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Hermetic Hadronic Calorimetry or 
Forward Tracking?

u Fundamental design choice 
(especially on ion side)
1. Continuous Hadronic Calorimetry down to the 

FFQ acceptance (8 mrad JLEIC, 4 mrad eRHIC)
Examples
u ePHENIX
u ANL

2. Separated HCal modules, and high forward  B⟘
u BEAST
u JLEIC ?
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e-PHENIX
u 1.5 T BABAR Solenoid

u no other forward B⟘ (except FFQ +…)
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HCal
• Forward particles exit beam pipe asap.
• Beam-pipe multiple scattering not 

relevant to momentum  analysis



ePHENIX Tracking

u η = -log(tan(θ/2))
u σ(p)/p = p • σ(1/p)
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Numerous studies of detector & physics
Vertex and Tracking Detector Concept

−3 −2 −1 0 1 2 3 4

10−3

10−2

Momentum Resolution in term of δ(1/p)

M
om

en
tu

m
 R

es
ol

ut
io

n,
 δ

(1
/p

) (
1/

G
eV

)

η

e−going barrel h−going

 

 

e−GEM (2 & 3)
TPC + e−GEM (1 & 3)
TPC
h−GEMs with rδφ=100µm
h−GEMs with rδφ=50µm

Figure 3.4: Momentum resolution over the full pseudorapidity coverage of the planned
tracking system in the high momentum limit. Multiple scattering contribution to the relative
momentum resolution (not shown on the plot) was studied with GEANT4 simulation, and
found to vary from below 1% at low pseudorapidity to ⇠3% at |h|=3.

coincidence with the electron beam RF timing. The BBC detector covers h = 4–5
at z = 3.0 m. A timing resolution of 30 ps or better enables the measurement of
the vertex with resolution of Dz = 5mm. It leads to a sub-dominant error for the
momentum determination for the electron-going direction (dp/p = 2%). This timing
resolution can be provided by the existing technology of Multigap Resistive Plate
Chamber (MRPC) [16] or by microchannel plate detectors (MCP) photomultiplier [17]
with a thin quartz Čerenkov radiator, a technology which is under active current
development.

• We plan to measure the average transverse beam position by accumulating tracking
information over the course of a one hour run. The statistical precision for the beam
center determination is expected to be much smaller than the distribution of the
transverse collision profile (s

x,y ⇠ 80 µm), and therefore a negligible contribution to
the uncertainty for event-by-event vertex determination.

3.2.2 Tracking in the central region, �1 < h < 1

A fast, compact Time Projection Chamber (TPC) will be used for tracking in the central re-
gion, occupying the central tracking volume of r = 15–80 cm and |z| < 95 cm and covering
�1 < h < 1. A TPC will provide multiple high resolution space point measurements with
a minimal amount of mass and multiple scattering. The design is based on a GEM readout
TPC, similar to a number of TPCs that have either already been built or are currently under
design. For example, the LEGS TPC [18] utilized a fine chevron-type readout pattern with
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Detector Concept Hadron PID detectors
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Figure 3.10: p, K, p purities at pseudorapidity 4.0 as a function of reconstructed momentum,
based on symmetric cut on reconstructed mass corresponding to 90% efficiency (solid lines),
and asymmetric cut with stricter selection on the kaons with efficiency 65% (dashed line);
Also indicated in angle brackets are the values of the average true momentum at each
reconstructed momentum, which are different due to momentum smearing and sharply
falling momentum spectra.
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Figure 3.11: Approximate focusing method using two (left) and three (right) layers of aerogel
with slightly different indicies of refraction proposed by Belle II [28]

Plate detectors (MCPs), such as those being developed by the Large Area Picosecond
Photodetector (LAPPD) Collaboration [17]. This effort is based on utilizing flat panel
screen technology to produce large area MCPs at very low cost, while also preserving their
excellent timing resolution (typically ⇠ 20-30 ps). These devices would use multi-alkali
photocathodes, which would be suitable for detecting the Cherenov light from aerogel
with high efficiency, and also provide high gain for detecting single photoelectons. The
excellent time resolution would also provide additional time of flight capability when used
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Exclusive DIS Detector Requirements
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Figure 2.7: Shown is the distribution of hadrons from DIS events in e+p as a function of
momentum and pseudorapidity, based on PYTHIA simulations of the 10 GeV ⇥ 250 GeV
beam energy configuration. The black outline indicates the pseudorapidity and momentum
range covered for kaons by the planned PID detectors in ePHENIX.

coverage, all three detectors are necessary. Extending the aerogel-based RICH to h > 2
does not extend the kinematic coverage; the momentum range covered by such a detector
corresponds to very low values of y.

2.4 Exclusive DIS

Among exclusive processes, Deeply Virtual Compton Scattering (DVCS) is of special
interest (see Chapter 1.3.1). The produced DVCS photon energy versus pseudorapidity
distribution is shown in Figure 2.10. Most of the photons fall in the electron-going direction
and the barrel (central rapidity) acceptance. The photon energy for �1 < h < 1 varies
in the range ⇠ 1–4 GeV/c and is nearly independent of the beam energy in the range
considered for eRHIC. Photons in the electron-going direction are more correlated with
the electron beam and have energy from 1 GeV up to electron beam energy.

Figure 2.11 shows the x-Q2 range covered by DVCS measurements for different rapidity
ranges, emphasizing the importance of measurements over a wide rapidity range. Wide
kinematical coverage is also important for separating DVCS events from Bethe-Heitler
(BH) events (when a photon is radiated from the initial or final state lepton), which share
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Detector Requirements Semi-inclusive DIS and hadron ID
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Figure 2.6: For 10 GeV ⇥ 250 GeV beam energy configuration: Statistics survivability in
(x,Q2) bins.

As was stated above, ePHENIX will have three PID systems: (1) a DIRC covering |h| <
1 providing p-K separation below 3.5–4 GeV/c (depending on purity and efficiency
requirements), (2) an aerogel based RICH covering 1 < h < 2 providing p-K (K-p)
separation below 6 (10) GeV/c and (3) a gas based RICH covering 1 < h < 4 providing
p-K separation for 3 < p < 50 GeV/c and K � p separation for 15 < p < 60 GeV/c

(depending on the balance between efficiency and purity chosen). Based on these numbers,
the PID for kaons would cover the h and p region outlined in black in Figure 2.7. The
resulting ePHENIX x and Q

2 coverage for SIDIS events with an identified kaon is shown
in Figure 2.8, for low (0.30 < z < 0.35) and high (0.70 < z < 0.75) z bins, along with lines
indicating the accessible DIS y range (0.01 < y < 0.95).

Figure 2.9 shows the impact on the x and Q

2 coverage of removing one of the three PID
detectors planned for ePHENIX at low and high z. The plots show the ratio of kaon
yields when using only two PID detectors to those with all three detectors (i.e., standard
ePHENIX). If the gas-based RICH detector is removed (left), the high x reach, particularly
at high Q

2, is lost. If the aerogel-based RICH is removed (middle), sensitivity to the region
of moderate x, Q

2 and y is lost. Finally, if the DIRC is removed, significant kinematic
coverage at low x, as well as moderate x and high Q

2 is lost. To achieve a wide x and Q

2
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Inclusive DIS and scattered electron measurements Detector Requirements
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Figure 2.3: For 10 GeV ⇥ 250 GeV beam energy configuration: The fraction of charged
particles from DIS electrons before electron identification (dotted) and after identification
with the EMCal response and E/p matching (solid).

The energy resolution s
E

is directly propagated to s
Q

2 , so that s
Q

2/Q

2 = s
E

/E. The
EMCal energy and tracking momentum resolutions will provide excellent precision for
Q

2 measurements. Conversely, the s
x

resolution is magnified by a factor of 1/y as s
x

/x =
1/y · s

E

/E, and so the energy resolution in this approach effectively defines the limit of
our kinematic reach at low y.

Figure 2.5 shows the relative resolution in Q

2 and x measurements using the standard
“electron” method, in which the scattered electron is measured. While the Q

2 relative un-
certainty, s

Q

2/Q

2, is better than 10% over whole x-Q2 acceptance, the relative uncertainty
on x, s

x

/x, clearly demonstrates its y-dependence (the same y points are on the diagonal,
as from Eq. 2.4, Q

2 = syx). The step in resolution around Q

2 = 50 GeV2 in these plots cor-
responds to the transition from the electron-going direction to the barrel acceptance, which
differ mainly in the resolution of the different electromagnetic calorimeters covering those
two regions of the acceptance. All of this translates to the statistics survival probability
in a bin shown in Figure 2.6, which is calculated for five bins per decade in each of x and
Q

2. The survival probability is > 80% for y > 0.1 in the electron-going direction and for
y > 0.3 in the barrel acceptance.

The effect of the polar angle resolution q in Eq. 2.2–2.4, is the biggest for forward scattering
(small q). It was found that crystal EMCal position resolution (better than 3 mm for
> 1 GeV electrons, see Chapter 3.3.1) provides enough precision for scattered electron
angle measurements, so that it affects the statistics migration in bins on Figure 2.6 only
marginally.

The Jacquet-Blondel method using the hadronic final state is an alternative approach to
reconstruct DIS kinematics. Its resolution for inelasticity y, and hence for x, is nearly flat,
so it provides much better precision for x determination than the “electron” method, in

18

9

10% @ 10 GeV/c

θi = 2° = 37 mrad5.7°
0.1 r

15°

FFQ Acceptance
θ ≤ 4 mrad
η ≥ 6.2

Poor tracking resolution
for 4 < η < 6



BEAST:  3 Tesla solenoid 5



BEAST Tracking
u Outer TPC
u Inner/disk

MuMEGA,
GEMS
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Pseudo-rapidity
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EIC R&D Tracking Consortium meeting in Temple (May’17) 

Expected momentum resolution 

π+ §  High redundancy 
§  Material budget ~5% rad.length  or so  
§  Pretty much “basic” components 

à H1      : 0.6%*Pt + 1.5% 
à ZEUS : 0.5%*Pt + 1.5%  

Tracker 

u 3T solenoid
u momentum resolution 
≤ 5% for
θ > 60 mrad
u rapid degradation at 

smaller angles



JLEIC version 1.0 (small dipole) 7



JLEIC:  What is our 
philosophy?
u Initially, we emphasized tracking over 

hadronic calorimetry.
u Large forward Dipole :

u ∫B×dl = 2 Tm
u Acceptance  ±90 mrad (radius 54 cm @ 6 m)
u Aligned with electron beam axis, 
u Can be offset ≈ centered on ion beam.
u Requires active + passive superconducting shielding 

of electron beam.
u Fulfills  ”Caldwell” concept
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JLEIC: Small Dipole option
u eFFQ shadow ~35 mrad
u Small dipole has effective polar angle 

acceptance extends into shadow of eFFQ
u ηIon ≥ 3.7      (θIon < 49 mrad)

u FFQ acceptance is 8 mrad
u ηIon > 5.5

u With only 1.5 Tesla CLEO solenoid, we would have 
poor tracking in “gap” (|𝜙Ion – 𝜋|<𝜋/4)
u 3.0<ηIon <3.7
u 6° > θIon > 2.7°
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1.5 T Solenoid Tracking:
JLEIC

u Solenoid Tracking 
resolution 𝜙-
dependent around 
ion direction.

u In Dipole-1 
acceptance
σ(p)/p2≤0.001/GeV

u “Hole” in good 
tracking 
acceptance

10

Dipole-1



1.5 T Solenoid Tracking: JLEIC
u Solenoid Tracking 

resolution 𝜙-
dependent around 
ion direction.

u In Dipole-1 
acceptance
σ(p)/p2≤0.001/GeV

u “Hole” in good 
tracking 
acceptance

u Some fraction of 
eFFQ1 shadow is in 
Solenoid tracking 
acceptance
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Dipole-1



Personal Conclusion
u sPHENIX is almost a “done-deal”

u ePHENIX is a plausible candidate for “2nd IP” 
u eRHIC or JLEIC

u Emphasizes H-Cal

u Choices for a tracking-focused detector “1st IP”
u BEAST “semi-emphasizes” tracking w/ 3T solenoid.
u Maximize complementarity of JLEIC detector

u Conservative 1.5 T CLEO solenoid with either
u “small-dipole”:   ηIon > 3.7      (excludes e-beam)

u “large-dipole”: ηIon > 3.25 (θIon <77.5 mrad, encloses e-beam) 
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PID 
u Forward Tracking

13

A PID solution for the EIC - implementation

e-endcap

h-endcap

barrel

10x100 GeV
Q2 > 1 GeV2

DIRC
Aerogel RICH

Dual-
RICH

p/Ae

GeV

rapidity

§ h-endcap: A RICH with two radiators 
(gas + aerogel) is needed for

pi/K/p separation up to ~50 GeV/c

§ e-endcap: A compact aerogel RICH 
which can be projective 

pi/K/p separation up to ~10 GeV/c

§ barrel: A high-performance DIRC 
provides a compact and cost-
effective way to cover the area.

pi/K/p separation up to ~6-7 GeV/c

§ TOF (and/or dE/dx in TPC): can 
cover lower momenta.

§ Photosensors and electronics: 
need to match the requirements of 
the new generation devices being 
developed – both for the final system 
and during the R&D phase
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Solenoid Far-Forward
(post iFFQ)

??
D-1

PID?


