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EICUG/ePIC Collaboration Meeting

• Details and Registration at: Indico
• Early Career Day - Mon July 22nd
• EICUG - Tues July 23rd - Wed July 24th
• ePIC Collaboration Meeting - Wed July 24th - Sat July 27th
• Social Dinner at Zest - Wednesday July 24th 
• Networking Reception - Friday July 26
• Reduced registration and some travel for Early Career members 

https://indico.bnl.gov/event/20727/


Multiple Airports

BNL

JFK

PHL

EWR
ABE

Lehigh

We will arrange some shuttles 
from Newark Airport (EWR) 
depending on arrival and 
departure times.  Perhaps PHL 
depending on need.

Shuttle Request Form

Please let us know by June 7 so 
we can plan (and let you know if 
we can pick you up/drop you off)

Once shuttle arrangements are 
done, forms for people to 
rideshare will be provided.

https://docs.google.com/forms/d/e/1FAIpQLSeN-l63pPV7cUrb0JX1k8eu0KsyKAT_mBrJQ8U8QE46aJwoSw/viewform?usp=header_link


Getting around Bethlehem

Recommended 
Hotel

Social Dinner

Parking

Trembley 
Apartments

Event Venue

Physics

Saxby’s 

All conference events are a convenient walk 
from one another, nothing is further than 0.5 
miles (0.8 km).
Parking is free at the Comfort Suites
Parking at the Event Venue can be arranged

Comfort Suites Hotel cost à $85/day (free 
breakfast)
Trembley Apartments cost à $55/day

Priority for Trembley Apartments will be given 
to Early Career Scientists – however there is 
room for others
3 Bedroom, 1 bath + kitchen/living room
Housing Form
Virtual Tour

https://docs.google.com/forms/d/1waK3fORd3EF07FZyF0vK3XPQlBeQlBOIlyqQkG-nib0/edit
https://www.tours.vividmediany.com/3d-model/lehigh-trembley-park/fullscreen/


Venue – Rauch Business Center

Room 184

200 people, built in mics, 
cameras

Room 91

95 people 

Room 85

65 people 

Outdoor 
Eating Area

Rauch has indoor collaborative seating
Coffee shop open from 9 am – 3 pm
Outdoor eating area
Indoor eating area

Additional classroom spaces available, let me know your needs! 
(Day/Time + number of people, resources)



Social Dinner – Zest Restaurant



Outline of Lectures

• Lecture 1: Particle Physics Detectors and Intro to ePIC
• Interaction of Particles with Matter
• Detector requirements at the EIC
• The design of the ePIC Detector
• Tracking Detectors

• Lecture 2: ePIC Detector and the EIC Science Case
• Calorimetry
• Particle Identification
• Far forward/Far backwards
• Physics observables
• Interaction Region Considerations 
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Quantum Chromodynamics and Nuclear Matter 

The study of Nuclear Physics is the quest to understand the origin, evolution, 
and structure of the matter of the universe
• How do the properties of the proton such as mass and spin emerge from 

the sea of quarks, gluons, and their underlying interactions?
• What is the configuration and motion of quarks and gluons located within 

the nucleon?
• What happens to the gluon density in nucleons and nuclei at small x? 
• How do quarks and gluons interact with a nuclear medium? 
• How do the confined hadronic states emerge from quarks and gluons? 
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Properties of the Proton
The Proton Spin Puzzle

Spin structure – the three “valence” quarks do not account for the total spin of 
the proton!

DG

SqDq

Lg,q

Proton spin: !" =
!
" Σ#Δ$ + Δ& + '$,#

Only 20-30% comes from the quarks! 

quarks gluons

Orbital 
angular 
momentum
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The proton gets even more complicated
• As you ramp up the energy, the proton becomes awash with more partons!

Three “valence” quarks 
inside proton.

Sea quark pairs and newly-
produced gluons.

Higher energy! (more 
powerful microscope)
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The proton gets even more complicated
• As you ramp up the energy, the proton becomes awash with more partons!

Three “valence” quarks 
inside proton.

Sea quark pairs and newly-
produced gluons.

Higher energy! (more 
powerful microscope)
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3 Valence 
Quarks

Sea Quarks and 
Gluons

Increase 
Energy

The Proton Mass
• The proton mass composition is also rather complicated to pin-down!

• Mass does not arise as 
simple sum of quark masses!

• Mass is driven by a 
complicated sum of various 
QCD interactions!!

6

Mass is driven by a 
complicated sum of 
various QCD 
interactions! Rosi Reed - CFNS Summer School 2024 9



Quarks and Gluons Structure and Motion

Rosi Reed - CFNS Summer School 2024
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Fraction of Proton Momentum Carried by Parton

Where does this 
saturate?

What do these 
distributions look like 
for protons in a 
nucleus? 

x x
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3D Imaging in Space and Momentum 

Rosi Reed - CFNS Summer School 2024

3D imaging in space and momentum 

longitudinal structure (PDF)
+ transverse  position Information (GPDs)
+ transverse momentum information (TMDs)

A. BACCHETTA, M. CONTALBRIGO: THE PROTON IN 3D

Fig. 6  The transverse-momentum distribution may be different for quarks of 
different flavors. There are some indications that the up-quarks are closer to 
the center than the down-quarks. The above pictures are compatible with 
existing data.

VOL28 / NO1-2 / ANNO2012 > 23

Fig. 7  Polarization-averaged distributions, as in figs. 4 and 5, are cylindrically 
symmetric. But when the spin of the nucleon is taken into account (indicated 
by the white arrow in the plots), the distribution can be distorted. These 
images are elaborated starting from real data and show that the distortion for 
up- and down-quarks is opposite (see, e.g., [19, 20]). Large uncertainties are 
still affecting these pictures.

3D DISTRIBUTIONS EXTRACTED FROM DATA

�30

Figure 8. The down quark TMD PDF in b-space(left) and kT -space(right) presented at different values of

x. The color shows the size of the uncertainty relative the value of distribution.

6 Conclusions

We have extracted the unpolarized transverse momentum dependent parton distribution function
(TMDPDF) and rapidity anomalous dimension (also known as Collins-Soper kernel) from Drell-Yan
data. The analysis has been performed in the ⇣-prescription with NNLO perturbative inputs. We
have also provided an estimation of the errors on the extracted functions with the replica method.
The values of TMDPDF and rapidity anomalous dimension, together with the code that evaluates
the cross-section, are available at [45], as a part of the artemide package. We plan to release grids
for TMDPDFs extracted in this work also through the TMDlib [69].

Theoretical predictions are based on the newly developed concepts of ⇣-prescription and op-
timal TMD proposed in ref. [27]. This combination provides a clear separation between the non-
perturbative effects in the evolution factor and the intrinsic transverse momentum dependence.
Additionally, the ⇣-prescription permits the usage of different perturbative orders in the collinear
matching and TMD evolution. For that reasons, the precise values of the rapidity anomalous di-
mension (±1%(4%, 6%) accuracy at b = 1(3, 5) GeV�1) are relevant for any observable that obeys
TMD evolution.

In our analysis, we have included a large set of data points, which spans a wide range of
energies (4 < Q < 150 GeV) and x (x > 10�4), see fig. 1. The data set can be roughly split into
the low-energy data, which includes experiments E288, E605, E772 and PHENIX at RHIC, and
the high-energy data from Tevatron (CDF and D0) and LHC (ATLAS, CMS, LHCb) in similar
proportion. To exclude the influence of power corrections to TMD factorization we consider only
the low-qT part of the data set, as described in sec. 3. A good portion of data is included in the fit
of TMD distributions for the first time, that is the data from E772, PHENIX, some parts of ATLAS
and D0 data. For the first time, the data from LHC have been included without restrictions (the
only previous attempt to include LHC data in a TMDPDF fit is [13], where systematic uncertainties
and normalization has been treated in a simplified manner). We have shown that the inclusion of
LHC data greatly restricts the non-perturbative models at smaller b (b . 2 GeV�1) and smaller x

(x . 0.05), and therefore they are highly relevant for studies of the intrinsic structure of hadrons.
A detailed comparison of fits with and without LHC data has been discussed in sec. 5.

The extracted TMDPDF shows a non-trivial x-dependence that is not dictated only by the
collinear asymptotic limit of PDFs. In particular, we find that the unpolarized TMDPDF is bigger
(in impact parameter space) at larger x, see fig. 7. This indirectly implies a smaller value of the

– 17 –

Bertone, Scimemi, Vladimirov, 
arXiv:1902.08474

Bacchetta, Delcarro, Pisano, Radici,  
Signori, arXiv:1703.10157

Unpolarized nucleon

Transversely polarized nucleonRHIC is the only polarized hadron collider in the 
world à EIC polarization capabilities
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Quantum Chromodynamics

Another interesting aspect of QCD:
• Gluons can interact with 

themselves!
• Leads to a coupling constant in QCD 

which varies with energy
• At high energy (short distance), 

coupling is small and quarks are 
essentially free à perturbative

• At low energy (long distance), 
coupling is large à non-perturbative

Rosi Reed - CFNS Summer School 2024

QCD constant runs from ~1 to 0.1 which results 
in complex nuclear structures and dynamics 
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How do we study the complicated 
structure of QCD?
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How Do You Study the Structure of Matter?

Rosi Reed - CFNS Summer School 2024 14

Deep Inelastic Scattering: e + p → e’ + X
• Golden process to probe nucleons and nuclei with 

electron beams providing the unmatched precision of EM 
interactions

Center-of-mass energy √s: 20 – 140 GeV
• Explore QCD landscape over large range of 

resolution (Q2) and quark/gluon density (1/x)

Q2 – resolution power (virtuality of the photon)
s – center-of-mass energy squared
x - the fraction of the nucleon’s momentum 
carried by the struck quark
y – inelasticity 



Deep Inelastic Scattering (DIS)

Rosi Reed - CFNS Summer School 2024

Changing x projects out different configurations 
where different dynamics dominate

Changing Q2 changes the resolution scale

Q2 = 400 GeV2 
=> 1/Q = 0.01 fm 

𝑄! = 2𝐸"𝐸"#(1 − cos 𝜃"#)

𝑥 =
𝑄!

2𝑝𝑞

(Q2)

𝜃"#Electron (Ee)

Proton (P)

(E’e)

Measure of momentum 
fraction of struck parton
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Deep Inelastic Scattering (DIS)
Different Processes

CHAPTER 2. PHYSICS MEASUREMENTS AND REQUIREMENTS 7

Table 2.1: Different categories of processes measured at an EIC (Initial state: Colliding elec-
tron (e), proton (p), and nuclei (A). Final state: Scattered electron (e′), neutrino (ν), photon
(γ), hadron (h), and hadronic final state (X)).

Neutral-current Inclusive DIS: e + p/A −→ e′ + X;
for this process, it is essential to detect the scattered
electron, e′, with high precision. All other final state
particles (X) are ignored. The scattered electron is crit-
ical for all processes to determine the event kinematics.

p
X

e e!

"#

$
%
&

Charged-current Inclusive DIS: e + p/A −→ ν + X;
at high enough momentum transfer Q2, the electron-
quark interaction is mediated by the exchange of a W±

gauge boson instead of the virtual photon. In this case
the event kinematic cannot be reconstructed from the
scattered electron, but needs to be reconstructed from
the final state particles.

p

e '

W

X
$
%
&

Semi-inclusive DIS: e+ p/A −→ e′ + h±,0 + X, which
requires measurement of at least one identified hadron
in coincidence with the scattered electron.

e e!

"#

h, (
$

%
&

p X

Exclusive DIS: e+ p/A −→ e′ + p′/A′ + γ/h±,0/VM,
which require the measurement of all particles in the
event with high precision.

p

e e!

"#

h,"

p!

• How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
ons?
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requires measurement of at least one identified hadron
in coincidence with the scattered electron.
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Exclusive DIS: e+ p/A −→ e′ + p′/A′ + γ/h±,0/VM,
which require the measurement of all particles in the
event with high precision.

p

e e!

"#
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p!

• How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
ons?

Neutral-current 
Inclusive DIS

Charged-current 
Inclusive DIS

CHAPTER 2. PHYSICS MEASUREMENTS AND REQUIREMENTS 7

Table 2.1: Different categories of processes measured at an EIC (Initial state: Colliding elec-
tron (e), proton (p), and nuclei (A). Final state: Scattered electron (e′), neutrino (ν), photon
(γ), hadron (h), and hadronic final state (X)).

Neutral-current Inclusive DIS: e + p/A −→ e′ + X;
for this process, it is essential to detect the scattered
electron, e′, with high precision. All other final state
particles (X) are ignored. The scattered electron is crit-
ical for all processes to determine the event kinematics.

p
X

e e!

"#

$
%
&

Charged-current Inclusive DIS: e + p/A −→ ν + X;
at high enough momentum transfer Q2, the electron-
quark interaction is mediated by the exchange of a W±

gauge boson instead of the virtual photon. In this case
the event kinematic cannot be reconstructed from the
scattered electron, but needs to be reconstructed from
the final state particles.

p

e '

W

X
$
%
&

Semi-inclusive DIS: e+ p/A −→ e′ + h±,0 + X, which
requires measurement of at least one identified hadron
in coincidence with the scattered electron.

e e!

"#

h, (
$

%
&

p X

Exclusive DIS: e+ p/A −→ e′ + p′/A′ + γ/h±,0/VM,
which require the measurement of all particles in the
event with high precision.

p

e e!

"#

h,"

p!

• How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
ons?

CHAPTER 2. PHYSICS MEASUREMENTS AND REQUIREMENTS 7

Table 2.1: Different categories of processes measured at an EIC (Initial state: Colliding elec-
tron (e), proton (p), and nuclei (A). Final state: Scattered electron (e′), neutrino (ν), photon
(γ), hadron (h), and hadronic final state (X)).

Neutral-current Inclusive DIS: e + p/A −→ e′ + X;
for this process, it is essential to detect the scattered
electron, e′, with high precision. All other final state
particles (X) are ignored. The scattered electron is crit-
ical for all processes to determine the event kinematics.

p
X

e e!

"#

$
%
&

Charged-current Inclusive DIS: e + p/A −→ ν + X;
at high enough momentum transfer Q2, the electron-
quark interaction is mediated by the exchange of a W±

gauge boson instead of the virtual photon. In this case
the event kinematic cannot be reconstructed from the
scattered electron, but needs to be reconstructed from
the final state particles.

p

e '

W

X
$
%
&

Semi-inclusive DIS: e+ p/A −→ e′ + h±,0 + X, which
requires measurement of at least one identified hadron
in coincidence with the scattered electron.

e e!

"#

h, (
$

%
&

p X

Exclusive DIS: e+ p/A −→ e′ + p′/A′ + γ/h±,0/VM,
which require the measurement of all particles in the
event with high precision.

p

e e!

"#

h,"

p!

• How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
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• How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
ons?

Semi-inclusive DIS
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• How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
ons?

Exclusive DIS

CHAPTER 2. PHYSICS MEASUREMENTS AND REQUIREMENTS 7

Table 2.1: Different categories of processes measured at an EIC (Initial state: Colliding elec-
tron (e), proton (p), and nuclei (A). Final state: Scattered electron (e′), neutrino (ν), photon
(γ), hadron (h), and hadronic final state (X)).

Neutral-current Inclusive DIS: e + p/A −→ e′ + X;
for this process, it is essential to detect the scattered
electron, e′, with high precision. All other final state
particles (X) are ignored. The scattered electron is crit-
ical for all processes to determine the event kinematics.

p
X

e e!

"#

$
%
&

Charged-current Inclusive DIS: e + p/A −→ ν + X;
at high enough momentum transfer Q2, the electron-
quark interaction is mediated by the exchange of a W±

gauge boson instead of the virtual photon. In this case
the event kinematic cannot be reconstructed from the
scattered electron, but needs to be reconstructed from
the final state particles.

p

e '

W

X
$
%
&

Semi-inclusive DIS: e+ p/A −→ e′ + h±,0 + X, which
requires measurement of at least one identified hadron
in coincidence with the scattered electron.

e e!

"#

h, (
$

%
&

p X

Exclusive DIS: e+ p/A −→ e′ + p′/A′ + γ/h±,0/VM,
which require the measurement of all particles in the
event with high precision.

p

e e!

"#

h,"

p!

• How does a dense nuclear environment affect the dynamics of quarks and
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density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
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• How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
ons?
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EIC Machine Parameters
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• Center of mass energy: 20 – 
140 GeV

• Electrons: 2.5 – 18 GeV
• Protons: 40 – 275 GeV 

(ions: Z/A x Eproton)
• Luminosity: 1034 /cm2/sec
• Polarization: <70% (both 

electron and ion)
• Ion Species: proton - 

Uranium
• Detectors: up to 2 

interaction regions  with 
(almost) complete coverage

EIC at BNL

What is the EIC:

A high luminosity (1033 – 1034 cm-2s-1) polarized electron 
proton / ion collider with √sep = 20 – 140 GeV

What is new/different:

• A factor of 100 - 1000 higher luminosity than 
HERA → more statistics, higher precision!

• Both electrons and protons / light nuclei 
polarized → spin-dependent observables! 

• Nuclear beams: d to U → heavy-nuclei 
provide access to novel studies in QCD!

Fixed Target Facilities i.e.:
• Minimum > 2 orders of magnitude increase 

in kinematic coverage in x and Q2.

Re-introducing: The Electron-Ion Collider (EIC)

2.4 miles in 
circumference!

IP6

IP8

19
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The EIC Yellow Report
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The EIC yellow report 
was an enormous 
community exercise to 
quantify the physics 
and detector 
requirements to be able 
to purse EIC physics. 

https://arxiv.org/abs/2103.05419

https://arxiv.org/abs/2103.05419


Detector Design Process Timeline
electron-Proton and Ion Collider (ePIC) Experiment 

• Call for proposals issued jointly by BNL/JLab March 2021 (Due Dec 2021)
• ATHENA, CORE and ECCE proposals submitted

• DPAP closeout March 2022
• ECCE proposal chosen as basis for 1st EIC detector reference design 

• Spring/Summer 2022 – ATHENA and ECCE form joint leadership team
• Joint WG’s formed and consolidation process undertaken
• Coordination with EIC project on development of technical design

• Collaboration formation process started July 2022
• Charter ratified & elected ePIC Leadership Team February 2023
• Working towards TDR!

20

Detector and machine 
design parameters 
driven by physics 
objectives

2023



The ePIC Collaboration160+ institutions
24 countries

500+ participants

A truly global pursuit for 
a new experiment at the 
EIC!

ePIC non-US 
Institutions

59%

21



ePIC Detector Extent
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Total Length of the Detector: ~75m

Central Detector: ~10m

Far Backward Electron detection: ~35m

Far Forward Hadron Spectrometer: ~40m



ePIC Detector x and Q2
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Deep Inelastic Scattering (DIS)
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Changing x projects out different configurations 
where different dynamics dominate

Changing Q2 changes the resolution scale

𝑄! = 2𝐸"𝐸"#(1 − cos 𝜃"#)

𝑥 =
𝑄!

2𝑝𝑞
Measure of momentum 
fraction of struck parton
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ePIC Detector à Barrel
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ElectronsHadrons

Auxiliary detectors needed to tag particles with very small scattering angles both in the outgoing lepton and 
hadron beam direction (B0-Taggers, Off-momentum taggers, Roman Pots, Zero-degree Calorimeter and low 
Q2-tagger).



Modern Particle Physics Experiments Basics
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22 Introduction

which is roughly an order of magnitude worse than the energy resolution for elec-
tromagnetic showers.

1.3 Collider experiments

At a particle accelerator, the colliding beams produce individual interactions
referred to as events. The large particle physics detector systems use a wide range of
technologies to detect and measure the properties of the particles produced in these
high-energy collisions with the aim of reconstructing the primary particles pro-
duced in the interaction. In essence, one tries to go from the signals in the different
detector systems back to the Feynman diagram responsible for the interaction.

The basic structure of a modern particle physics detector is indicated in
Figure 1.18. In general, a detector consists of a cylindrical (or polygonal) barrel
part, with its axis parallel to the incoming colliding beams. The cylindrical struc-
ture is closed by two flat end caps, providing almost complete solid angle cov-
erage down to the beam pipe. The inner region of the detector is devoted to the
tracking of charged particles. The tracking volume is surrounded by an electro-
magnetic calorimeter (ECAL) for detecting electrons and photons. The relatively
large-volume hadronic calorimeter (HCAL) for detecting and measuring the ener-
gies of hadrons is located outside the ECAL. Dedicated detectors are positioned
at the outside of the experiment to record the signals from any high-energy muons
produced in the collisions, which are the only particles (apart from neutrinos) that
can penetrate through the HCAL. In order to be able to measure the momenta of

n

Muon detectorsHCAL ECAL Tracking detector

π+

µ+

e-

γ

ν

!Fig. 1.18 The typical layout of a large particle physics detector consisting of a tracking system (here shown with cylin-
drical layers of a silicon detector), an electromagnetic calorimeter (ECAL), a hadron calorimeter (HCAL) and
muon detectors. The solenoid used to produce the magnetic field is not shown. The typical signatures pro-
duced by different particles are shown.
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Modern Particle Physics Experiments Basics

Many common features in modern NP and HEP detectors – inner tracking, magnetic field, EM and 
hadronic calorimetry, outer muon chambers.  

Want to determine particle track, charge, momentum, energy, type (id) ….

Central 
Magnetic Field
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Interaction of Radiation with Matter 
(Heavy Particles, Low Density Matter)

• Heavy Charged Particles (p, a, etc)
• When a charged particle passes through matter, it interacts primarily with atomic electrons
• Conservation of energy/momentum for a heavy particle M incident on a light particle m gives:
•    

• Elastic, head-on collision – this is the maximum energy loss
• Example: For a 5MeV a particle, ma ~ 4mn

• A typical particle will undergo thousands of collisions before it loses all its energy!
• A heavy particle is deflected by a small amount in a collision
• The Coulomb force has an infinite range, so a particle interacts simultaneously with 

many electrons and effectively loses energy continuously along its path
• The energy required to ionize atoms is a few 10’s of eV, so many collisions will 

liberate atomic electrons
• Known as “d rays”
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Bethe-Block Equation

• The original calculation for energy loss of a 
charged particle is due to Hans Bethe (1930)

• Bethe-Block Equation
• For a particle of charge ze, velocity v:

• The electron density is given by:

• I is the mean ionization energy for the material
• In principle it is an average over all ionization and excitation 

processes

• Approximately I/Z ~ 10 eV
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Bethe-Block (II)

• Energy loss depends quadratically on v and z, 
but not on its mass M
• For low energies (b << 1), the energy loss 

decreases as ~1/v2 
• Reaches a minimum for E ~ 3Mc2

• dE/dx ~ 2MeV g-1 cm2

• For b ~ 1 the energy loss rises logarithmically 
• Referred to as “relativistic rise”
• Relativistic deformation of Coulomb field of incident 

particle increases effective impact parameter cutoff 
(semiclassical)
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Energy Loss by Electrons and Positrons

• Electrons/Positrons travelling through matter also collide w/atomic electrons
• They will lose energy faster and scatter at larger angles
• They can lose energy via bremmstrahlung

• Accelerated charge radiates energy!
• Energy loss (also due to Bethe):

• Which term dominates for electrons/positrons depends on the incident energy of the 
lepton
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Radiation Length
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Parametrize bremsstrahlung energy loss as:
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A radiation length (X0) is a very convenient quantity to characterize a medium where 
bremsstrahlung dominates (high energy > ~ 10 MeV).   

Example: for Pb (Z=82, A=208),  X0 ~ 5.0mm



Photons
• There are three relevant processes for the interaction of photons with matter:

• Photoelectric Effect, Compton Scattering, Pair Production
• Photoelectric Effect

• Absorption of a photon by an atomic e-

• Difficult to calculate but easily measured
• Most important at low Eg   

• Compton Scattering
• Scattering of a photon off an atomic e-

• Probability depends on scattering angle
• Pair Production

• Photon converts to an e+/e- pair
• Presence of nucleus required for momentum conservation (Recoil negligible

• Threshold at 2mec2
• Important at higher energies
• Mean free path before pair production:  𝜆 !"#$	 = 9/7𝑋&
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Electromagnet Showers
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19 1.2 Interactions of particles with matter

The electromagnetic interactions of high energy electrons and photons in matter
are characterised by the radiation length X0. The radiation length is the average
distance over which the energy of an electron is reduced by bremsstrahlung by a
factor of 1/e. It is also approximately 7/9 of the mean free path of the e+e− pair-
production process for a high-energy photon. The radiation length is related to the
atomic number Z of the material, and can be approximated by the expression

X0 ≈
1

4αnZ2r2
e ln (287/Z1/2)

,

where n is the number density of nuclei and re is the “classical radius of the elec-
tron” defined as

re =
e2

4πϵ0mec2 = 2.8 × 10−15 m.

For high-Z materials the radiation length is relatively short. For example, iron and
lead have radiation lengths of X0(Fe) = 1.76 cm and X0(Pb) = 0.56 cm.

Electromagnetic showers
When a high-energy electron interacts in a medium it radiates a bremsstrahlung
photon, which in turn produces an e+e− pair. The process of bremsstrahlung and
pair production continues to produce a cascade of photons, electrons and positrons,
referred to as an electromagnetic shower, as indicated in Figure 1.17. Similarly, the
primary interaction of a high-energy photon will produce an e+e− pair that will
then produce an electromagnetic shower.

The number of particles in an electromagnetic shower approximately doubles
after every radiation length of material traversed. Hence, in an electromagnetic
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!Fig. 1.17 The development of an electromagnetic shower where the number of particles roughly doubles after each
radiation length.
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shower produced by an electron or photon of energy E, the average energy of the
particles after x radiation lengths is

⟨E⟩ ≈ E
2x . (1.3)

The shower continues to develop until the average energy of the particles falls
below the critical energy Ec, at which point the electrons and positrons in the cas-
cade lose energy primarily by ionisation. The electromagnetic shower therefore
has the maximum number of particles after xmax radiation lengths, given by the
condition ⟨E⟩ ≈ Ec. From (1.3) it can be seen that this point is reached after

xmax =
ln (E/Ec)

ln 2
radiation lengths. In a high-Z material, such as lead with Ec ∼ 10 MeV, a 100 GeV
electromagnetic shower reaches is maximum after xmax ∼ 13 X0. This corresponds
to less than 10 cm of lead. Consequently, electromagnetic showers deposit most of
their energy in a relatively small region of space. The development of a shower
is a stochastic process consisting of a number of discrete interactions. However,
because of the large numbers of particles involved, which is of order 2xmax , the
fluctuations in the development of different electromagnetic showers with the same
energy are relatively small and individual electromagnetic showers of the same
energy are very much alike.

Electromagnetic calorimeters
In high-energy particle physics experiments, the energies of electrons and pho-
tons are measured using an electromagnetic calorimeter constructed from high-Z
materials. A number of different technologies can be used. For example, the elec-
tromagnetic calorimeter in the CMS detector at the LHC is constructed from an
array of 75 000 crystals made from lead tungstate (PbWO4), which is an inorganic
scintillator. The crystals are both optically transparent and have a short radiation
length X0 = 0.83 cm, allowing the electromagnetic showers to be contained in a
compact region. The electrons in the electromagnetic shower produce scintillation
light that can be collected and amplified by efficient photon detectors. The amount
of scintillation light produced is proportional to the total energy of the original elec-
tron/photon. Alternatively, electromagnetic calorimeters can be constructed from
alternating layers of a high-Z material, such as lead, and an active layer in which
the ionisation from the electrons in the electromagnetic shower can be measured.
For the electromagnetic calorimeters in large particle physics detectors, the energy
resolution for electrons and photons is typically in the range

σE

E
∼ 3% − 10%√

E/GeV
.

• Number of EM particles essentially 
doubles every radiation length

• Light is collected to determine energy
• Shower develops until Eave falls below 

the critical energy Ec
• Electrons and positrons then lose 

energy by ionization

Resolution of EM Calorimeters



Hadronic Showers

• Hadronic showers are 
messier and larger than 
EM showers

• Electromagnetic 
component due to 
p0 à gg

• Nuclear interaction 
interaction length λn à 
mean distance between 
hadronic interactions

• Much larger than 
radiation length!
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21 1.2 Interactions of particles with matter

1.2.3 Interactions and detection of hadrons

Charged hadrons (for example, protons and charged pions) lose energy continu-
ously by the ionisation process as they traverse matter. In addition, both charged
and neutral hadrons can undergo a strong interaction with a nucleus of the medium.
The particles produced in this primary hadronic interaction will subsequently inter-
act further downstream in the medium, giving rise to a cascade of particles. The
development of hadronic showers is parameterised by the nuclear interaction inter-
action length λI defined as the mean distance between hadronic interactions of
relativistic hadrons. The nuclear interaction length is significantly larger than the
radiation length. For example, for iron λI ≈ 17 cm, compared to its radiation length
of 1.8 cm.

Unlike electromagnetic showers, which develop in a uniform manner, hadronic
showers are inherently more variable because many different final states can be
produced in high-energy hadronic interactions. Furthermore, any π0s produced in
the hadronic shower decay essentially instantaneously by π0→ γγ, leading to an
electromagnetic component of the shower. The fraction of the energy in this elec-
tromagnetic component will depend on the number of π0s produced and will vary
from shower to shower. In addition, not all of the energy in a hadronic shower is
detectable; on average 30% of incident energy is effectively lost in the form of
nuclear excitation and break-up.

Hadron calorimeters
In particle detector systems, the energies of hadronic showers are measured in
a hadron calorimeter. Because of the relatively large distance between nuclear
interactions, hadronic showers occupy a significant volume in any detector. For
example, in a typical hadron calorimeter, the shower from a 100 GeV hadron has
longitudinal and lateral extents of order 2 m and 0.5 m respectively. Therefore a
hadron calorimeter necessarily occupies a large volume. A number of different
technologies have been used to construct hadron calorimeters. A commonly used
technique is to use a sandwich structure of thick layers of high-density absorber
material (in which the shower develops) and thin layers of active material where
the energy depositions from the charged particles in the shower are sampled. For
example, the hadron calorimeter in the ATLAS experiment at the LHC consists of
alternating layers of steel absorber and plastic scintillator tiles. The signals in the
different layers of the scintillator tiles are summed to give a measure of the energy
of the hadronic shower. Fluctuations in the electromagnetic fraction of the shower
and the amount of energy lost in nuclear break-up limits the precision to which the
energy can be measured to

σE

E
!

50%√
E/GeV

,

Resolution of Hadronic  Calorimeters



Tracking Basics

• Charged particles leave a trail of 
ionized atoms and liberated electrons 
when traveling through matter

•  This ionization allows us to reconstruct 
the trajectory 

• 2 main tracking detector 
technologies:

• Large gaseous tracking volume where 
the liberated electrons drift in a strong 
electric field towards sense wires where 
the signal can be recorded

• Semiconductor technology using silicon 
pixels or strips
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15 1.2 Interactions of particles with matter

which corresponds to the minimum in the ionisation energy loss curve, are referred
to as minimum ionising particles.

All charged particles lose energy through the ionisation of the medium in which
they are propagating. Depending on the particle type, other energy-loss mecha-
nisms maybe present. Nevertheless, for muons with energies below about 100 GeV,
ionisation is the dominant energy-loss process. As a result, muons travel significant
distances even in dense materials such as iron. For example, a 10 GeV muon loses
approximately 13 MeV cm−1 in iron and therefore has a range of several metres.
Consequently, the muons produced at particle accelerators are highly penetrating
particles that usually traverse the entire detector, leaving a trail of ionisation. This
feature can be exploited to identify muons; all other charged particles have other
types of interactions in addition to ionisation energy loss.

Tracking detectors
The detection and measurement of the momenta of charged particles is an essential
aspect of any large particle physics experiment. Regardless of the medium through
which a charged particle travels, it leaves a trail of ionised atoms and liberated
electrons. By detecting this ionisation it is possible to reconstruct the trajectory
of a charged particle. Two main tracking detector technologies are used. Charged
particle tracks can detected in a large gaseous tracking volume by drifting the liber-
ating electrons in a strong electric field towards sense wires where a signal can be
recorded. However, in recent particle physics experiments, for example the ATLAS
and CMS experiments at the LHC, there has been a move to using tracking detec-
tors based on semiconductor technology using silicon pixels or strips.

When a charged particle traverses an appropriately doped silicon wafer, electron–
hole pairs are created by the ionisation process, as indicated by Figure 1.13. If a
potential difference is applied across the silicon, the holes will drift in the direction
of the electric field where they can be collected by p–n junctions. The sensors can
be shaped into silicon strips, typically separated by O(25 µm), or into silicon pix-
els giving a precise 2D space point. The signals are not small; in crossing a typical
silicon wafer, a charged particle will liberate O(10 000) electron–hole pairs that,
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−
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signal

V
+

−

!Fig. 1.13 The production and collection of charge in a silicon tracking sensor.
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!Fig. 1.14 The principle of charged particle track reconstruction from the space points observed in a (five-layer) silicon
tracking detector. The curvature in the xy-plane determines the transverse momentum.

with appropriate amplification electronics, gives a clear signal associated with the
strip/pixel on which the charge was collected.

Silicon tracking detectors typically consist of several cylindrical surfaces of sil-
icon wafers, as indicated in Figure 1.14. A charged particle will leave a “hit” in
a silicon sensor in each cylindrical layer from which the trajectory of the charged
particle track can be reconstructed. The tracking system is usually placed in a large
solenoid producing an approximately uniform magnetic field in the direction of
axis of the colliding beams, taken to be the z-axis. Owing to the v × B Lorentz
force, the trajectory of a charged particle in the axial magnetic field is a helix with
a radius of curvature R and a pitch angle λ, which for a singly charged particle
(|q| = e) are related to its momentum by

p cos λ = 0.3 BR,

where the momentum p is given in GeV/c, B is the magnetic flux density in tesla
and R is in metres. Hence by determining the parameters of the helical trajectory
from the measured hits in the tracking detectors, R and λ can be obtained and thus
the momentum of the particle can be reconstructed. For high-momentum particles,
the radius of curvature can be large. For example, the radius of curvature of a
100 GeV π± in the 4 T magnetic field of the super-conductor solenoid of the CMS
experiment is R∼ 100 m. Even though such charged particle tracks appear almost
straight, the small deflection is easily measured using the precise space-points from
the silicon strip detectors.

Scintillation detectors
Organic scintillators are used extensively in modern particle physics experiments
as a cost effective way to detect the passage of charged particles where precise
spatial information is not required. In particular, detectors based on plastic and

25 1.4 Measurements at particle accelerators

Primary vertex
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     decay
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!Fig. 1.20 An illustration of the principle of b-quark tagging in a e+e− → Z→ bb event.

which is displaced from the primary vertex by several millimetres, as indicated in
Figure 1.20.

The identification of b-quark jets relies on the ability to resolve the secondary
vertices from the primary vertex. In practice, this is achieved by using high-
precision silicon microvertex detectors consisting of several concentric layers of
silicon at radii of a few centimetres from the axis of the colliding beams. Such
detectors can achieve a single hit resolution of O(10 µm), sufficient to be able to
identify and reconstruct the secondary vertices, even in a dense jet environment.
The ability to tag b-quarks has played an important role in a number of recent
experiments.

1.4 Measurements at particle accelerators

With the exception of the measurements of the properties of the neutrino, most of
the recent breakthroughs in particle physics have come from experiments at high-
energy particle accelerators. Particle accelerators can be divided into two types:
(i) colliding beam machines where two beams of accelerated particles are brought
into collision; and (ii) fixed-target experiments where a single beam is fired at a
stationary target. In order to produce massive particles, such as the W±, Z and
H bosons, high energies are required. More precisely, the energy available in the
centre-of-mass frame has to be greater than the sum of the masses of the particles
being produced. The centre-of-mass energy

√
s is given by the square root of the

Lorentz invariant quantity s formed from the total energy and momentum of the
two initial-state particles, which in natural units with c = 1 is

s =

⎛
⎜⎜⎜⎜⎜⎜⎝

2∑

i=1

Ei

⎞
⎟⎟⎟⎟⎟⎟⎠

2

−
⎛
⎜⎜⎜⎜⎜⎜⎝

2∑

i=1

pi

⎞
⎟⎟⎟⎟⎟⎟⎠

2

.

In a fixed-target experiment, momentum conservation implies that the final-state
particles are always produced with significant kinetic energy and much of the initial
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!Fig. 1.14 The principle of charged particle track reconstruction from the space points observed in a (five-layer) silicon
tracking detector. The curvature in the xy-plane determines the transverse momentum.

with appropriate amplification electronics, gives a clear signal associated with the
strip/pixel on which the charge was collected.

Silicon tracking detectors typically consist of several cylindrical surfaces of sil-
icon wafers, as indicated in Figure 1.14. A charged particle will leave a “hit” in
a silicon sensor in each cylindrical layer from which the trajectory of the charged
particle track can be reconstructed. The tracking system is usually placed in a large
solenoid producing an approximately uniform magnetic field in the direction of
axis of the colliding beams, taken to be the z-axis. Owing to the v × B Lorentz
force, the trajectory of a charged particle in the axial magnetic field is a helix with
a radius of curvature R and a pitch angle λ, which for a singly charged particle
(|q| = e) are related to its momentum by

p cos λ = 0.3 BR,

where the momentum p is given in GeV/c, B is the magnetic flux density in tesla
and R is in metres. Hence by determining the parameters of the helical trajectory
from the measured hits in the tracking detectors, R and λ can be obtained and thus
the momentum of the particle can be reconstructed. For high-momentum particles,
the radius of curvature can be large. For example, the radius of curvature of a
100 GeV π± in the 4 T magnetic field of the super-conductor solenoid of the CMS
experiment is R∼ 100 m. Even though such charged particle tracks appear almost
straight, the small deflection is easily measured using the precise space-points from
the silicon strip detectors.

Scintillation detectors
Organic scintillators are used extensively in modern particle physics experiments
as a cost effective way to detect the passage of charged particles where precise
spatial information is not required. In particular, detectors based on plastic and



Multiple Scattering

• Particles passing through matter can also undergo scattering from the atomic 
nuclei (Rutherford scattering).  This will deflect the direction of the particle 
through many small-angle scatters:

37

Thickness of material in 
radiation lengths

Many small scatters leads to an 
approximately Gaussian distribution with 
tails from “hard” scatters.  

For tracking detectors, you want it all - high precision, large 
signal, low mass, …



Momentum Resolution
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ePIC Detector à Tracking
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ElectronsHadrons

Vertex detector → Identify primary and secondary vertices, 
● Low material budget: 0.05 X/X0 per layer
● High spatial resolution: 10 mm pitch CMOS Monolithic Active Pixel Sensor 

Central and Endcap tracker → High precision low mass tracking
● MAPS – tracking layers in combination with micro pattern gas detectors

EIC Detector 
Requirements
Tracking



ePIC Tracking Challenges and Strategies

Challenges
• Efficient pattern recognition
• Very low material budget for the 

central tracking region not 
exceeding 5% X/X0 (p resolution!)

• Solenoidal magnetic field
• Fine ∫ B∙ dl in the barrel
• Limited ∫ B∙ dl in the endcaps

• Limited lever arm
• Solenoid and overall detector       

design constrains in the barrel
• IR design in the endcaps

• “low” interaction rate (< 0.5 GHz), 
but significant background!
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Strategies
• Redundancy of the measured space point 

coordinates
• Monolithic Active Pixel Silicon (MAPS)

• Guiding example: the inner tracking in ALICE   
(ALPIDE chip, also used in sPHENIX)

• Fine space resolution – fine granularity Si 
sensors

• Synergies among detector components 
(backward ECal, barrel ECal, RICH counters)

• Good time res. to disentangle signal from 
background à additional MicroPattern    
Gaseous Detector layers (MAPS cannot   
provide)

ePIC Tracking  (for trajectories, angles, vertex, momentum) 

Corigliano-Rossano, 18-22 June 2023 1st European Summer School on the Physics of the EIC            S.Dalla Torre 17

CHALLENGES

• Efficient pattern recognition 

• Very low material budget for the central tracking 
region not exceeding 5% X/X0 (p resolution!)

• Solenoidal magnetic field
• Fine ∫ B∙ dl in the barrel
• Limited ∫ B∙ dl in the endcaps

• Limited lever arm
• Solenoid and overall detector design 

constrains in the barrel 
• IR design in the endcaps 

• “low” interaction rate (< 0.5 GHz), but 
background !

STATEGIES

• Redundancy of the measured space point 
coordinates

• Monolithic Active Pixel Silicon (MAPS)
• Guiding example: the inner tracking in ALICE 

(ALPIDE chip, also used in sPHENIX)

• Fine space resolution – fine granularity Si sensors  
• Synergies among detector components (backward 

ECal, barrel ECal, RICH counters, …)

• Good time resolution to disentangle signal and 
background: this cannot be provided by MAPS, use 
additional MicroPattern Gaseous Detector layers  



The ePIC Central Tracking Detector
Hybrid detector based on silicon + gaseous 
technologies for barrel region
• Silicon Vertex Tracker (SVT):

• SVT Inner Barrel (IB) L0, L1, L2 and Outer Barrel (OB) L3, L4
• Monolithic Active Pixel Sensors (MAPS) based on 65 nm 

CMOS technology being developed by ALICE
• MPGD (Micro-Pattern Gas Detectors)

• Gaseous detectors to cover a large outer tracking volume
• Provides a good timing performance (Provide ∼ 10 − 30 ns 

timing resolution) for pattern recognition
• AC-LGAD Sensors

• Excellent time resolution for the particle identification by 
time-of-fight method 

• Provides an extra hit for pattern recognition and tracking
• Forward region: Five MAPS silicon disks followed by 

two MPGD (Micro-Pattern Gas Detectors) layers and 
a TOF layer Backward region: Five MAPS silicon disks 
followed by two MPGD layers
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The ePIC Central Tracking Detector

SVT IB, OB and Disks (MAPS)

MPGD  Barrels and Disks

AC-LGAD TOF

SVT to achieve a precise tracking and 
vertexing capability

 (pitch ~ 20 µm)

Forward region: Five MAPS silicon disks followed by two MPGD (Micro-Pattern Gas Detectors) layers and a TOF layer

Backward region: Five MAPS silicon disks followed by two MPGD layers 

Barrel Region:

● Silicon Vertex Tracker (SVT):

➔ SVT Inner Barrel (IB)  L0, L1, L2 and Outer Barrel (OB) L3, L4

➔ Monolithic Active Pixel Sensors (MAPS) based on 65 nm CMOS 

technology being developed by ALICE

➔ High granularity and low material budget are the key features to achieve a good 
momentum and pointing resolution

● MPGD  (Micro-Pattern Gas Detectors)  Poster by Kondo Gnanvo

➔ Gaseous detectors to cover a large outer tracking volume

➔ Provides a good timing performance (Provide  10 − 30 ns timing resolution) for ∼

pattern recognition 

● AC-LGAD Sensors

➔ Excellent time resolution for the particle identification by time-of-fight method

➔ Provides an extra hit for pattern recognition and tracking

The ePIC tracking system (|η| < 3.5) is a hybrid detector based 
on both silicon and gaseous technologies
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Micro Pattern Gas Detectors (MPGD)
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• Both have good spatial resolution of order ~150µm with a fast time response (<10ns).  
• µMega detectors have been demonstrated in a cylindrical geometry

Micromegas (Micro-Mesh Gaseous Structure)

drift region 
(ionization)

amplification 
region

Micro-RWELL (Micro-Resistive WELL)
Resistive Layer above the readout electrodes
Amplification occurs in a single stage, where a WELL structure 
replaces the separate micro-mesh+ amplification gap



MAPS (Monolithic Active Pixel Sensor)

• Sensor and the readout electronics are 
integrated on a single piece of silicon 
(monolithic)
• Each pixel in a MAPS detector is an 

active element
• Very small pixel sizes (~micrometers)

• High spatial resolution
• High density of pixels à excellent 

granularity
• Thin Sensors à  Low material budget
• Radiation hard
• Fast
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https://doi.org/10.1016/j.nima.2015.09.057

Complementary metal-oxide semiconductor (CMOS)
• Semiconductor technology used in most of 

today's integrated circuits



Tracking in the ePIC Experiment

• Reconstruction of particle trajectory (with B-
field, material effects, background)-4D tracking 
Tracking: 
• Track finding and fitting using combinatorial 

Kalman Filter (CKF): ACTs (A Common Tracking 
Software)
• Track Parameters: (l0 , l1 , φ, θ, 1/p, t)

• l0,l1 - local parameters describing the sensor surface 
• ɸ: Azimuthal angle in global coordinates
• θ: angle w.r.t. z axis in global coordinates
• p: Momentum of the track
• t: time of hit (important due to background)
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Tracking in the ePIC Experiment

Reconstruction of particle trajectory (in presence of magnetic field, material effect, background hits )-4D tracking 

Tracking: Track finding and fitting using combinatorial Kalman Filter (CKF): ACTs (A Common Tracking Software) 

(l0 , l1 , ϕ , θ , 1/ p , t)Track Parameters:

➔ l0 ,l1: local parameters describing the sensor surface

➔ ɸ: Azimuthal angle in global coordinates

➔ θ: angle w.r.t. z axis in global coordinates

➔ p: Momentum of the track 

➔ t: time of hit (important due to background)

Three Steps (Kalman Filter)

1. Extrapolation

2. Filtering 

3. Smoothing

Inward--> Outward fitting
Outward-->Inward fitting 

Prediction

Measurement

Filtering

Momentum Resolution

β effect

ePIC 23.12.0
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Preliminary Tracking Performance

• Momentum and Distance of 
Closest Approach (DCAT) 
Resolutions 
• Requirements are met in the 

central region
• Requirements are substantially 

met in the forward/hadron and 
backward/electron region
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 Preliminary Performances
Momentum DCA

T

Requirements are substantially met in the 
forward/hadron and backward/electron region

Requirements are met in the central region

Physics objectives in the far backward/
electron region will need to be met by means 
of using precise tracking and electron 
calorimetry

Momentum and Distance of Closest 
Approach (DCA

T
) Resolutions
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forward/hadron and backward/electron region

Requirements are met in the central region

Physics objectives in the far backward/
electron region will need to be met by means 
of using precise tracking and electron 
calorimetry

Momentum and Distance of Closest 
Approach (DCA

T
) Resolutions

S. Kumar, 16th Pisa Meeting on Advanced 
Detectors 



Conclusions

• Detectors use the basic properties of particles traveling through matter to 
determine kinematics and flavor of those particles
• A modern collider detector is a combination of detector technologies 

designed to work in concert to achieve a specific set of physics goals. 
• Tracking is at the heart of all modern nuclear and HEP experiments

• Need to know the precise kinematics of any particle
• Decay vertices
• Removal of background

Rosi Reed - CFNS Summer School 2024 46



End Lecture 1

Rosi Reed - CFNS Summer School 2024 47



Why a Crossing Angle?

•  Brings focusing magnets close to IP
    à high luminosity
• Beam separation without separation dipoles
   à reduced synchrotron radiation background
But significant loss of luminosity!
 

Solution: Crab crossing 
• Head-on collision geometry is restored by rotating the 

bunches before colliding (“crab crossing”)
• Bunch rotation (“crabbing”) is accomplished by 

transversely deflecting RF resonators (“crab cavities”)
• Actual collision point moves laterally during bunch 

interaction
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