπ0(eeγ)
cos θV FL = 1

B(D0 → K*(K+π−)e+e−)low q2 ≃ 2 × 10−6

B(D0 → ρ(π+π−)e+e−)low q2 ≃ 1 × 10−7

B(D0 → ϕ(K+K−)e+e−)low q2 ≃ 1 × 10−7

ϕ
π0 → eeγ
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B+ → μ+νγ
๏  unique probe of  internal structure

• Crucial input to predictions (including those for 
 anomalies)

๏  impossible at LHCb 
→ use virtual photon 

๏ LHCb searched 

•  

• Harder to interpret than   
(two identical , large  contribution)

๏ Expect  to have larger BR  
→ Could lead to first observation of 

B+ → μ+νγ B

b → sℓℓ

B+ → μ+νγ
B+ → μ+νγ*

B → μ+νμ+μ−

BR(B+ → μ+νμ+μ−) < 1.6 × 10−8

B → μ+νe+e−

μ+ ρ, ω

B → μ+νe+e− 10 ×
B+ → μ+νγ

29

Br (B+ → μ+μ−μ+ν̄μ) = (3.5 ± 0.4λb
± 2.0weak ffs) 10−8

Br (B → e+e−μνμ) = (4.5 ± 0.2λb
± 0.27weak ffs ) 10−7

B+

γ

μ+

ν

 B+ → μ+ν γ

B+

μ+

ν

e+
e−

 B+ → μ+ν γ*

Future 
Prosp

ect
s

M.A.Ivanov and D.Melikhov, Phys.Rev.D 105 (2022) 1, 014028

Recent theory developments:
* Bharucha, Kindra, Mahajan  

arXiv:2102.03193 
* Beneke, Böer, Rigatos, Keri Vos  

Eur.Phys.J.C 81 (2021) 638
* Janowski, Pullin, Zwicky 

JHEP 12 (2021) 008

Eur.Phys.J.C 79 (2019) 8, 675

https://inspirehep.net/literature/1709439
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 spectrum using LO form factorsq2

from Namit Mahajan

B+ → μ+νγ

Analysis strategy

๏ Use corrected mass technique
• missing brem energy should not 

matter

๏ Require  to veto 
photon conversions
• Could also search channel with 

converted photon, but worse vertex

๏ Require 
• Removes most contributions from 

light mesons

๏ Normalise to 

m(ee) > 20 MeV

q2 < 0.25 GeV2

B0 → K*γ

30

Future 
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Visible Dark photons

32

2−10 1−10 1 10
6−10

5−10

4−10

3−10

2−10

m(A0) [ GeV ]

" (g � 2)e

E774

E141

E137

Orsay

KEK

NA64

⌫-CAL I
CHARM

PS191
NOMAD

NA48/2 BaBar
BaBar

KLOE

KLOE

A1
APEXHPS

LHCb

LHCb

LHCb

CMS

Figure S5: Comparison of the results presented in this Letter to existing constraints from previous
experiments in the few-loop " region (see Ref. [98] for details about previous experiments).
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restricted to the mass region motivated by self-interacting dark matter [4].
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Dark Photons below 2mµ

๏ Can cover region below 2mµ using 
charm decays D*0 → D0A’(ee)
๏Requires upgraded trigger to select  

efficiently soft final state
๏Get 300⨉109 D*0 → D0γ per fb-1

๏Can use D(*) mass constraint to correct 
bremsstrahlung losses

๏At these p electrons emit light in RICH 
while pions don’t → excellent PID

๏Both displaced and prompt searches

33

2

FIG. 1. Current bounds on dark photons with visible decays
to SM states, adapted and updated from Ref. [19]. The upper
bounds are from prompt-A0 searches while the wedge-shaped
bounds are from beam-dump searches and supernova consid-
erations. The LHCb search region in Fig. 2 covers most of the
gap between these bounds for mA0 . 100 MeV, with a reach
extending to mA0 . 140 MeV. Anticipated limits from other
planned experiments are shown in Fig. 9.

The range of mA0 values that is in principle accessible
in this search is mA0 2 [2me,�mD], where [50]

�mD ⌘ mD⇤0 �mD0 = 142.12± 0.07 MeV. (3)

The proximity of �mD to m⇡0 leads to phase-space sup-
pression of the decay D⇤0

! D0⇡0, which results in a
sizable branching fraction of about 38% for the decay
D⇤0

! D0�.4 The small value of �mD, however, also
leads to typical electron momenta of O(GeV) within the
LHCb acceptance. Therefore, the planned upgrade to
a triggerless-readout system employing real-time calibra-
tion at LHCb in Run 3 [51]—which will permit identi-
fication of relatively low-momentum e+e� pairs online
during data taking—will be crucial for carrying out this
search.

To cover the desired dark photon parameter space, we
employ two di↵erent search strategies, shown in Fig. 2.
The displaced search, relevant at smaller values of ✏2,
looks for an A0

! e+e� decay vertex that is significantly
displaced from the pp collision. This search benefits from
the sizable Lorentz boost factor of the produced dark

4 This explains why we choose the decay D⇤0 ! D0A0 instead of
D⇤(2010)+! D+A0, since the corresponding branching fraction
D⇤+! D+� is only 1.6%.
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FIG. 2. Potential bounds from LHCb after Run 3, for both
the displaced (pre-module, solid blue) and resonant (dashed
blue) searches. Also shown is an alternative displaced search
strategy (post-module, dotted blue) that looks for A0 vertices
downstream of the first tracking module.

photons and the excellent vertex resolution of LHCb.
Our main displaced search looks for A0 decays within
the beam vacuum upstream of the first tracking mod-
ule (i.e. pre-module), where the dominant background
comes from misreconstructed prompt D⇤0

! D0e+e�

events.5 Because the A0 gains a transverse momentum
kick from pp collisions, the A0 flight trajectory intersects
the LHCb detector, making it possible to identify dis-
placed e+e� pairs with smaller opening angles than the
HPS experiment [52]. We also present an alternative dis-
placed search for A0 decays downstream of the first track-
ing module (i.e. post-module), where the dominant back-
ground comes from D⇤0

! D0� events with � ! e+e�

conversion within the LHCb material.
The resonant search, relevant at larger values of ✏2,

looks for an A0
! e+e� resonance peak over the con-

tinuum SM background. This search benefits from the
large yield of D⇤0

! D0A0 decays during LHC Run 3,
which is larger than the A0 yield in fixed-target exper-
iments like MAMI/A1 [30, 31] and APEX [32]. Fur-
thermore, the narrow width of the D⇤0 meson, which
is less than the detector invariant-mass resolution, pro-
vides kinematical constraints that can be used to im-
prove the resolution on me+e� . This resonant search can
also be employed for non-minimal dark photon scenarios

5 We thank Natalia Toro for extensive discussions regarding this
background.
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Heavy neutral leptons

๏ GeV-scale Heavy neutral leptons ( )

• About   in Run 3

• Often out of acceptance: 

• To explore  and  mixings can use:
•  and 
•  and 

N
1011 B → D(*)ℓν

τN ∝
1

U2m5
N

U2
μ U2

e

B → D(*)μN(μπ) B(c) → μN(μ eνe)
B → D(*)eN(eπ) B(c) → eN(e μνe)

34
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Figure 6. The parameter space of the HNLs in the ⌫MSM. The observed BAU can be generated in the region between the
orange lines. The sensitivity estimates from SHiP and DV searches at ATLAS (dark green, short DV), CMS (brown, long DV)
and LHCb (blue) are shown. Short-dashed brown line below 5 GeV corresponds to the estimate of sensitivity of the long DV
scheme under the assumption of zero background. Left panels shows the estimates for current LHC luminosities; right panels
show the projections for the end of high-luminosity phase. Solid orange lines are for the normal neutrino mass ordering, the
dashed lines are for the inverted ordering. The orange lines are the combination of [42] (mN . 10GeV) and of this work (higher
masses). Bounds from the previous experiments (shaded regions) are from [77].

– Lepton products of HNL decay should have p > 3 GeV
and pT > 0.75 GeV.

Following [44], we estimate the corresponding e�ciency
as ✏ ⇠ 10�2 for all visible decay channels.

The main parameters for the LHCb experiment are
given in Table I. We notice that at the energies of the
LHC for large masses of the HNL (mN ' 3 GeV in the
case of the mixing with ⌫e/µ andmN ' 2 GeV in the case
of the mixing with ⌫⌧ ) the main production channel is the

2-body leptonic decays of the Bc mesons (see, e.g., [86,
92]). This makes possible to probe HNL masses up to
mBc ⇡ 6.3 GeV. The mixing angle U2 at the lower bound
of the sensitivity is given by

U2
lb = 2.6 ·10�6

s
300

L[fb�1]

10�2

✏

c⌧N
1 m

h�N iP
B fb!BBrB!N+X

,

(4)

I.Boiarska, K.Bondarenko et al, arXiv:1902.04535



Martino Borsato - University of Heidelberg

Conclusions

๏ Doing electrons at LHCb 
• Challenging due to ID and brem
• Great improvements in analysis techniques
• Trigger bottleneck removed in LHCb Upgrade

๏ What we do with electrons
• Growing number of lepton universality tests
• Use  to get vertex or photon polarisation
• Search for light particles preferring electrons due to 

kinematic ( ) or lepton-dependent couplings (HNL)

γ* → e+e−

A′ 
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