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Two caveats 

It’s difficult to evaluate systematics for 
an experiment 10 years in the future.

Current simulations/reconstruction 
results subject to improvement!
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ePIC designed to be hermetic, multi-purpose detector

Reconstruction of both scattered electron and hadronic final state 
critical to EIC physics program

20 2.11. SUMMARY OF DETECTOR REQUIREMENTS
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Figure 2.2: Schematic showing the distribution of the scattered lepton and hadrons for dif-
ferent x � Q2 regions over the detector polar angle / pseudorapidity coverage.

semi-inclusive DIS, and exclusive DIS. Those basic processes are shown in Table 2.1
For the following summary, and throughout this document, the beams’ directions
follow the convention used at the HERA collider at DESY: the hadron beam travels
in the positive z-direction/pseudorapidity and is said to be going ”forward.” The
electron beam travels in the negative z-direction/pseudorapidity and is said to be
going ”backward” or in the ”rear” direction.

All physics processes to be measured at an EIC require having the event and parti-
cle kinematics (x, Q2, y, W, pt, z, f, q) reconstructed with high precision. Kinematic
variables such as x, Q2, y, and W can be determined from the scattered electron or
the hadronic final state using the Jacquet-Blondel method [30] or a combination of
both. The electron method provides superior resolution performance for x and y
in the low x region, while the Jacquet-Blondel method yields increased resolution
performance for x and y towards large x values. To access the full x � Q2 plane at
different center-of-mass energies and for strongly asymmetric beam-energy com-
binations, the detector must be able to reconstruct events over a wide span in polar
angle (q) and pseudorapidity (h). This imposes stringent requirements on both de-
tector acceptance and the resolution of measured quantities such as the energy and
polar angle in the electron-method case.
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ePIC designed to be hermetic, multi-purpose detector
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ePIC designed to be hermetic, multi-purpose detector
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Motivation:  
some EIC observables and related systematics

• Parity-violating asymmetries  

•  from double-spin asymmetries 

• Limited by electron purity 

•  dependence critical!

APV

Ap
1

Q2

•  from reduced cross sections  

• Fit  dependence for fixed  

• Must combine multiple beam energies 

•  contamination depends strongly on 

FL

y (xB, Q2)

π y
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Overview

• Electron energy resolutions 
• Calibration of electromagnetic calorimeters 
• Kinematic reconstruction 
• Electron identification and purity 
• Luminosity & polarization
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Kinematic peak method for ECAL calibration
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Kinematic peak method for ECAL calibration
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Traditional reconstruction methods use subset of 
lepton, hadron quantities
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Traditional reconstruction methods use subset of 
lepton, hadron quantities

• Electron 
, Q2 (E′ e, θe) y (E′ e, θe)

• Jacquet-Blondel 
,  Q2 (δh, pT,h) y (δh, pT,h)
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• Neutral-current analyses can leverage 
over-constrained kinematics to 
optimize resolution

• Hadronic final state: 

• Only option for charged-current 
analyses 

• PID needed to determine mass 

• Electron ID needed to eliminate 
scattered electron (and veto NC) 
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Kinematic resolutions
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Kinematic resolutions
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Kinematic resolutions
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Bin stability and purity (electron cluster)
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Ngen+rec
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Bin stability and purity (electron cluster)
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Improvement in 
backward ECAL region
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More advanced reconstruction methods
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More advanced reconstruction methods
• Kinematic fitting: reconstruct  from  using likelihood 

function (Stephen Maple, et al.)
λ = {xB, y, Eγ} D = {E′ e, θ′ e, δh, pT,h}

Proof of 
concept:  
Smeared 
DJANGOH 
events with 
ISR

15

Electron method e-Σ method Kinematic Fit

0 < x < 0.02 0.02 < x < 0.2 0.2 < x < 0.45

0 < y < 0.2 0.2 < y < 0.5 0.5 < y < 1

Comparison to to conventional methods – All Channels

ISR present!

Electron 
 

KF
eΣ

xrec/xtrue xrec/xtrue xrec/xtrue

yrec/ytrueyrec/ytrueyrec/ytrue

https://arxiv.org/abs/2108.11638
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More advanced reconstruction methods
• Kinematic fitting: reconstruct  from  using likelihood 

function (Stephen Maple, et al.)
λ = {xB, y, Eγ} D = {E′ e, θ′ e, δh, pT,h}

• Machine learning: use simulation to train neural network 
(M. Diefenthaler, A. Farhat, A. Verbytskyi and Y. Xu)

Bin 1

Bin 2

Bin 3

Bin 4

Bin 5

Bin 6

Bin 7

Bin 8

y=
1.0

y=
0.7

y=
0.2

≠3.0 ≠2.5 ≠2.0 ≠1.5 ≠1.0 ≠0.51.8

2.0

2.2

2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

4.0

4.2

4.4

log xtrue

lo
g

Q
2 tr

ue
/

1G
e
V

2

Simulated events

�0.2�0.15�0.1�0.05 0 0.05 0.1 0.15 0.2
0

2

4

6

8

10

12

14

logQ2
reco/Q

2
true

ar
bi

tr
ar

y
un

it
s

Bin 1
Neural network
Double angle
Electron
Jaquet-Blondel

�0.2�0.15�0.1�0.05 0 0.05 0.1 0.15 0.2
0

2

4

6

8

10

12

14

logQ2
reco/Q

2
true

ar
bi

tr
ar

y
un

it
s

Bin 2
Neural network
Double angle
Electron
Jaquet-Blondel

�0.2�0.15�0.1�0.05 0 0.05 0.1 0.15 0.2
0

2

4

6

8

10

12

14

logQ2
reco/Q

2
true

ar
bi

tr
ar

y
un

it
s

Bin 3
Neural network
Double angle
Electron
Jaquet-Blondel

�0.2�0.15�0.1�0.05 0 0.05 0.1 0.15 0.2
0

2

4

6

8

10

12

14

logQ2
reco/Q

2
true

ar
bi

tr
ar

y
un

it
s

Bin 4
Neural network
Double angle
Electron
Jaquet-Blondel

�0.2�0.15�0.1�0.05 0 0.05 0.1 0.15 0.2
0

2

4

6

8

10

12

14

logQ2
reco/Q

2
true

ar
bi

tr
ar

y
un

it
s

Bin 5
Neural network
Double angle
Electron
Jaquet-Blondel

�0.2�0.15�0.1�0.05 0 0.05 0.1 0.15 0.2
0

2

4

6

8

10

12

14

logQ2
reco/Q

2
true

ar
bi

tr
ar

y
un

it
s

Bin 6
Neural network
Double angle
Electron
Jaquet-Blondel

�0.2�0.15�0.1�0.05 0 0.05 0.1 0.15 0.2
0

2

4

6

8

10

12

14

logQ2
reco/Q

2
true

ar
bi

tr
ar

y
un

it
s

Bin 7
Neural network
Double angle
Electron
Jaquet-Blondel

�0.2�0.15�0.1�0.05 0 0.05 0.1 0.15 0.2
0

2

4

6

8

10

12

14

logQ2
reco/Q

2
true

ar
bi

tr
ar

y
un

it
s

Bin 8
Neural network
Double angle
Electron
Jaquet-Blondel

https://arxiv.org/abs/2108.11638
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More advanced reconstruction methods
• Kinematic fitting: reconstruct  from  using likelihood 

function (Stephen Maple, et al.)
λ = {xB, y, Eγ} D = {E′ e, θ′ e, δh, pT,h}

• Machine learning: use simulation to train neural network 
(M. Diefenthaler, A. Farhat, A. Verbytskyi and Y. Xu)

• Particle-flow: optimize combination of all detector information (Derek Anderson, et al.)

*Images by Gemini (the AI chatbot formerly known as Bard)

https://arxiv.org/abs/2108.11638
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Impact of pion contamination on observables

Cross sections 
(correct contamination): 

(
Δ (σr,NC)

σr,NC )
π−

= Δfπ/e

=
=
≈ 0.1 × fπ/e

• Pions passing all electron ID cuts give contamination  

• Contamination can be corrected or treated as dilution

fπ/e
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Impact of pion contamination on observables

Cross sections 
(correct contamination): 

(
Δ (σr,NC)

σr,NC )
π−

= Δfπ/e

=
=
≈ 0.1 × fπ/e

Asymmetries 
(treat as dilution factor): 

( σAe

Ae )
π−

= (Δfπ/e)2 + (fπ/e
|Aπ | + ΔAπ

Ae )
2

=
=
=
≈ 0.1 × fπ/e − 1 × fπ/e

• Pions passing all electron ID cuts give contamination  

• Contamination can be corrected or treated as dilution

fπ/e
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Impact of pion contamination on observables

Cross sections 
(correct contamination): 

(
Δ (σr,NC)

σr,NC )
π−

= Δfπ/e

=
=
≈ 0.1 × fπ/e

Asymmetries 
(treat as dilution factor): 

( σAe

Ae )
π−

= (Δfπ/e)2 + (fπ/e
|Aπ | + ΔAπ

Ae )
2

=
=
=
≈ 0.1 × fπ/e − 1 × fπ/e

• Pions passing all electron ID cuts give contamination  

• Contamination can be corrected or treated as dilution

fπ/e

Large ,  
nonzero

Ae

|Aπ | < Ae
Small ,  Ae

|Aπ | ≈ 0
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Electron to pion ratios
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Electron to pion ratios

1

10

210

310

410

510

610

710

3− 2− 1− 0 1 2 3
η

0

5

10

15

20

25

30

p 
(G

eV
)

 DISe−

1

10

210

310

410

510

610

710

810

910

3− 2− 1− 0 1 2 3
η

0

5

10

15

20

25

30

p 
(G

eV
)

 DIS + PHPπ−

• Signal  from DJANGOH DIS 

• Background  from DJANGOH DIS, Pythia6 photoproduction  (  < 2 GeV2)

e−

π− Q2

Small , 
high   

pe
y



20

Pion suppression cuts

M. Żurek - Barrel Imaging Colorimeter

Performance Study
Standalone simulation

Electron Identification

Initial cut on E/p from SciFi/Pb 
layers for e-π separation

Imaging calo sim.

Realistic ePIC simulation

with 1.7 T field and material

● Goal: Separation of electrons from background in Deep Inelastic Scattering (DIS) processes
● Method: E/p cut (SciFi) + Neural Network using 3D position and energy info from imaging layers
● Simulations beyond stand-alone with magnetic field and material and optimized EPIC geometry
● e-π separation up to 103 in pion suppression at 95% efficiency

10

Detector: 
• Electrons deposit most/all energy in ECAL
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Pion suppression cuts

Kinematic: 

• If electron lost down beampipe,    

• Significant reduction in required  suppression

Σh(E − pz) < 2Ee

E/p

0 5 10 15 20 25 30 35 40 45 50
 (GeV)zE - p

0

200

400
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800

1000

1200
 18x275 GeVep

M. Żurek - Barrel Imaging Colorimeter

Performance Study
Standalone simulation

Electron Identification

Initial cut on E/p from SciFi/Pb 
layers for e-π separation

Imaging calo sim.

Realistic ePIC simulation

with 1.7 T field and material

● Goal: Separation of electrons from background in Deep Inelastic Scattering (DIS) processes
● Method: E/p cut (SciFi) + Neural Network using 3D position and energy info from imaging layers
● Simulations beyond stand-alone with magnetic field and material and optimized EPIC geometry
● e-π separation up to 103 in pion suppression at 95% efficiency

10

Detector: 
• Electrons deposit most/all energy in ECAL
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Required suppression for 90% purity
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•  cut reduces required 
suppression by up to 20x   

• Electron ID depends on how 
well ePIC reconstructs 
hadronic final state 

• Barrel critical region due to 
large raw  ratio

E − pz

π−/e−
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Pion contamination in the barrel 

• DIRC assists at low 
momentum 

• Further EMCal suppression 
possible from shower shape
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Luminosity determination from bremsstrahlung

Luminosity measurement by bremsstrahlung photons

Large cross section driven by QED, photons in a narrow angular cone along electron beam
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Figure: Bethe-Heitler cross section

for several electron and proton/ion

beam energies
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Figure: Photons angular cross

section, effect of beam angular

divergence is illustrated

Luminosity will be

measured by counting the

bremsstrahlung photons

Desired precision is 1%

Very large cross section in

e-Au case

Angular distribution is

modified by beam angular

divergence

Jaroslav Adam (BNL) Luminosity measurement at the EIC Virtual DIS 2021, April 12-16 3 / 4
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• Large cross section driven by QED 
• Significant increase in cross section with   
• Luminosity determined by photon counting

Z
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Mechanism for luminosity measurement

Two methods to detect the

bremsstrahlung photons

Non-converted photons are

detected at PCAL

Spectrometer SPEC detects

converted e+e� pairs

Geant4 provides basic

characteristics like

spectrometer acceptance

Figure: Geant4 model for luminosity
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Figure: Spectrometer acceptance

as a function of photon energy

Challenging goal of 1% precision will require to cope with high event rates and beam effects

Jaroslav Adam (BNL) Luminosity measurement at the EIC Virtual DIS 2021, April 12-16 4 / 4

Luminosity detectors for the EIC

• Two methods to detect bremsstrahlung photons:   
• Unconverted photons detected in preshower calorimeter  
• Converted  pairs detected in spectrometer 

• EIC goal is 1% precision: 
• Naive assumption is that uncertainty is correlated between beam configurations 
• However, relative performance of each method could depend on hadron type, 

beam energy

e+e−
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Polarization measurements at the EIC

• Hadron polarimetry: 
• Hydrogen jet 
• p-carbon  
• Low-energy polarimeter 

• Electron polarimetry: 
• Møller  
• Compton (transverse 

and longitudinal) 
• Mott

At RHIC, has achieved high precision  = 0.6%, 
but is time consuming  = 3.6% for 8 hours

(δP/P)sys

(δP/P)stat

13

Compton Polarimetry

June 4, 2018 11:23 WSPC/INSTRUCTION FILE electron˙polarimetry

34 Aulenbacher, Chudakov, Gaskell, Grames, Paschke

Laser	system

Electron	beam

Scattered	electrons

Dipole

Segmented	
electron
detector

Photon	detector
g

Fig. 21. Key components in a Compton polarimeter including the laser system, photon detector,
and electron detector. One or more steering magnets are required to deflect the electron beam
away from the photon detector as well as momentum-analyze the scattered electrons.

While Compton polarimetry has been used to measure the transverse polarization
of electron beams in storage rings, the technique relies on measuring the spatial
dependence of the asymmetry, hence high precision is di�cult to achieve.

The unpolarized cross section and longitudinal analyzing power are shown in
Fig. 20. These figures assume a 532 nm (green) laser colliding with electron beams
from 1 to 27 GeV. The unpolarized cross section shows only a modest dependence on
beam energy, while the longitudinal analyzing power changes rather dramatically.
At the kinematic endpoint, E� = Emax

� , the analyzing power grows from 3.5% at
1 GeV to 58.8% at 27 GeV.

4.2. Apparatus and Measurement Techniques

The key components required for a Compton polarimeter are a laser system and a
detector for either the backscattered photon or the scattered electron. The require-
ments on these components depend on the accelerator in which the polarimeter is
deployed. A cartoon of a “generic” Compton polarimeter is shown in Fig. 21.

4.2.1. Laser system

The choice of laser system depends crucially on the accelerator environment. Stor-
age rings generally operate at high average electron beam current (on the scale of
mA) so that rapid polarization measurements can be made using commercial lasers
operating at ⇠1-10 W. In addition, typical storage ring bunch structures (short
bunches at relatively low repetition rates) mean that low average power lasers op-
erated in pulsed mode result in high instantaneous luminosities, which in turn lead
to a built-in suppression of beam-related backgrounds (primarily Bremsstrahlung
radiation). In this case, the polarimeter must be operated in “multiphoton” mode,
which will be discussed later.

Polarimeter Energy Sys. Uncertainty

CERN LEP* 46 GeV 5%

HERA LPOL 27 GeV 1.6%

HERA TPOL* 27 GeV 1.9-3.5%

SLD at SLAC 45.6 GeV 0.5%

JLAB Hall A 1-6 GeV 1-3%

JLab Hall C 1.1 GeV 0.6%

Compton polarimetry has been used 
extensively in both fixed-target and 
collider environments – standard 
technique in storage rings since it is 
non-destructive

àHighest precision has been 
achieved using electron detection, 
for longitudinally polarized 
electrons

*Transverse

Compton polarimetry performance

*transverse

Goal for EIC is  = 1% for both hadron and electronδP/P
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Theory systematics 

• Bin-centering  
• Radiative corrections  

• Recent efforts to unify QED radiative effects with QCD radiation 
Liu, Melnitchouk, Qiu, Sato PRD 104, 094033 (2021) 

• Electroweak radiation…? 
• Traditional approach is binned unfolding of experiment,  

but event-by-event folding of theory becoming more feasible

Δ

experiment

theory

<latexit sha1_base64="nQChh5urB4vBZb4oPWfbRhmNPBI="></latexit>

�(xB , Q
2) =

N �B

L · A · C · (1 +�)

<latexit sha1_base64="nQChh5urB4vBZb4oPWfbRhmNPBI="></latexit>

�(xB , Q
2) =

N �B

L · A · C · (1 +�)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.094033
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Concluding remarks

• Optimum electron, kinematic reconstruction methods differ across detector 
• Comparing kinematic bins will have different systematics  

• Electron ID is critical for EIC physics 
• Asymmetry measurements limited by electron purity 
• Especially important in the barrel region, where pion background is largest 

• High-precision polarimetry critical to polarized asymmetry measurements 
• Absolute measurements require precise luminosity
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Backup
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Definitions of reconstruction methods

Electron 

 y = 1 −
E′ e

2Ee
(1 − cos θe)

Q2 = 2EeE′ e(1 + cos θe)
1
1

Jacquet-Blondel 

 y =
δh

2Ee

Q2 =
p2

T,h

1 − y

Double-angle 

 y =
sin θe(1 − cos γh)

sin γh + sin θe − sin(γh + θe)

Q2 = 4E2
e

sin γh(1 + cos θe)
sin γh + sin θe − sin(γh + θe)


