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The proposed Electron-Ion Collider (EIC) will operate high-energy high-luminosity electron+proton and electron+nucleus collisions to
solve several unresolved fundamental questions. Due to their large masses (mc,b > ΛQCD), heavy quarks and their hadron products
are ideal probes to study the nucleon/nuclear parton distribution functions in the high Bjorken-x (xBJ > 0.1) region and explore the
hadronization process within the unconstrained kinematic region. Recently, the Electron-Ion Collider Comprehensive Chromodynamics
Experiment (ECCE) consortium detector conceptual design has been selected as the reference design for the EIC project detector. The
precise momentum and spatial resolutions provided by the ECCE tracking detector enable a series of open heavy flavor and quarkonia
measurements. The physics projections of these proposed heavy flavor measurements in simulation studies using the ECCE detector design
will be presented.
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1 Introduction

The next generation Quantum Chromodynamics (QCD) ac-
celerator: Electron-Ion Collider (EIC) has received the Crit-
ical Decision 1 (CD1) approval in 2021 with the determina-
tion of its alternative selection and cost range from the US
Department of Energy (DOE). The EIC will operate e + p
and e + A collisions at the center of mass energies from
40 to 141 GeV and the instantaneous luminosity can reach
1033−34cm−2s−1. These unique features bring new oppor-
tunities to precisely study the nucleon/nuclei 3D structure,
help address the proton spin puzzle, probe the nucleon/nuclei
parton density extreme: the gluon saturation, and explore
how quarks and gluon form visible matter, which is referred
to as the hadronization [1, 2]. In e + p and e + A colli-
sions, heavy quarks are produced through the photon-gluon
fusion in the leading order Deeply Inelastic Scattering (DIS)
process. On the other hand, heavy quarks will not transfer
into other quarks and gluons once they are produced due to
their heavy masses. Therefore, the heavy flavor hadrons and
jets are ideal probes to access the gluon parton distribution
functions within the less constrained high Bjorken-x region
(xBJ > 0.1) and systematically explore the heavy quark
fragmentation process in the high hadron momentum fraction
region (zh > 0.4).

Heavy flavor hadrons such as D0 mesons usually have
relatively short lifetime (cτ0 < 600 µm) and decay into other
lighter particles. In experiments, the displaced/decay vertex
or the track Distance of Closet Approach (DCA), which is
proportional to the particle decay length, is one of the key
parameters to identify heavy flavor hadrons. To realize pre-
cise heavy flavor measurements, the detector is required to
meet these requirements: 1) providing fine spatial resolution
(< 100 µm) for displaced vertex reconstruction or DCA 2)
having low material budgets to maintain fine track hit res-
olution and offer good track momentum resolutions, and 3)

providing good particle identification to suppress the combi-
natorial background.

FIGURE 1. The schematic of the ECCE conceptual detector design,
which reuses the 1.4 T Babar magnet. The ECCE central detector
is divided into the barrel, hadron-endcap and electron-endcap kine-
matic regions. It consists of the Monolithic Active Pixel Sensor
(MAPS) based silicon vertex/tracking detector, the micron-Rwell
(µRwell) Based gas tracking detector, the AC-LGAD based Time
of Fight, dRICH, mRICH, ElectroMagnetic (EM) Calorimeter, and
Hadronic Calorimeter.

The Electron-Ion Collider Comprehensive Chromodynamics
Experiment (ECCE) consortium has developed a conceptual
design, which consists of vertex, tracking, particle identifi-
cation (PID) and calorimeter subsystems to meet various EIC
physics requirements listed in the EIC white paper [1] and the
EIC yellow report [2]. As shown in Figure 1, the ECCE con-
ceptual detector design consists of multiple layers of different
detector subsystems, which can provide precise particle ver-
tex, tracking, identification, momentum and energy measure-



2 XUAN LI ON BEHALF OF THE ECCE CONSORTIUM

ments in the pseudorapidity region of −3.5 ≤ η ≤ 3.5 with
full azimuthal coverage. The ECCE vertex and tracking de-
tectors play an essential role in the heavy flavor hadron and
jet reconstruction. The geometry parameters of the ECCE
vertex and tracking detector reference design are listed in Ta-
ble I.

In addition to the fine segmentation of the ECCE track-
ing detector active area, a service cone which includes the
estimated material budgets associate with cables, cooling
and support structures has been implemented into the full
GEANT4 [3] simulation within the Fun4All framework [4,5]
for the tracking performance evaluation. A critical kinematic
variable for the heavy flavor reconstruction is the track trans-
verse Distance of Closest Approach (DCA2D), which is pro-
portional to the heavy flavor particle decay length. Good
tracking momentum resolutions and fine transverse DCA res-
olutions can be achieved the ECCE vertex and tracking de-
tector, which utilizes advanced silicon and gas tracking tech-
nologies. The DCA2D resolutions of the ECCE detector de-
sign can meet or even perform better than the EIC yellow
report requirements [2] as shown as the dashed lines in Fig-
ure 2. To optimize the ECCE detector configuration, sev-
eral iterations have been carried out to implement different
detector geometries and alternative technology options. The
associated tracking performance of different detector config-
urations has been included in the systematic uncertainty eval-
uation.

TABLE I. ECCE vertex and tracking detector geometry
Region/

Technology Index r (cm) zmin (cm) zmax (cm)
barrel
MAPS 1 3.3 -13.5 13.5
MAPS 2 4.35 -13.5 13.5
MAPS 3 5.4 -13.5 13.5
MAPS 4 21 -27 27
MAPS 5 22.68 -30 30

µ RWELL 6 33.14 -40 40
µ RWELL 7 51 -106 106
AC-LGAD 8 64 -140 140
µ RWELL 9 77 -197 145

z (cm) rin (cm) rout (cm)
h-endcap
MAPS 1 25 3.5 18.5
MAPS 2 49 3.5 36.5
MAPS 3 73 4.5 40.5
MAPS 4 106 5.5 41.5
MAPS 5 125 7.5 43.5

AC-LGAD 6 182 7 87
e-endcap
MAPS 1 -25 3.5 18.5
MAPS 2 -52 3.5 36.5
MAPS 3 -79 4.5 40.5
MAPS 4 -106 5.5 41.5

AC-LGAD 5 -155.5 8 64

Several heavy flavor hadron and jet reconstructions have
been studied in e+p simulation through the newly developed
analysis framework, which consists of the PYTHIA 8 event
generation [6]; smeared particle vertex, tracking and energy
information based on the performance of the ECCE concep-
tual detector design, which is determined from the GEANT4
simulation; the EIC electron and proton/nucleus beam cross-
ing angle at 25 mrad; and the beam remnant backgrounds.
We will present the heavy flavor reconstruction in simulation
and associated physics projections in the following sections.
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FIGURE 2. Track transverse momentum dependent transverse Dis-
tance of Closet Approach (DCA2D) resolutions in the 0 ≤ η ≤ 3.5
(left column) and −3.5 ≤ η < 0 (right column) pseudorapidity
regions with the ECCE conceptual detector design and the 1.4 T
Babar magnet. The EIC yellow report requirements are highlighted
in dashed lines.

2 Heavy flavor hadron and jet reconstruction

The open heavy flavor hadron reconstruction has been car-
ried out in e + p simulation with the electron beam energy
at 10 GeV and the proton beam energy at 100 GeV. Several
topological cuts, which include the DCA2D matching be-
tween heavy flavor decay particle candidates and constraints
on the crossing angle between the reconstructed heavy flavor
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DCA vector and its momenta, have been applied to enhance
the signal over background ratios.

Figure 3 shows the mass distributions of reconstructed
D±, D0(D̄0), B±, B0(B̄0) and B0

s (B̄
0
s ) mesons in simula-

tion using the ECCE reference detector design with the 10
fb−1 integrated luminosity of 10 GeV electron and 100 GeV
proton collisions. With the optimized topological cuts, good
signal over background ratios have been obtained for recon-
structed D-mesons and B-mesons as illustrated in Figure 3.
10 fb−1 is a estimated minimal value of the integrated lumi-
nosity to be delivered by one year EIC operation. The good
statistics of reconstructed D-mesons allow us to further study
their kinematic dependence nuclear modification factor mea-
surements.
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FIGURE 3. Reconstructed heavy flavor hadron mass distributions
with the ECCE reference detector design performance inside the
1.4 T Babar magnet within the presudorapidity region of −3.5 ≤
η ≤ 3.5 in 10+100 GeV e + p collisions. The integrated luminos-
ity is 10 fb−1. The distributions of reconstructed D± and D0(D̄0)
mesons are shown in the top row and the distributions of recon-
structed B±, B0(B̄0) and B0

s (B̄0
s ) mesons are shown in the bottom

row.

Figure 4 illustrates the pseudorapdity separated recon-
structedD0(D̄0) mass spectrums in the e+p simulation with
the ECCE reference detector design with 10 fb−1 integrated
luminosity of e + p collisions at 63.2 GeV. These distribu-
tions are divided into three pseudorapidity bins, −2 < η ≤ 0
(backward region), 0 < η ≤ 2 (central region), and 2 <
η ≤ 3.5 (forward region). The signal over background ra-
tio of reconstructed D0(D̄0) mesons reduces as the recon-
structed D0(D̄0) presudorapdity increases. This is due to the
combined effects from reduced charm hadron cross section
from the central to the forward and backward pseudrapidity
regions, better tracking momentum resolutions in the central

pseudrapidity region than the forward and backward pseudra-
pidity regions and the kinematics of D0(D̄0) decay particles.
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FIGURE 4. Reconstructed D0 (D̄0) mass distributions in −2 < η ≤
0 (top left), 0 < η ≤ 2 (top right), and 2 < η ≤ 3.5 (bottom left)
pseudorapidity regions in 10+100 GeV e + p simulation with the
ECCE reference detector design performance and the 1.4 T Babar
magnet. The integrated luminosity is 10 fb−1.

FIGURE 5. Reconstructed di-electron mass distribution in the
−3.5 ≤ η ≤ 3.5 pseudorapidity region in 10+100 GeV e+ p simu-
lation with the ECCE reference detector design performance and the
1.4 T Babar magnet. Clear J/Ψ peak can be found with the signal
over background ratio at 0.148. The integrated luminosity for this
distribution is 0.0332 fb−1.

In addition to open heavy flavor reconstructions, feasibility
studies of charmonium productions in inclusive and exclusive
processes have been performed as well in e + p simulation.
Figure 5 shows the mass distribution of matched di-elections
with the ECCE reference detector design performance in sim-
ulation for 10 GeV electron and 100 GeV proton collisions.
Through the inclusive e+ p collisions channel and minimum
Q2 set at 1 GeV 2, around 650 J/ψs with a good signal over
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background ratio can be found in e+p simulation with equiv-
alent integrated luminosity of 0.0332 fb−1. The number of
fully reconstructed J/ψs via the di-election decay channel
in 10 fb−1 e + p collisions at 63.2 GeV is around 0.2 mil-
lion. Further studies for inclusive J/ψ reconstruction with
the di-muon decay channel and their projected cross sections
in different e+ p and e+A collisions are underway.

Heavy flavor jets are usually treated as surrogates of
heavy quarks produced in the partonic hard scattering pro-
cesses in experiments. Comparison of heavy flavor jet yields
between e+ p and different e+A collisions will not only re-
veal the accessed parton distribution functions in the proton
and a nucleus but also shed light on the heavy quark propa-
gation properties in the cold nuclear medium. Both inclusive
and heavy flavor jet reconstruction/tagging have been studied
with the performance of the ECCE reference detector design
in the 10+100 GeV e + p simulation. For jet reconstruction,
the anti-kT algoritm [7] has been used and the jet cone radius
(R =

√
(ηjet − ηtrk)2 + (φjet − φtrk)2) is selected at 1.0

due to the low track/particle multiplicity in e+p collisions at
the EIC energies.
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FIGURE 6. pT distributions of reconstructed jets with different fla-
vors in the −3.5 ≤ η ≤ 3.5 pseudorapidity region in 10+100 GeV
e + p simulation with the ECCE reference detector design perfor-
mance and the 1.4 T Babar magnet. The integrated luminosity is
10 fb−1. The light jet pT spectrum is shown in black open circles,
the charm jet pT spectrum is shown in red closed circles, and the
distribution of bottom jets is shown in blue closed triangles.

Charm/bottom jets are tagged if a reconstructed displaced
vertex of tracks inside the jet matches with a charm/bottom
hadron decay vertex, which is obtained from the PYTHIA
event record, within three standard deviations of the associ-

ated vertex resolution. If there is no displaced vertex found
inside the jet or the displaced vertex matching is not found,
this jet is tagged as a light flavor jet. Figure 6 shows the
reconstructed light jet (black open circles), charm jet (red
closed circles) and bottom jet (blue closed triangles) pT dis-
tributions in 63.2 GeV e + p simulation with the ECCE ref-
erence detector design performance. These reconstructed jet
yields are not corrected by the reconstruction purity and ef-
ficiency, which is under study. More than five thousand re-
constructed bottom jets and more than three million charm
jets can be tagged in 63.2 GeV e+p collisions with 10 fb−1

integrated luminosity.

3 Heavy flavor physics projection for the EIC

According to the QCD factorization mechanism [8], inclu-
sive heavy flavor hadron cross section measurements contain
the information about the accessed parton distribution func-
tions and the sum of inclusive parton to heavy flavor hadron
fragmentation functions. To directly extract the fragmenta-
tion function for a heavy quark to a particular heavy hadron
formation process, the yields of reconstructed charm/bottom
hadrons inside charm/bottom jets as defined in Eq. (1) have
been studied in e+ p simulation.

σ
e+p/A
h in c−jet =

∑
a

fp/Aa (x,Q2)⊗Haγ∗→c ⊗D
e+p/A
c→h (z, µ),

(1)
where fp/Aa (x,Q2) is the parton distribution function for a
parton with flavor a and carrying the longitudinal momentum
fraction x and energy scale Q2 inside a proton or a nucleus,
Haγ∗→c is the partonic hard scattering process which can be
calculated by perturbative QCD, De+p/A

c→h (z, µ) is the frag-
mentation function for a produced parton with flavor c that
forms into a hadron h with the energy/momentum fraction z
relative to this parton at the fragmentation scale µ in e+ p or
e+A collisions.

The cold nuclear medium effects on the initial parton
distribution functions and final state fragmentation processes
can be extracted through the nuclear modification factor ReA

measurements of the reconstructed heavy flavor hadron in-
side jets, which is defined in Eq. (2).

ReA(h in jet) =
1

A

σe+A
h in jet

σe+p
h in jet

, (2)

where A is the nuclear mass number and σe+p/A
h in jet is the mea-

sured heavy flavor hadron in jet cross section in e+ p/A col-
lisions as defined in Eq. (1).

The heavy flavor hadron in jet yields are extracted by re-
quiring the reconstructed heavy flavor hadrons are within the
cone of the reconstructed heavy flavor jets. As the e + A
heavy flavor event generator is still under development, the
yields of reconstructed heavy flavor hadrons in jets in e + A
collisions are determined by the yields in e + p collisions at
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the same energy configuration and scaled by the associated
mass number A.

Figure 7 shows the projected accuracy of the hadron mo-
mentum fraction (zh) dependent nuclear modification factor
ReAu of inclusively reconstructed D± mesons in charm jets
and B± mesons in bottom jets in 63.2 GeV e+ p and e+Au
collisions, in which the hadron momentum fraction, zh, is
defined as the ratio of reconstructed D meson (B meson) mo-
mentum, ph, over the momentum of the associated charm jet
(bottom jet), pjet. The projected statistical uncertainties of
the ReAu use 10 fb−1 integrated luminosity for e + p colli-
sions and 500 pb−1 integrated luminosity for e + Au colli-
sions. The systematic uncertainties associated with different
ECCE detector designs and different jet cone radius selec-
tions (0.7 ≤ R ≤ 1.0) are evaluated and shown as colored
bands in Figure 7. Both charm and bottom measurements
have a good coverage of the high hadron momentum fraction
region (zh > 0.4), which has limited constraints from exist-
ing heavy ion experimental data. With these projected inte-
grated luminosities, reconstructed charm hadron in jet mea-
surements can access the zh > 0.1 region with better than
5% uncertainties.
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FIGURE 7. Projected statistical and systematical accuracy of in-
clusively reconstructed heavy flavor hadrons inside jets within the
−2 < η < 3.5 pseudorapidity region in 10+100 GeV e + p and
e + Au collisions with the ECCE reference detector design perfor-
mance and the 1.4 T Babar magnet. The integrated luminosity for
e + p (e + Au) collisions is 10 fb−1 (500 pb−1). The projected
statistical uncertainties for reconstructed D± inside charm jets are
shown in red closed circles and the projected statistical uncertainties
for reconstructed B± inside bottom jets are shown in blue closed
rectangles. The systematic uncertainties are shown in the magenta
and green bands respectively.

The psedudorapidity separated hadron momentum frac-
tion dependent ReAu projections of reconstructed D0 (D̄0)
mesons in charm jets with the ECCE reference detector de-
sign in e + p and e + Au collisions at 63.2 GeV are shown
in Figure 8. The statistical uncertainties are evaluated with
the default ECCE reference detector design and the system-
atic uncertainties are calculated with different ECCE detector
conceptual designs and different jet cone radii (0.7 ≤ R ≤
1.0). The experimental projections in the −2 < η < 0 (top
left), 0 < η < 2 (top right) and 2 < η < 3.5 (bottom left)
pseudorapidity regions are compared with theoretical predic-
tions [9] based on the parton energy loss model respectively.
Better precision can be achieved by the proposed D0 (D̄0)
meson in charm jet measurements at the EIC than the theoret-
ical calculations constrained by existing experimental results
especially in the high hadron momentum fraction and for-
ward pseudorapidity region. Besides the heavy flavor hadron
in jet measurements, other physics observable such as the jet
substructure are also under study [10] to systematically ex-
plore the kinematics dependent hadronization process.
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FIGURE 8. Projected statistical and systematical accuracy of the
hadron momentum fraction zh dependent reconstructed D0(D̄0)
meson inside charm jets within the −2 < η < 0 (top left),
0 < η < 2 (top right) and 2 < η < 3.5 (bottom left) pseudo-
rapidity regions in 10+100 GeV e + p and e + Au collision. The
reconstructed yield are evaluated with the ECCE reference detector
design and the 1.4 T Babar magnet. The integrated luminosity for
e + p (e + Au) collisions is 10 fb−1 (500 pb−1). The theoretical
calculations are from [9].

4 Summary and Outlook

A series of heavy flavor hadron and jet simulation studies
have been carried out with the ECCE reference detector de-
sign. Great precision can be obtained by the proposed heavy
flavor measurements at the EIC with the ECCE detector de-
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sign in exploring the initial state parton distribution functions
and the final state hadronization process. Better knowledge
about the heavy quark fragmentation functions in different
nuclear medium conditions can be provided by the heavy fla-
vor hadron in jet measurements at the EIC especially in the
not well known high hadron momentum fraction region. Fol-
lowing the EIC reference detector selection, joint efforts has
been setup towards the EIC detector 1 technical design de-
velopments. These proposed heavy flavor simulation studies
will be expanded with further updates from the EIC detector
1 design optimization and other developments.

5 Acknowledgement

We thank the EIC Silicon Consortium for cost estimate
methodologies concerning silicon tracking systems, techni-
cal discussions, and comments. We acknowledge the impor-
tant prior work of projects eRD16, eRD18, and eRD25 con-
cerning research and development of MAPS silicon tracking
technologies. We thank the EIC LGAD Consortium for tech-
nical discussions and acknowledge the prior work of project
eRD112. We acknowledge support from the Office of Nu-
clear Physics in the Office of Science in the Department
of Energy, the National Science Foundation, and the Los
Alamos National Laboratory Laboratory Directed Research
and Development (LDRD) 20200022DR.

1. A. Accardi et al., Electron Ion Collider: The Next QCD Fron-
tier: Understanding the glue that binds us all, Eur. Phys. J. A
52 (2016) 268, 10.1140/epja/i2016-16268-9

2. R. Abdul Khalek et al., Science Requirements and Detector
Concepts for the Electron-Ion Collider: EIC Yellow Report
(2021)

3. S. Agostinelli et al., Geant4—a simulation toolkit, Nu-
clear Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated Equip-
ment 506 (2003) 250, https://doi.org/10.1016/
S0168-9002(03)01368-8

4. Fun4All, URL https://wiki.bnl.gov/sPHENIX/
index.php/EIC_SPHENIX_FUN4ALL.

5. C. Pinkenburg, Analyzing Ever Growing Datasets in PHENIX,
Journal of Physics: Conference Series 331 (2011) 072027,
10.1088/1742-6596/331/7/072027

6. T. Sjostrand, S. Mrenna, and P. Z. Skands, A Brief Introduc-
tion to PYTHIA 8.1, Comput. Phys. Commun. 178 (2008) 852,
10.1016/j.cpc.2008.01.036

7. M. Cacciari, G. P. Salam, and G. Soyez, The anti-kt jet
clustering algorithm, JHEP 04 (2008) 063, 10.1088/
1126-6708/2008/04/063

8. J. C. Collins, D. E. Soper, and G. F. Sterman, Factorization of
Hard Processes in QCD, Adv. Ser. Direct. High Energy Phys. 5
(1989) 1, 10.1142/9789814503266_0001

9. H. T. Li, Z. L. Liu, and I. Vitev, Heavy meson tomography
of cold nuclear matter at the electron-ion collider, Phys. Lett.
B 816 (2021) 136261, 10.1016/j.physletb.2021.
136261

10. X. Li, Heavy flavor and jet studies for the future Electron-Ion
Collider, PoS HardProbes2020 (2021) 175, 10.22323/1.
387.0175

Supl. Rev. Mex. Fis. 3 040916

10.1140/epja/i2016-16268-9
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://wiki.bnl.gov/sPHENIX/index.php/EIC_SPHENIX_FUN4ALL
https://wiki.bnl.gov/sPHENIX/index.php/EIC_SPHENIX_FUN4ALL
10.1088/1742-6596/331/7/072027
10.1016/j.cpc.2008.01.036
10.1088/1126-6708/2008/04/063
10.1088/1126-6708/2008/04/063
10.1142/9789814503266_0001
10.1016/j.physletb.2021.136261
10.1016/j.physletb.2021.136261
10.22323/1.387.0175
10.22323/1.387.0175

	Introduction
	Heavy flavor hadron and jet reconstruction
	Heavy flavor physics projection for the EIC
	Summary and Outlook
	Acknowledgement

