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Executive Summary

sPHENIX[1] is a proposal for a major upgrade to the PHENIX experiment at RHIC capable
of measuring jets, jet correlations and upsilons to determine the temperature dependence
of transport coefficients of the quark-gluon plasma. The detector needed to make these
measurements require electromagnetic and hadronic calorimetry for measurements of jets,
a high resolution and low mass tracking system for reconstruction of the Upsilon states,
and a high speed data acquisition system.

This document describes a design for a detector capable of carrying out this program of
measurements built around the BaBar solenoid. As much as possible, the mechanical,
electrical, and electronic infrastructure developed for the PHENIX experiment from 1992-
2016 is reused for sSPHENIX. The major new systems are the superconducting magnet, a
high precision tracking system, and electromagnetic and hadronic calorimeters.

The central tracking system consists of a small Time Projection Chamber with up to four
layers of silicon strip detector within the inner radius. The feasibility of the detector and
electronics is being evaluated through simulation, design, and prototyping.

The electromagnetic calorimeter is a compact tungsten-scintillating fiber design located
inside the solenoid. The outer hadronic calorimeter consists of of steel and scintillator in a
somewhat novel arrangement in which scintillator tiles with light collected by wavelength
shifting fiber are sandwiched between tapered absorber plates that project nearly radially
from the interaction point. The calorimeters use a common set of silicon photomultiplier
photodetectors and amplifier and digitizer electronics.

The detector is being designed with an eye on upgrades and enhancements which can
extend the physics reach of the detector. The presently expected DOE funding is only
sufficient for approximately 75% of the electromagnetic calorimeter, although outside
contributions appear likely to restore the full scope. The design of a precision silicon vertex
detector which enables a large menu of physics, has been developed by a consortium of
institutions, and the design of an additional longitudinal layer of hadronic calorimetry has
been developed so that it could be instrumented if additional funding becomes available.

The detector design has been evaluated by means of GEANT4 simulation and measure-
ments with a continuing program of bench and beam tests prototypes of the detectors.
Simulation, prototyping, and testing of components is continuing to finalize the baseline
design.
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Chapter 1

Scientific Objective and Performance

Results from RHIC and the LHC indicate that a new state of matter is formed in ultra-
relativistic collisions of heavy nuclei. Initial temperatures T > 300 MeV [2] at RHIC and
T > 420 MeV [3] at the LHC have been extracted from the spectrum of directly-emitted
photons from the system. The formation of this state, called the quark-gluon plasma
(QGP), was predicted by Lattice QCD and various models and to have existed at similar
temperatures prior to the formation of hadrons just microseconds after the Big Bang.

The temperature scales at RHIC and LHC result in an intrinsically non-perturbative system.
The difference in the initial temperature created in RHIC and LHC collisions is expected
to be associated with changes in the nature of the QGP being probed. Such changes in
the properties of the system must be determined in order to properly characterize the
new QGP state of matter. Furthermore, to understand the many-body collective effects
in the QGP and their temperature dependence near the transition temperature requires
considerable further investigation.

The scientific objective of the sSPHENIX experiment [1] is to gain an understanding of the
evolution of the system and its coupling strength at RHIC from the initial high tempera-
tures, where short distance scales prevail, through expansion and cooling to the transition
temperature and longer distance scales. This will be accomplished by using hard-scattered
partons that traverse the medium and the Upsilon states to investigate the medium at
the different length scales. The fragmentation products of partons in the form of jets
and the three Upsilon states, which span a large range in binding energy and size, are
complementary and excellent probes for this purpose. The variables in this investigation
are the temperature of the QGP, the length scale probed in the medium, and the virtuality
of the hard process.

The QGP is expected to transform from a weakly-coupled system at high temperature
to a more strongly-coupled system near T;. In general, for many systems a change in
coupling strength is related to quasi-particle excitations or strong coherent fields. To
study these phenomena usually requires that the medium be investigated at a variety
of length scales. The collisions at RHIC and the LHC involve a time evolution during

1
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Scientific Objective and Performance

which the temperature decreases as the QGP expands. Determination of the temperature
dependence of the properties of the QGP is expected to come from calculations that describe
simultaneously all observables measured at both energies. Typically, all the non-scaling
behavior is found near the transition. It is therefore crucial to perform measurements near
the phase transition and compare with results from experiments done farther above Tt.

These measurements at RHIC will provide information complementary to those at the LHC.
The measurement of jets over the broadest possible energy scale is key to investigating the
potential quasi-particle nature of the QGP. Jets at the LHC reach the highest energies, the
largest initial virtualities, and large total energy loss to probe the shortest distance scales.
The lower underlying event activity at RHIC will allow extension of jet measurements to
lower energies and lower initial virtualities than at LHC, thus probing the important longer
distance scales in the medium. Figure 1.1 (left), which will be discussed in more detail in
Section 1.4, displays as a function of temperature the expected evolution of virtuality in
vacuum, from medium contributions, and combined for a QGP. Figure 1.1 (right) shows a
scenario for what may be resolved in the QGP by probing at the length scales indicated
by the magnifying glasses on the left. In addition to the investigation of jets, precision
measurements of the three Upsilon states will allow further insight and understanding of
the behavior on different distance scales.

RHIC Jet Probes
LHC Jet Probes
| QGP Influence

.

Resolution [1/fm]

Thermal Mass Gluons

Figure 1.1: Virtuality evolution as a function of temperature as represented (left) by the
resolution of jet probes at the LHC (blue curves) and at RHIC (red curves). The potential
range of influence of the QGP that is being investigated is represented by the bolder curves
for each case. The magnified views are meant to represent pQCD scattering from bare quarks
and gluons in the medium (green), scattering from thermal gluons (yellow), and a final
state integration over all possible objects probed in the medium (orange). (right) Graphical
depiction of the objects being probed at the various resolutions on the left.

In this Chapter we start by presenting our current understanding of the role of the coupling
strength in the QGP, how it can be probed at different length scales, the temperature

2
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Scientific Objective and Performance Coupling Strength of the QGP

dependence of a few observables of the QGP and the evolution of parton virtuality in the
QGP. We then present the case for utilizing hard-scattering (parton) probes to constrain
theories and compare a few examples of theoretical calculations with recent LHC data
and their differing predictions for RHIC. We relate these aspects to specific observables
that can be measured with sSPHENIX. These include fragmentation functions from photon-
jet correlations, hadron-jet and di-jet measurements, open heavy flavor jets and beauty
quarkonia. We conclude with the rates and other performance measures of sSPHENIX
that will enable precision measurements to be made across a comprehensive jet and
quarkonium program at RHIC.

1.1  Towards Understanding the Coupling Strength of the QGP

It was originally thought that even at temperatures as low as 2-5T,, the QGP could be
described by a weakly-coupled perturbative approach, despite being quite far from energy
scales typically associated with asymptotic freedom. One very surprising result discovered
at RHIC was the fluid-like flow of the QGP [4], in stark contrast to some expectations that
the QGP would behave as a weakly-coupled gas of quarks and gluons. RHIC and LHC
heavy ion experiments have since provided a wealth of data for understanding the physics
of the QGP.

The QGP created in heavy ion collisions expands and cools, eventually passing through the
phase transition to a state of hadrons, which are then measured by experiment. Extensive
measurements of the radial and flow coefficients of various hadrons, when compared to
hydrodynamics calculations, imply a very small ratio of shear viscosity to entropy density,
1/ [5]. In the limit of very weak coupling (i.e., a non-interacting gas), the shear viscosity is
quite large as particles can easily diffuse across a velocity gradient in the medium. Stronger
inter-particle interactions inhibit diffusion to the limit where the strongest interactions
result in a very short mean free path and thus almost no momentum transfer across a
velocity gradient, resulting in almost no shear viscosity.

The shortest possible mean free path is of order the de Broglie wavelength, which sets
a lower limit on #/s [6]. A more rigorous derivation of the limit 77/s > 1/47 has been
calculated within string theory for a broad class of strongly coupled gauge theories by
Kovtun, Son, and Starinets (KSS) [7]. Viscous hydrodynamic calculations assuming 77 /s to
be temperature independent through the heavy ion collision time evolution are consistent
with the experimental data where 7 /s is within 50% of this lower bound for strongly
coupled matter [5, 8, 9, 10, 11, 12]. Even heavy quarks (i.e., charm and beauty) are swept
up in the fluid flow and theoretical extractions of the implied 7 /s are equally small [13].

Other key measures of the coupling strength to the medium can be found in the passage of a
hard-scattered parton through the QGP. As the parton traverses the medium it accumulates
transverse momentum as characterized by § = d(Ap%)/dt and transfers energy to the
medium via collisions as characterized by é = dE/dt. Once in vacuum, the hard-scattered

3



Probing Different Length Scales in the QGP Scientific Objective and Performance

parton creates a conical shower of particles referred to as a jet. In the QGP, the lower
energy portion of the shower may eventually be equilibrated into the medium, thus giving
a window on the rapid thermalization process in heavy ion collisions. This highlights
part of the reason for needing to measure the fully reconstructed jet energy and the
correlated particle emission with respect to the jet at all energy scales. In particular,
coupling parameters such as 4 and ¢é are scale dependent and must take on weak-coupling
values at high enough energies and strong-coupling values at thermal energies.

Continued developments in techniques for jet reconstruction in the environment of a
heavy ion collision have allowed the LHC experiments to reliably recover jets down to
40 GeV [14, 15], which is well within the range of reconstructed jet energies at RHIC in the
future. This overlap opens the possibility of studying the QGP at the same scale but under
different conditions of temperature and coupling strength.

Apart from the temperature and coupling strength differences in the medium created at
RHIC and the LHC, the difference in the steepness of the hard scattering pr spectrum
plays an important role. The less steeply falling spectrum at the LHC has the benefit of
giving the larger reach in pr with reconstructed jets expected up to 1 TeV. At RHIC, the
advantage of the more steeply falling spectrum is the greater sensitivity to the medium
coupling and QGP modifications of the parton shower. This greater sensitivity may enable
true tomography in particular with engineering selections for quarks and/or gluons with
longer path length through the medium. In addition, for correlations, once a clean direct
photon or jet tag is made, the underlying event is 2.5 times smaller at RHIC compared to
the LHC thus giving cleaner access to the low energy remnants of the parton shower and
possible medium response. Therefore one focus of this proposal is the measurement of jet
probes of the medium as a way of understanding the coupling of the medium, the origin
of this coupling, and the mechanism of rapid equilibration.

1.2 Probing Different Length Scales in the QGP

In electron scattering, the length scale is set by the virtuality of the exchanged photon, Q2.
By varying this virtuality one can obtain information over an enormous range of scales:
from pictures of viruses at length scales of 107> meters, to the partonic make-up of the
proton in deep inelastic electron scattering at length scales of less than 1018 meters.

For the case of hard-scattered partons in the quark-gluon plasma, the length scale probed
is initially set by the virtuality of the hard-scattering process. Thus, at the highest LHC
jet energies, the parton initially probes a very short length scale. Then as the evolution
proceeds, the length scale is set by the virtuality of the gluon exchanged with the color
charges in the medium, as shown in the circular diagram on the right of Figure 1.2.
However, if the exchanges are coherent, the total coherent energy loss through the medium
may set the length scale.

If the length scale being probed is very small then one expects scattering directly from

4



218

219

220

221

222

223

224

225

226

227

228

229

230

231

Scientific Objective and Performance Probing Different Length Scales in the QGP
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Figure 1.2: Interaction scale for the interaction of partons with the QGP and possibilities
for the recoil objects. (left) Diagram of the net interaction of a parton with the medium and
the range of possibilities for the recoil objects as a function of Q2. (right) Diagram for a
quark exchanging a virtual gluon with an unknown object in the QGP. This highlights the
uncertainty for what sets the scale of the interaction and what objects or quasiparticles are
recoiling.

point-like bare color charges, most likely without any influence from quasiparticles or
deconfinement. This can be seen in Figure 1.2 (left). As one probes longer length scales, the
scattering may be from thermal mass gluons and eventually from possible quasiparticles
with size of order the Debye screening length (lower in Figure 1.2). In Ref. [16], Rajagopal
states that “at some length scale, a quasiparticulate picture of the QGP must be valid, even
though on its natural length scale it is a strongly-coupled fluid. It will be a challenge to
see and understand how the liquid QGP emerges from short-distance quark and gluon
quasiparticles.” This is the challenge to be met by sSPHENIX.

The extension of jet measurements over a wide range of energies and with different
medium temperatures again gives one the largest span along this axis. What the parton
is scattering from in the medium is tied directly to the balance between radiative energy
loss and inelastic collisional energy loss in the medium (encoded in § and ¢é). In the limit
that the scattering centers in the medium are infinitely massive, one only has radiative
energy loss—as was assumed for nearly 10 years to be the dominant parton energy loss

5
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The Temperature Dependence of the QGP Scientific Objective and Performance

effect. In the model of Liao and Shuryak [17], the strong coupling near the quark-gluon
plasma transition is due to the excitation of color magnetic monopoles, and this should
have a significant influence on the collisional energy loss and equilibration of soft partons
into the medium.

In a model by Coleman-Smith [18, 19] consisting of parton showers propagating in a
medium of deconfined quarks and gluons, one can directly vary the mass of the effective
scattering centers and extract the resulting values for ¢ and 4. Figure 1.3 shows Té/§ as a
function of the mass of the effective scattering centers in the medium in this model. In the
limit of infinitely massive scattering centers, the interactions are elastic and no energy is
transferred to the medium.

a,=0.3
T =350 MeV
jet E; = 30 GeV

11 1 1 I {5 Ny A | I 11 1 1 I 11 1 | I 1 1 1 |1 ]

2.5
mass [GeV/c?]

o

N

(5
IIlllIIIIIIIII‘lIllllYlllll Illllllllllllllllllll

oo

Figure 1.3: T¢/4 as a function of the mass of the effective scattering centers in the medium.
As the mass increases, the parton is less able to transfer energy to the medium and the ratio
drops.

1.3 The Temperature Dependence of the QGP

1.3.1  Shear viscosity to entropy density ratio

It is well known that near a phase boundary familiar substances governed by quantum
electrodynamics demonstrate interesting behavior such as the rapid change in the shear
viscosity to entropy density ratio, 77/s, near the critical temperature, T;. This is shown in
Figure 1.4 (left) for water, nitrogen, and helium [20]. Despite the eventual transition to
superfluidity at temperatures below T, 17/s for these materials remains an order of magni-
tude above the conjectured quantum bound of Kovtun, Son, and Starinets (KSS) derived

6
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Figure 1.4: (left) The ratio of shear viscosity to entropy density, 77/s, normalized by the
conjectured KSS bound as a function of the reduced temperature, T/ T,, for water, nitrogen,
and helium. The cusp for Helium corresponds to the case at the critical pressure. (right)
Calculation for a weakly-coupled system (pQCD) and for various models of a strongly-
coupled QGP.

from string theory [7]. Such observations provide a deeper understanding of the nature
of these materials: for example the coupling between the fundamental constituents, the
degree to which a description in terms of quasiparticles is important, and the description
in terms of normal and superfluid components.

The dynamics of the QGP are dominated by Quantum Chromodynamics and the exper-
imental characterization of the dependence of 77/s on temperature will lead to a deeper
understanding of strongly coupled QCD near this fundamental phase transition. Theoret-
ically, perturbative calculations in the weakly-coupled limit indicate that 77/s decreases
slowly as one approaches T, from above, but with a minimum still a factor of 20 above the
KSS bound [21].

Hydrodynamic modeling of the bulk medium does provide constraints on # /s, and recent
work has been done to understand the combined constraints on 7 /s as a function of
temperature utilizing both RHIC and LHC flow data sets [22, 23, 24, 25] and result in
values near the KSS bound around T as seen in Figure 1.4 (right).

1.3.2 Jet probe parameters

The above discussion was focused on 7 /s as the measure of the coupling strength of the
QGP. However, both /s and jet probe parameters such as 4§ and ¢ are sensitive to the
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The Temperature Dependence of the QGP Scientific Objective and Performance

underlying coupling of the matter, but in distinct ways. Establishing for example the
behavior of § around the critical temperature is therefore essential to a deep understanding
of the QGP. Hydrodynamic modeling may eventually constrain #/s(T) very precisely,
though it will not provide an answer to the question of the microscopic origin of the strong
coupling (something naturally available with jet probes).

Since the expected scaling of § with temperature is such a strong function of temperature,
jet quenching measurements should be dominated by the earliest times and highest
temperatures. In order to have sensitivity to temperatures around 1-2 T;, measurements at
RHIC are needed in contrast to the LHC where larger initial temperatures are produced,
as depicted graphically in Figure 1.1. In addition, the ability of RHIC to provide high
luminosity heavy-ion collisions at a variety of center of mass energies can be exploited to
probe the detailed temperature dependence of quenching right in the vicinity of T.

Theoretical developments constrained simultaneously by data from RHIC and the LHC
have been important in discriminating against some models with very large 4, see Ref. [26]
and theory references therein. Models such as PQM and ASW with very large values of §
have been ruled out by the combined constraint. Shown in the left panel of Figure 1.5 is a
recent compilation of four theoretical calculations with a directly comparable extraction
of 4. It is notable that a number of calculations favor an increased coupling strength
near the transition temperature. Developments on the theory and experimental fronts
have significantly narrowed the range of §[27]. This theoretical progress lends credence
to the case that the tools will be available on the same time scale as sSPHENIX data to
have precision determinations of § and then ask deeper additional questions about the
quark-gluon plasma and its underlying properties.

k[ === HT-BW (RHIC) === MARTINI-AMY
@ [ === HT-BW (LHC) CUJET-GLV
65 — HT-M

E Hadron Gas Quark Gluon Plasma

Au+Au at RHIC

< Pb+Pb at LHC

0 el b b b b P b b Ly
0 005 01 015 02 025 03 035 04 045 05
Temperature [GeV]

-
T

T [GeV]

Figure 1.5: Calculations of §/T® vs temperature, constrained by RHIC and LHC Raa data —
including near Tc enhancement scenarios of 4/ T°. (left) Calculations from four jet quenching
frameworks constrained by RHIC and LHC Ra 4 data with results for 4/ T3 as a function of
temperature. Details of the calculation are given in Ref. [27]. (right) Results from calculations
within CUJET 3.0 with magnetic monopole excitations that result in enhanced coupling near
T,. Plotted are the constraints on §/T° as a function of temperature as shown in Ref. [28]
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Ref. [29] states that “Comparing weak coupling scenarios with data, NTC [near T en-
hancement] is favored. An answer to this question will require a systematic picture across
several different high pr observables.” In Ref. [17], Liao and Shuryak use RHIC mea-
surements of single hadron suppression and azimuthal anisotropy to infer that “the jet
quenching is a few times stronger near T, relative to the quark-gluon plasma at T > T..”

Most recently this strong coupling picture with color magnetic monopole excitations
has been implemented within CUJET 3.0 for a broader comparison with experimental
observables and previous theory calculations [28]. Shown in Figure 1.5 (right panel) are
results from their constrained RHIC and LHC data fit for the temperature dependence of
the scaled quenching power 4/ T°.

Within the jet quenching model WHDG [30], the authors constrain 4 by the PHENIX 7°
nuclear modification factor. They find the prediction scaled by the expected increase in the
color charge density created in higher energy LHC collisions when compared to the ALICE
results [31] over-predicts the suppression. This over-prediction based on the assumption
of an unchanging probe-medium coupling strength led to the title of Ref. [30]: “The
surprisingly transparent sQGP at the LHC.” They state that “one possibility is the sQGP
produced at the LHC is in fact more transparent than predicted.” Similar conclusions have
been reached by other authors [32, 33, 34]. Recently work has been done to incorporate the
running of the QCD coupling constant [35].

It is important to note that most calculations predict a stronger coupling near the transi-
tion, even if just from the running of the coupling constant a;. The goal is to determine
experimentally the degree of this effect. Lower energy data at RHIC also provides impor-
tant constraints — see for example Refs. [36, 37]. The full set of experimental observables
spanning the largest range of collision energy, system size, and path length through the
medium is needed to determine the coupling strength as a function of temperature.

1.4 Evolution of Parton Virtuality in the QGP

The initial hard-scattered parton starts out very far off-shell and in eTe™, p+p or p+p col-
lisions the virtuality evolves in vacuum through gluon splitting down to the scale of
hadronization. In heavy ion collisions, the vacuum virtuality evolution is interrupted
at some scale by scattering with the medium partons which increase the virtuality with
respect to the vacuum evolution. Figure 1.1 (left) shows the expected evolution of virtuality
in vacuum, from medium contributions, and both combined (in a QGP).

If this picture is borne out, it “means that [a] very energetic parton hardly notices the
medium for the first 34 fm of its path length [38].” Spanning the largest possible range of
virtuality (initial hard process Q?) is very important, but complementary measurements at
both RHIC and LHC of produced jets at the same virtuality (around 50 GeV) will test the
interplay between the vacuum shower and medium scattering contributions.
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In some theoretical frameworks — for example Refs [39, 40, 41] — the parton splitting is
simply dictated by the virtuality and in vacuum this evolves relatively quickly from large
to small scales. The Q evolution means that the jet starts out being considerably off mass
shell when produced, and this off-shellness is reduced by successive splits to less virtual
partons. In these calculations, the scattering with the medium modifies this process of
parton splitting. The scale of the medium as it relates to a particular parton is 4 times the
parton lifetime (this is the mean transverse momentum that the medium may impart to the
parent and daughter partons during the splitting process). When the parton’s off-shellness
is much larger than this scale, the effect of the medium on this splitting process is minimal.
As the parton drops down to a lower scale, the medium begins to affect the parton splitting
more strongly.

Shown in Figure 1.6 (left) is the single hadron Raa measured in central Au+Au collisions
at 200 GeV and in heavy ion collisions at other beam energies. One can see in Figure 1.6
(right) that inclusion of the virtuality evolution for the YAJEM calculation leads to a 50%
rise in Raa from 20-40 GeV /¢, and a 100% rise in the HT-M calculation. A strong rise in
Raa measured at higher pr at the LHC has been observed, and measurement of the effect
within the same framework at RHIC is a key test of this virtuality evolution description.
It is notable that the JEWEL calculation, which accurately describes the rising Raa at the
LHC [42], results in a nearly flat Ry5 over the entire pr range at RHIC. As detailed in
Ref. [43, 44], many formalisms assuming weakly coupled parton probes are able to achieve
an equally good description of the single-inclusive hadron (Raa) data at RHIC and the
LHC. The single high pr hadron suppression constrains the 4§ value within a model, but is
not able to discriminate between different energy loss mechanisms and formalisms for the
calculation. sSPHENIX will perform precision measurements of charged hadrons over an
extended pr range, as shown in the projected uncertainties, that will strongly discriminate
between the various energy loss mechanisms and model assumptions about the virtuality
evolution in the medium.

1.5 Current Jet Probe Measurements

Jet quenching (i.e., the significant loss of energy for partons traversing the QGP) was
discovered via measurements at RHIC of the suppression of single hadron yields compared
to expectations from p+p collisions [45, 46]. Since the time of that discovery there has been
an enormous growth in jet quenching observables that have also pushed forward a next
generation of analytic and Monte Carlo theoretical calculations to confront the data.

Two-hadron correlations measure the correlated fragmentation between hadrons from
within the shower of one parton and also between the hadrons from opposing scattered
partons. These measurements, often quantified in terms of a nuclear modification 144 [47,
48, 49], have been a challenge for models to describe simultaneously [50].

The total energy loss of the leading parton provides information on one part of the parton-
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Figure 1.6: (left) The nuclear modification factor Raa as a function of transverse momentum
in A+A collisions at the SPS, RHIC, and LHC. Comparisons with various jet quenching
calculations as detailed in Ref. [26] and references therein are shown. The simultaneous
constraint of RHIC and LHC data is a powerful discriminator. (right) Predictions of Raa for
single hadrons to pr ~ 50 GeV/c in central Au+Au at 200 GeV. Also shown are the projected
sPHENIX uncertainties.

medium interaction. Key information on the nature of the particles in the medium being
scattered from is contained in how the soft (lower momentum) part of the parton shower
approaches equilibrium in the QGP. This information is accessible through full jet recon-
struction, jet-hadron correlations, di-jets and 7y-jet correlation observables.

The measurements of fully reconstructed jets and the particles correlated with the jet (both
inside and outside the jet) are crucial to testing the various models and their energy loss
mechanisms. Not only does the strong coupling influence the induced radiation from the
hard parton (gluon bremsstrahlung) and its inelastic collisions with the medium, but it
also influences the way soft partons are transported by the medium outside of the jet cone
as they fall into equilibrium with the medium. Thus, the jet observables combined with
correlations are a means to access directly the coupling of the hard parton to the medium
and the parton-parton coupling for the medium partons themselves.

1.5.1 LHC results

The first results from the LHC based on reconstructed jets in heavy ion collisions were the
centrality-dependent dijet asymmetries measured by ATLAS [51] and CMS [52] as shown
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on the left panels of Figures 1.7 and 1.8. The measured dijet asymmetry A; is defined by
ATLAS as A; = (E; — Ep)/(E1 4+ Ez) and Aj = (p1 — p2)/ (p1 + p2) by CMS. These results
indicate a substantial broadening of the dijet asymmetry A; distribution for increasingly
central Pb+Pb collisions and a lack of modification to the dijet azimuthal correlations (not
shown). The broadening of the A; distribution points to substantial energy loss for jets
and the unmodified azimuthal distribution shows that the opposing jet A¢ distribution is
not broadened as it traverses the matter.

Direct photon-jet measurements are also a powerful tool to study jet quenching. Unlike
dijet measurements the photon passes through the matter without losing energy, providing
a cleaner measure of the expected jet pr [53]. CMS has results for photons with pr >
60 GeV /c correlated with jets with pr > 30 GeV/c [54]. Though with modest statistical
precision, the measurements indicate energy transported outside the R = 0.3 jet cone
through medium interactions. Similar results from the ATLAS experiment again indicate a
shift of the energy outside the opposing jet cone.

Reconstructed jets have significantly extended the kinematic range for jet quenching
studies at the LHC, and quenching effects are observed up to the highest reconstructed jet
energies (> 300 GeV) [55]. They also provide constraints on the jet modification that are
not possible with particle-based measurements. For example, measurements from ATLAS
constrain the modification of the jet fragmentation in Pb+Pb collisions from vacuum
fragmentation to be small [56]. CMS results on jet-hadron correlations have shown that
the lost energy is recovered in low pr particles far from the jet cone [52]. The lost energy
is transported to very large angles and the remaining jet fragments as it would in the
vacuum.

1.5.2 RHIC results

There are preliminary results on fully reconstructed jets from both STAR [57, 58, 59, 60] and
PHENIX experiments [61, 62]. However, a comprehensive jet detector, such as sSPHENIX,
with large, uniform acceptance and a high-rate capability can be combined with the newly
completed increase in RHIC luminosity to perform these key measurements definitively to
access this important physics. In addition to extending the RHIC observables to include
fully reconstructed jets and <y-jet correlations, theoretical development is required for
converging to a coherent ‘standard model” of the medium coupling strength and the nature
of the probe-medium interaction. In the next section, we present predictions for a sample
of future RHIC measurements based on theory that has been calibrated through successful
reproduction of recent LHC measurements.
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1.6 Using Jets at RHIC to Constrain Theoretical Calculations

The theoretical community is actively working to understand the details of probe-medium
interactions. Much work has been carried out by the Topical Collaboration on Jet and
Electromagnetic Tomography of Extreme Phases of Matter in Heavy-ion Collisions [63].
The challenge is to understand not only the energy loss of the leading parton, but how the
parton shower evolves in medium and how much of the lost energy is re-distributed in the
QGP. Monte Carlo approaches have been developed (as examples [64, 65, 66, 19, 67, 68]) to
overcome specific theoretical hurdles regarding analytic parton energy loss calculations
and to couple these calculations with realistic models of the QGP space-time evolution.
Theoretical calculations attempting to describe the current data from RHIC and LHC have
yet to reconcile some of the basic features. Some models include large energy transfer to
the medium as heat (for example [69]) while others utilize mostly radiative energy loss
(for example [70, 71]). Measurements at RHIC energies with jets over a different kinematic
range allow specific tests of the different mechanisms.

Jets provide a rich spectrum of physics observables, ranging from single-jet observables
such as Raa, to correlations of jets with single particles and correlations of trigger jets with
other jets in the event. Triggers ranging from single hadrons to ideally reconstructed jets
are used to form correlations with hadrons or another jet in the event. Different triggers
demonstrate different degrees of surface bias in the production point of the “dijet”, i.e.
the hard-scattering vertex location, and this bias itself has been used as leverage in the
investigation of the properties of the medium. Examples of different trigger biases that
can be exploited have been presented in calculations by Renk [72].

In this section, we present a brief review of a subset of calculations that employ different
mechanisms for jet-medium interactions. These are compared to jet observables that still
need to be measured at RHIC, with an emphasis on their particular sensitivity to the
underlying physics, and represent the potential constraining power of a comprehensive jet
physics program by sPHENIX at RHIC.

1.6.1 Di-jet Asymmetry

Results of calculations from Coleman-Smith and collaborators [18, 19] for the dijet asym-
metry Aj at the LHC are presented along with the data in Figure 1.7 (left) [18]. The parton
showers are extracted from PYTHIA (with hadronization turned off) and then embedded
into a deconfined QGP, modeled at constant temperature using the VNI parton cascade [73]
with fixed a; = 0.3 . One feature of the calculation is that it provides the ability to track
the time evolution of each individual parton, not only the scattered partons from the
shower, but also partons from the medium, which through interactions can contribute
particles to the reconstructed jets. Jets in the calculation are reconstructed with the anti-kr
algorithm with radius parameter R = 0.5 and then smeared by a simulated jet resolution
of 100%/+/E, and with requirements of Er; > 120 GeV and E1, > 50 GeV on the leading
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and sub-leading jet, respectively. The calculated A; distributions reproduce the CMS
experimental data [52].

In Figure 1.7 (right panel) the calculation is repeated with a medium temperature appropri-
ate for RHIC collisions and with RHIC observable jet energies, ET1 > 20 GeV and R = 0.2.
The calculation is carried out for different coupling strengths as between partons in the
medium themselves and the parton probe and medium partons. The variation in the value
of a5 should be viewed as changing the effective coupling in the many-body environment
of the QGP. It is interesting to note that in the parton cascade BAMPS the authors find that
an effective coupling of as; ~ 0.6 is required to describe the bulk medium flow [74]. These
results indicate sizable modification to the dijet asymmetry and thus excellent sensitivity
to the effective coupling to the medium at RHIC energies.

0:-25
<F PYTHIA+VNI, R=0.5 E_>120 E,>50 GeV] <0 PYTHIA+VNI T=350 MeV, R=0.2 E,_>20.0
Z [ Vacuum g
E= 4
I —— a,=0.3 ©
0.2t
- —O— CMS p+p 5.00 TeV 35
L —@— CMS Pb+Pb 2.76 TeV 3
0.15[
C 25
3 2
0.9 :
L 15
0.05— 1]
C 0.5
ol Ly ey o TN S BT BT I W o =
0 01 02 03 04 05 06 07 08 0 01 02 03 04 05 06 07 08
A, A

Figure 1.7: (left) Calculation in VNI parton cascade of dijet A; with T = 0.35 GeV and a5 = 0.3
compared to the CMS data [18]. (right) Calculation for RHIC jet energies, ET; > 20 GeV, for

a circular geometry of radius 5 fm of A; for different values of &, increasing to a; = 0.6 (red
line) [75].

The results of calculations for Aj from two other groups are presented in Figure 1.8. In the
calculation of Qin and collaborators [76, 77] a differential equation governing the evolution
of the radiated gluon distribution is solved to predict the propagation of the jet through
the medium. Energy contained inside the jet cone is lost by dissipation through elastic
collisions and by scattering of shower partons to larger angles. The model calculations
of Young, Schenke and collaborators [66] utilize a jet shower Monte Carlo, referred to as
MARTINI [78], and embed the shower on top of a hydrodynamic space-time background,
using the model referred to as MUSIC [79]. Each of the above approaches reproduce the
Aj data measured at LHC quite well [80, 76] as shown in Figure 1.8 (left). Figure 1.8
(right) shows the jet energy dependence of A; predicted for RHIC energy di-jets with
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Figure 1.8: A; distributions in MARTINI+MUSIC [81] and the model of Qin et al. [77]. (left)
Comparison of Aj calculations in MARTINI+MUSIC and by Qin et al for Pb+Pb collisions at
2.76 TeV (red line, Qin et al; blue line, MARTINI+MUSIC). Both calculations show a similar
broad Aj distribution. (right) Same as left panel, but for Au+Au collisions at 200 GeV
(with leading jet ET > 35 GeV). These results indicate a substantially different modification
predicted by these models for di-jets propagating through the QGP at RHIC.

Er1 > 35 GeV with ET, > 5 GeV by the two model calculations. A significant difference
in shape is observed between the two models at RHIC energy with a peak developing at
small A; in the Qin et al. model while the MARTINI+MUSIC calculation retains a shape
similar to those seen at the LHC energy.

1.6.2 Jet Shapes

Calculations from Vitev and collaborators [82, 83, 84] predict a jet radius R and energy
dependence for inclusive jet Raa, in contrast to the results from Qin et al. Vitev et
al. utilize a Next-to-Leading-Order (NLO) calculation and consider not only final-state
inelastic parton interactions in the QGP, but also parton energy loss effects from the cold
nuclear matter. This can be seen in Figure 1.9, which exhibits significant radius and energy
dependences. Because the high energy jets originate from hard scattering of high Bjorken
x partons, a modest energy loss of these partons results in a reduction in the inclusive jet
yields. At RHIC cold nuclear matter measurements will be made with p+Au running in
sPHENIX at the same collision energy to determine the strength of cold nuclear matter
and any other effects as a baseline to the heavy ion measurements.
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Figure 1.9: Calculations from Vitev et al. for the inclusive jet Raa as a function of the jet
energy and radius. Also shown for reference are PHENIX 71° Rax results. Inset presents
ratios for jets of various radii relative to those measured with R = 0.8.

1.7 Fragmentation Functions

1.7.1 Direct photon-jet correlations

Ideally, one would like to understand how a quark or gluon of known energy interacts
while traversing the QGP and the redistribution of energy and particles both longitudinal
and transverse to the initial parton direction. The initial quark energy can be identified
from binary scattering kinematics by measuring its direct photon [53] scattering “partner”
on the opposite side. One can study fully reconstructed jets opposite the photon for various
jet radii to investigate the redistribution in transverse energy. ATLAS has presented results
on photon-jet R44. A suppression of the away-side jet is observed for two different
jet-radius parameters.

Figure 1.10 presents the result of calculations of the event distribution of the ratio of the
reconstructed jet energy (with R = 0.3) relative to the direct photon energy [85]. The
authors note: “The steeper falling cross sections at RHIC energies lead not only to a narrow

zj,, distribution in p+p collisions but also to a larger broadening and shift in <z ]7> in A+A

collisions.” This results in a greater sensitivity to the redistribution of energy, which is
again sensitive to the balance of processes including radiative and collisional energy loss.
With an underlying event energy at RHIC that is a factor of 2.5 lower than that at the LHC,
sPHENIX will be able to reconstruct jets over a very broad range of radii and energies
opposite the direct photons. Shown in Figure 1.11 are the projected sSPHENIX photon - jet
correlation uncertainties measured differentially with respect to the path length through
the QGP.
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Figure 1.10: Calculations by Vitev et al. of the vacuum and medium-modified zj distri-
butions for direct photon-triggered reconstructed jet events at LHC (left) and RHIC (right)
energies [85].

With charged particle tracking one can also measure the longitudinal redistribution of
hadrons opposite the direct photon. sSPHENIX will have excellent statistical reach for such
direct photon measurements.
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Figure 1.11: Schematic of different potential path lengths through the QGP (left) and pro-
jected sSPHENIX uncertainties in the photon-jet channel for these different length scales
traversed in the QGP.

At the same time, it is advantageous to measure modified fragmentation functions within
inclusive reconstructed jets and via correlations as well. The original predictions of jet
quenching in terms of induced forward radiation had the strongest modification in the
longitudinal distribution of hadrons from the shower (i.e., a substantial softening of the
fragmentation function). One may infer from the nuclear suppression of 77 in central
Au+Au collisions Rq4 ~ 0.2 that the high z (large momentum fraction carried by the
hadron) showers are suppressed.
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1.7.2 Hadron-jet correlations

In sPHENIX, fragmentation functions via precision charged-track measurements are avail-
able from high-z, where the effects are predicted to be largest, to low-z where medium
response and equilibration effects are relevant. The independent measurement of jet
energy (via calorimetry) and the hadron pr via tracking is important. This independent
determination also dramatically reduces the fake-track contribution by the coincidence
required with a high energy jet.

One can also access somewhat less directly this transverse and longitudinal redistribution
of energy and particles via trigger high pr hadrons and narrow reconstructed jets. Such
measurements have been undertaken by STAR [86]. The large kinematic reach of sSPHENIX
will provide very high statistics observables that span a reach where the opposing parton
is mostly a gluon near 20 GeV with increasing quark fraction for higher energy triggers.
This is another complement between the kinematics at RHIC and the LHC as shown in Fig-
ure 1.12 that compares the quark-quark, quark-gluon, gluon-gluon relative contributions
as a function of pr.

c 1 RHIC @ 200 GeV c LHC @ 5.5 TeV (solid), 14 TeV (dash
St 2
So.9F g0.9
c f I
$0.8F 0.8
] F 2
0.7 . $0.7
5 F Quark Jet Fraction (LO) 5
25 B
Bo.5F Ro5
3F S
So.af So.4
g f . <]
S0.3F Gluon Jet Fraction (LO) 2.3
0.2f 0.2
0.1f 0.1
) SN I I B L 0
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Figure 1.12: Comparison of the fraction of quark and gluon jets from leading order pQCD
calculations as a function of transverse momentum for RHIC (left) and LHC (right) energies.

1.8 Heavy Quark Jets

The motivation for studying heavy flavor jets in heavy ion collisions is to understand the
processes involved in parton-medium interactions and to further explore the issue of strong
versus weak coupling [87]. As elaborated in Section 1.2, a major goal is understanding
the constituents of the medium and how fast partons transfer energy to the medium.
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Heavy quarks are particularly sensitive to the contribution of collisional energy loss, due
to suppressed radiative energy loss from the “dead cone” effect [88]. Measurements of
beauty-tagged jets and reconstructed D mesons over the broadest kinematic reach will
enable the disentangling of § and é.

There are important measurements currently being made of single electrons from semilep-
tonic D and B decays and direct D meson reconstruction with the current PHENIX VITX and
STAR Heavy Flavor Tracker (HFT). The sPHENIX program can significantly expand the
experimental acceptance and physics reach of this program with its ability to reconstruct
tull jets with a heavy flavor tag. The rates for heavy flavor production from perturbative
QCD calculations [89] are shown in Figure 1.13.

Hard Processes pQCD @ 200 GeV
FONLL pQCD - M. Cacciari
——  Charm Quark (RAAzl.O)
s Charm Hadrons (RAAZO.Z)
........ wun Charm - Electron (RAA=O.2)
——  Beauty Quark (RAAzl.O)
.. Beauty Hadrons (RAA=O.5)

T

e,
0
0
‘0
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Counts/Event with P, >P (cut) [AuAu 0-20%)]
=
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D
o
‘e
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10-100\ P Tl Lo el
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Figure 1.13: FONLL calculations [89] for heavy flavor (charm and beauty) jets, fragmentation
hadrons (D, B mesons primarily), and decay electrons as a function of transverse momentum.
The rates indicate expected counts for pr above a minimum transverse momentum threshold,
pr(cut), as a function of pr(cut) for Au+Au 0-20% central collisions.

Calculations including both radiative and collisional energy loss for light quark and gluon
jets, charm jets, and beauty jets have been carried out within the CUJET 2.0 framework [90].
The resulting Ra 4 values in central Au+Au at RHIC and Pb+-Pb at the LHC for 7, D, B
mesons are shown as a function of pr in Figure 1.14. The mass orderings are a convolution
of different initial spectra steepness, different energy loss mechanisms, and the final
fragmentation. Measurements of D mesons to high pr and reconstructed beauty-tagged
jets at RHIC will provide particularly sensitive constraints in a range where, due to their
large masses, the charm and beauty quark velocities are not near the speed of light.

The tagging of charm and beauty jets has an extensive history in particle physics experi-
ments. There are multiple ways to tag heavy flavor jets. First is the method of tagging via
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Figure 1.14: Calculations within the CUJET 2.0 [90] framework of the Ra4 in central Au+Au
collisions at RHIC (left) and Pb+Pb collisions at the LHC (right), with light, charm and beauty
hadrons and electrons shown as separate curves.

the selection of a high pr electron with a displaced vertex inside the jet. In minimum bias
Au+Au collisions at \/syny = 200 GeV, the fraction of inclusive electrons from D and B
meson decays is already greater than 50% for pr > 2 GeV/c. The sPHENIX tracking can
confirm the displaced vertex of the electron from the collision point, further enhancing
the signal. Since the semileptonic branching fraction of D and B mesons is approximately
10%, this method provides a reasonable tagging efficiency. Also, the relative angle of the
lepton with respect to the jet axis provides a useful discriminator for beauty jets as well,
due to the decay kinematics. Second, the direct reconstruction of D mesons is possible
within sSPHENIX (see Figure 4.37 of Ref. [1]).

The third method utilizes jets with many tracks that do not point back to the primary
vertex. This technique is detailed by the DO collaboration to identify beauty jets at the
Tevatron [91, 92], and employed with variations by ATLAS and CMS at the LHC. This
method exploits the fact that most hadrons with a beauty quark decay into multiple
charged particles all with a displaced vertex. The performance metrics for tagged beauty
jets are given in Section 4.7 of Ref. [1]).

Measurements at the LHC provide tagging of heavy flavor probes as well — initial results
on beauty tagged jets from CMS are shown in Figure 1.15. As detailed in Ref. [93], beauty
tagged jets at the LHC come from a variety of initial processes. In fact, most often a
tagged beauty jet does not have a back-to-back partner beauty jet. At RHIC energies the
pair creation process represents ~ 35% of the beauty jet cross-section, which is a larger
fractional contribution than at the LHC, though flavor excitation still produces ~ 50% of
all b-jets at RHIC. Measurements at RHIC offer a different mixture of initial processes, and
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Figure 1.15: CMS results on the Raa for beauty tagged jets in Pb+Pb collisions at the LHC.

thus kinematics, when looking at correlated back-to-back jets including heavy flavor tags,
and will complement similar measurements at the LHC to constrain theories.

1.9 Quarkonia in the QGP

Motivated by a desire to observe the suppression of | /¢ production by color screening
in the QGP an extensive program of /i measurements in A+A collisions has been
carried out at the SPS (/syn = 17.3 GeV) and RHIC (,/syny = 200 GeV) and the LHC
(v/sNN = 2.76 TeV). Strong suppression is observed at all three energies, but it has become
clear that the contribution of color screening to the observed modification cannot be
uniquely determined without a good understanding of two strong competing effects.

The first of these, the modification of the J /¢ production cross section in a nuclear target,
has been addressed at RHIC using d+-Au collisions and at the SPS using p+-Pb collisions,
and is being addressed at the LHC using p+Pb collisions. A more recently recognized
complicating effect arises from the possibility that previously unbound heavy quark pairs
could coalesce into bound states due to interactions with the medium. This introduces
the possibility that if a sufficient density of heavy quark pairs is produced initially, then
coalescence of heavy quarks may increase the production cross section beyond the initial
population of bound pairs [94].

Using p+Pb and d+Au data as a baseline, and under the assumption that cold nuclear
matter (CNM) effects can be factorized from hot matter effects, the suppression in central
collisions due to the presence of hot matter in the final state has been estimated to be about
25% for Pb+Pb at the SPS [95], and about 50% for Au+Au at RHIC [96], both measured
at midrapidity. The first | /¢ data in Pb+Pb collisions at /syy = 2.76 TeV have been
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measured from ALICE [97]. Interestingly, the suppression in central collisions is far greater
at RHIC than at the LHC. This is qualitatively consistent with a predicted [94] strong
coalescence component due to the very high cc production rate in a central collision at
LHC. There is great promise that, with CNM effects estimated from p+Pb data, comparison
of these data at widely spaced collision energies will lead to an understanding of the role
of coalescence.

1.9.1  Upsilon State Measurements

Upsilon measurements have a distinct advantage over charmonium measurements as a
probe of deconfinement in the quark-gluon plasma. The Y(1S), Y(2S) and Y(3S) states can
all be observed with comparable yields via their dilepton decays. Therefore, it is possible
to compare the effect of the medium simultaneously on three bottomonium states—all of
which have quite different radii and binding energies.

At the LHC, CMS has measured Upsilon modification data at midrapidity in Pb+Pb
collisions at 2.76 TeV that indicate strong differential suppression of the 2S5 and 3S states
relative to the 1S state [98]. ALICE has measured the Y(1S) modification at forward
rapidity in Pb+Pb collisions at 2.76 GeV [99], and in p+Pb collisions at 5.02 TeV [100].
With longer Pb+Pb runs, and corresponding p-+Pb modification data to establish a CNM
baseline, the LHC measurements will provide an excellent data set within which the
suppression of the three upsilon states relative to p+Pb can be measured simultaneously
at LHC energies.

At RHIC, upsilon measurements have been hampered by a combination of low cross
sections and acceptance, and insufficient momentum resolution to resolve the three states.
So far, there are measurements of the modification of the three states combined in Au+Au
by PHENIX [101] and STAR [102]. However a mass-resolved measurement of the modifi-
cations of the three upsilon states at /sy = 200 GeV would be extremely valuable for
several reasons.

First, the core QGP temperature is approximately 2T, at RHIC at 1 fm/c and is at least
30% higher at the LHC (not including the fact that the system may thermalize faster) [103].
This temperature difference results in a different color screening environment. Figure 1.16
shows the temperature as a function of time for the central cell in Au+Au and Al4-Al
collisions at 200 GeV and Pb+Pb collisions at 2.76 TeV from hydrodynamic simulations that
include earlier pre-equilibrium dynamics and post hadronic cascade [104]. Superimposed
are the lattice expected dissociation temperatures with uncertainties for the three upsilon
states. The significant lever arm in temperature between RHIC and LHC, and the use of
either centrality or system size, allow one to bracket the expected screening behavior.

Second, the bottomonium production rate at RHIC is lower than that at the LHC by
~ 100 [96]. As a result, the average number of bb pairs in a central Au+Au collision
at RHIC is ~ 0.05 versus ~ 5 in central Pb+Pb at the LHC. Qualitatively, one would
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Figure 1.16: Temperature as a function of time for the central cell in Au+Au and Al4+Al
collisions at 200 GeV and Pb+Pb collisions at 2.76 TeV from hydrodynamic simulations that
include earlier pre-equilibrium dynamics and post hadronic cascade [104]. Superimposed
are the lattice expected dissociation temperatures with uncertainties for the three upsilon
states.

expect this to effectively remove at RHIC any contributions from coalescence of bottom
quarks from different hard processes, making the upsilon suppression at RHIC dependent
primarily on color screening and CNM effects. This seems to be supported by recent
theoretical calculations [105] where, in the favored scenario, coalescence for the upsilon is
predicted to be significant at the LHC and small at RHIC.

Finally, it is of interest at RHIC energy to directly compare the modifications of the J /¢ and
the Y(2S) states as a way of constraining the effects of coalescence by studying two states -
in the same temperature environment - that have very similar binding energies and radii,
but quite different underlying heavy quark populations.

An example theoretical calculation for both RHIC and the LHC is shown in Figure 1.17
indicating the need for substantially improved precision and separation of states in the
temperature range probed at RHIC.

STAR has constructed a Muon Telescope Detector (MTD) to measure muons at midra-
pidity [106]. The MTD has coverage over || < 0.5, with about 45% effective azimuthal
coverage. The MTD will have a muon to pion enhancement factor of 50-100, and the mass
resolution will provide a clean separation of the Y(1S) from the Y(25+3S), and likely the
ability to separate the Y(2S) and Y(3S) by fitting. While STAR has already taken data in
the 2014 run with the MTD installed, the upgrade to sSPHENIX will provide better mass
resolution and approximately 10 times higher yields per run for upsilon measurements. An
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Figure 1.17: Calculations for Upsilon state suppression at RHIC and LHC energies as a
function of collision centrality. The current state of measurements are also shown from

PHENIX, STAR and CMS.

example of the estimated statistical precision is shown in Figure 1.18. In concert with the
expected higher statistics results from the LHC experiments, sSPHENIX data will provide
the required precision to discriminate models of breakup in the dense matter and the
length scale probed in the medium.

1.9.2 Quarkonia in p(d) + A collisions

Measurements of quarkonia production in proton-nucleus collisions have long been con-
sidered necessary to establish a cold nuclear matter baseline for trying to understand
hot matter effects in nuclear collisions. It has become clear, however, that the physics of
p+A collisions is interesting in its own right [96]. Modification of quarkonia production
in a nuclear target has been described by models that include gluon saturation effects
(see for example [107]), breakup of the forming quarkonia by collisions with nucleons in
the target [108, 109], and partonic energy loss in cold nuclear matter [110]. These mecha-
nisms, which are all strongly rapidity and collision energy dependent, have been used, in
combination, to successfully describe J/¢ and Y(1S) data in p(d)+A collisions.

The observation of what appears to be hydrodynamic effects in p+Pb collisions at the
LHC [111, 112, 113] and d+Au collisions at RHIC [114] has raised questions about the
longstanding assumption that p(d)+A collisions are dominated by cold nuclear matter
effects. For quarkonia, it raises the obvious question: does the small hot spot produced in
the p(d)+A collision affect the quarkonia yield? Recent measurements of the modification
of quarkonia excited states in p(d)-+A collisions have produced unexpected and puzzling
results.
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Figure 1.18: Estimate of the statistical precision of a measurement of the Y(1S) and Y(25)
states in the 10% most central Au+Au collisions using SPHENIX, assuming that the measured
R4 is equal to the results of a recent theory calculation by Strickland & Barzow. This plot
was made for 250 billion recorded minimum bias Au+Au events. As is the case for the CMS
experiment at the LHC, measurements of the yield of the Y(3S) state in sSPHENIX will be
extremely challenging due to its very strong suppression in central collisions.

The situation has become more interesting with the release of data from CMS on produc-
tion of Upsilon excited states in p+Pb collisions. They find that the Y(2S) to Y(1S) ratio is
suppressed by about 20% in minimum bias p+Pb collisions, while for the Y(3S) the differ-
ential suppression in minimum bias collisions is about 30%. The effect will be considerably
larger in the most central collisions, but data showing the centrality dependence are not
released yet.

A comprehensive p+A collision program with sSPHENIX will provide Upsilon measure-
ments in p+Au collisions at RHIC energy with all three states resolved from each other.

1.10 Jet Rates and Physics Reach

In order to realize the proposed comprehensive program of jet probes, direct photon-tagged
jets, and Upsilon measurements requires very high luminosities and the ability to sample
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events without selection biases. ! In addition to the Upsilon capabilities summarized
in Figure 1.18, the extensive set of reconstructed jet measurements made available by
sPHENIX will provide detailed information about the quark-gluon plasma properties,
dynamics, time evolution, and structure at 1-2 T;. The theoretical bridgework needed
to connect these measurements to the interesting and unknown medium characteristics
of deconfined color charges is under active construction by many theorists. Combining
this work with new results from the flexible and high luminosity RHIC collider facility
can produce new discoveries in heavy ion collisions with an appropriate set of baseline
measurements provided sPHENIX apparatus is constructed. The sSPHENIX jet detector at
RHIC is best able to take advantage of these opportunities.

1.10.1 Inclusive jet rates

The inclusive jet yield within |7| < 1.0 in 0-20% central Au+Au collisions at 200 GeV
has been calculated for p+p collisions by Vogelsang in a Next-to-Leading-Order (NLO)
perturbative QCD formalism [117] and scaled by the expected number of binary collisions.
This is presented in Figure 1.19. Also shown are results from the calculation for ¥ and
direct and fragmentation photon yields. The bands correspond to the renormalization scale
uncertainty in the calculation (i.e., p, u/2,2u). Figure 1.19 provides the counts per event
with pr larger than the value on the x-axis for the most central 20% Au+Au collisions at
V/SNN = 200 GeV. With 20 billion events per RHIC year for this centrality selection, this
translates into jet samples from 20-80 GeV and direct photon statistics out beyond 40 GeV.
It is notable that within the acceptance of the sSPHENIX detector, over 80% of the inclusive
jets will also be accepted dijet events. The necessary comparable statistics are available
with 10 weeks of p+p and 10 weeks of p+Au running.

1.10.2 Constraining the path length through the medium

An observable that has been especially challenging for energy loss models to be able to
reproduce is the azimuthal anisotropy of 71° production with respect to the reaction plane.
A weak dependence on the path length in the medium is expected from radiative energy
loss. This translates into a small elliptic flow v, value for high pr particles, and thus would

IThe effect of the completed stochastic cooling upgrade to the RHIC accelerator [115] has been incorpo-
rated into the RHIC beam projections [116]. Utilizing these numbers and accounting for accelerator and
experiment uptime and the fraction of collisions within |z| < 10 cm, the nominal full acceptance range for
the detector, the sSPHENIX detector can record 100 billion Au+Au minimum bias collisions in a one-year
22 week run. With the latest luminosity projections, for the purely calorimetric jet and <y-jet observables
with modest trigger requirements, one can sample 0.6 trillion Au+Au minimum bias collisions Note that
the PHENIX experiment has a nearly dead-timeless high-speed data acquisition and trigger system that
has already sampled tens of billions of Au+Au minimum bias collisions, and maintaining this high rate
performance with the additional sSPHENIX components is an essential design feature.
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Figure 1.19: Jet, photon and 7° rates for || < 1.0 from NLO pQCD [117] calculations scaled
to Au+Au central collisions for /syy = 200 GeV . The scale uncertainties on the pQCD
calculations are shown as additional lines. Ten billion Au+Au central collisions correspond
to one count at 10710 at the bottom of the y-axis range. A nominal 22 week RHIC run
corresponds to 20 billion central Au+Au events.

represent only a modest difference in parton energy loss when traversing a short versus
long path length in the QGP.

A strong path length dependence is naturally described by strongly-coupled energy-loss
models [118, 119]. Note that one can obtain a larger v, by using a stronger coupling, larger
4, but at the expense of over-predicting the average level of suppression. New strong
coupling models [120, 121] will need to confront the full set of observables measured at
RHIC.

The measurement of jet quenching observables, as a detailed function of orientation with re-
spect to the reaction plane, is directly sensitive to the coupling strength and the path length
dependence of any modification to the parton shower. In addition, medium response may
be optimally measured in mid-central collisions where there is a lower underlying event
and where the medium excitations are not damped out over a longer time evolution as
in more central collisions or which may be the case also at LHC. Shown in Figure 1.20
are projected uncertainties from sPHENIX for the direct photon and reconstructed jet
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Figure 1.20: Demonstration of the statistical reach for azimuthally-sensitive hard probes
measurements in sSPHENIX. Each panel shows the projected statistical uncertainty for the
Raa of inclusive jets and photons, with each a panel a different A¢ range with respect to the
reaction plane in 30-50% Au+Au events. sSPHENIX would additionally have tremendous
statistical reach in the analogous charged hadron Raa.

observables in three orientation selections. One expects no orientation dependence for
the direct photons and the question is whether the unexpectedly large dependence for
charged hadrons persists in reconstructed jets up to the highest pr. Note that the same
measurements can be made for beauty tagged jets, charged hadrons up to 50 GeV/c, and a
full suite of correlation measurements including jet-jet, hadron-jet, y-jet.

All measurements in heavy ion collisions are the result of emitted particles integrated
over the entire time evolution of the reaction, covering a range of temperatures. Similar
to the hydrodynamic model constraints, the theory modeling for jet probes requires a
consistent temperature and scale dependent model of the quark-gluon plasma and is only
well constrained by precision data through different temperature evolutions, as measured
at RHIC and the LHC.
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1.10.3 Rates for Direct Photons

Measurement of direct photons requires them to be separated from the other sources of
inclusive photons, largely those from 7 and 77 meson decay. The left panel of Figure 1.21
shows the direct photon and 7¥ spectra as a function of transverse momentum for both
/s = 200 GeV and 2.76 TeV p+p collisions. The right panels show the /" ratio as a
function of pr for these energies with comparison PHENIX measurements at RHIC. At the
LHC, the ratio remains below 10% for pr < 50 GeV while at RHIC the ratio rises sharply
and exceeds one at pr ~ 30 GeV/c. In heavy ion collisions the ratio is further enhanced
because the 71¥s are significantly suppressed. Taking the suppression into account, the
7/ ° ratio at RHIC exceeds one for pr > 15 GeV/c. The large signal to background means
that it will be possible to measure direct photons with the sSPHENIX calorimeter alone,
even before applying isolation cuts. Beyond measurements of inclusive direct photons,
this enables measurements of y-jet correlations and y-hadron correlations.
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Figure 1.21: NLO pQCD calculations of direct photons and ¥ for RHIC and LHC. The
plot on the left shows the counts per event in Au+Au or Pb+Pb collisions (including the
measured Raa suppression factor for 7). The upper (lower) panel on the right shows the
direct 7y to 7¥ ratio in p+p (Au+Au or Pb+Pb) collisions, in comparison with measurements
from the PHENIX experiment at RHIC [122, 123].
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1.10.4 Hard probe statistics and range in pr

Figure 1.22 summarizes the current and future state of hard probes measurements in A+A
collisions in terms of their statistical reach, showing the most up to date Rx 4 measurements
of hard probes in central Au+Au events by the PHENIX Collaboration plotted against
statistical projections for sSPHENIX channels measured after the first two years of data-
taking. While these existing measurements have greatly expanded our knowledge of
the QGP created at RHIC, the overall kinematic reach is constrained to < 20 GeV even
for the highest statistics measurements. Figure 1.23 shows the expected range in pr for
sPHENIX as compared to measurements at the LHC. Due to the superior acceptance,
detector capability and collider performance, sSPHENIX will greatly expand the previous
kinematic range studied at RHIC energies (in the case of inclusive jets, the data could
extend to 80 GeV/c, four times the range of the current PHENIX 71° measurements) and
will allow access to new measurements entirely (such as fully reconstructed b-tagged jets).
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Figure 1.22: Statistical projections for the Raa of various hard probes vs pr in 0-20% Au+Au
events with the SPHENIX detector after two years of data-taking, compared with a selection
of current hard probes data from PHENIX.
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Figure 1.23: Anticipated range in pr of various hard probe measurements using sSPHENIX
at RHIC (red) and measurements made at the LHC (blue). The color strip across the top
corresponds to the regions presented initially in Figure 1.1 (left) for scattering in the medium
from bare quarks and gluons (green), from thermal gluons (yellow), and integration over all
possible objects that are probed (orange).
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Chapter 2

Detector Overview

The sPHENIX Detector is a cylindrical detector covering |77| < 1.1 and the full azimuth. It
is designed to use the former BaBar superconducting solenoid to contain an inner tracking
system out to 80 cm in radius followed by a electromagnetic calorimeter and the first of
two longitudinal segments of a hadronic calorimeter. The second longitudinal segment
of the hadronic calorimeter, which also serves as the magnet flux return, surrounds the
magnet cryostat.

sPHENIX has been designed to collect a large sample of events in Au+Au and p+p colli-
sions at RHIC to measure jets, jets correlations, and Upsilon production and decay and
satisfy a set of performance requirements that are needed to carry out the physics program
described in Chapter 1. The sSPHENIX physics program rests on several key measurements,
particularly measurements of jets with calorimetry and tracking which can cleanly sepa-
rate the Upsilon states; the requirements that drive any particular aspect of the detector
performance come from a broad range of considerations related to those measurements. A
comprehensive assessment of the physics requirements has led to the development of the
reference design shown in Figure 2.1.

The primary components of the SPHENIX reference design are as follows.

Magnetic Solenoid Built for the BaBar experiment at SLAC, the magnet became available
after the termination of the BaBar program. The cryostat has an inner radius of
140 cm and is 33 cm thick, and can produce a central field of 1.5 T.

Tracking system The tracking system consist of three components:

Time Projection Chamber A TPC with an outer radius of about 80 cm measures
space points on charged tracks which provides momentum resolution which
can separate the Upsilon states in decays to ete™.

Intermediate Tracking The Intermediate Tracker is a silicon strip detector consisting
of up to four layers which can measure space points on charged tracks inside
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Figure 2.1: View of the sSPHENIX detector with its component subdetectors.

the inner radius of the TPC for robust tracking even in a high multiplicity
heavy ion collision with time resolution that can separate pileup in the TPC.
This detector is based on commercial silicon sensors read out with the FPHX
ASIC developed for the PHENIX FVTX detector and is a RIKEN and RIKEN-
Brookhaven Research Center contribution to the sSPHENIX experiment.

MAPS Vertex Detector A Monolithic Active Pixel (MAPS) vertex detector in close
proximity to the beam pipe is to provide high precision vertex measurements
for measurement of displaced vertices from decays of particles containing b and
¢ quarks, and provide additional precisely measured space points for charged
particle tracking. This detector is being proposed and developed as a separate
upgrade to the sSPHENIX proposal, based on duplicating as much as possible
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the ALICE Inner Tracking System (ITS) detector.

Electromagnetic Calorimeter Tungsten-scintillating fiber sampling calorimeter inside the
magnet bore read out with silicon photo-multipliers. The calorimeter has a small
Moliere radius and short radiation length. allowing for a compact design.

Inner Hadronic Calorimeter Sampling calorimeter of non-magnetic metal and scintillator
located inside the magnet bore, which is not part of the DOE funded proposal, but
which could be instrumented at a later time with non-DOE funding.

Outer Hadronic Calorimeter Sampling calorimeter of magnet steel scintillator located
outside the cryostat which doubles as the flux return for the solenoid.

In the following list we provide a high-level mapping between physics aims and various
detector requirements. The justification for these requirements is then discussed in more
detail in subsequent sections.

Upsilons The key to the physics is high statistics p+p, p+A, and A+A data sets, with
mass resolution and signal-to-background sufficient to separate the three states of
the Y family.

e large geometric acceptance (A¢ = 2 and |y| < 1.1)

e high rate data acquisition (15 kHz)

e trigger for electrons from Y — ete™ (> 90% efficiency) in p+p and p+A

e track reconstruction efficiency > 90% and purity > 90% for pr > 3 GeV/c
e momentum resolution of 1.2% for pr in the range 4-10 GeV/c.

e electron identification with efficiency > 70% and charged pion rejection of 90:1
or better in central Au+-Au at pr = 4 GeV/c.

Jets The key to the physics is to cover jet energies of 20-70 GeV, for all centralities, for a
range of jet sizes, with high statistics and performance insensitive to the details of jet
fragmentation.

e energy resolution < 120%/ /Ejet in p+p for R = 0.2-0.4 jets
e energy resolution < 150%/ /Ejet in central Au+Au for R = 0.2 jets
e energy scale uncertainty < 3% for inclusive jets

e energy resolution, including effect of underlying event, such that scale of un-
folding on raw yields is less than a factor of three

e measure jets down to R = 0.2 (segmentation no coarser than Ay x A¢p ~
0.1 x0.1)

35



841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

Acceptance Detector Overview

¢ underlying event influence event-by-event (large coverage HCal/EMCal) (AT-
LAS method)

e energy measurement insensitive to softness of fragmentation (quarks or gluons)
— HCal + EMCal

e jet trigger capability in p+p and p+A without jet bias (HCal and EMCal)
e rejection (> 95%) of high pr charged track backgrounds (HCal)

Dijets The key to the physics is large acceptance in conjunction with the general require-
ments for jets as above
e > 80% containment of opposing jet axis
e > 70% full containment for R = 0.2 dijets

e Ryp4 and Aj measured with < 10% systematic uncertainty (also key in p+A,
onset of effects)

Fragmentation functions The key to the physics is unbiased measurement of jet energy

e excellent tracking resolution out to > 40 GeV/c (dp/p < 0.2% X p)

¢ independent measurement of p and E (z = p/E)

Heavy quark jets The key to the physics is tagging identified jets containing a displaced
secondary vertex

e precision DCA (< 100 microns) for electron pr > 4 GeV/c
e electron identification for high pr > 4 GeV/c

Direct photon The key to the physics is identifying photons

e EMCal segmentation Ay x A¢ ~ 0.024 x 0.024
e EMCal resolution for photon ID < 8% at 15 GeV

e EMCal cluster trigger capability in p+p and p+A with rejections > 100 for
E, > 10 GeV

High statistics Ability to sample high statistics for p+p, p+A, A+A at all centralities —
requires high rate, high throughput DAQ (15 kHz).

In the following sections, we detail the origin of key requirements.
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2.1 Acceptance

The large acceptance and high rate of SPHENIX are key enablers of the physics program
detailed in Chapter 1. The total acceptance of the detector is determined by the requirement
of high statistics jet measurements and the need to fully contain both single jets and dijets.
To fully contain hadronic showers in the detector requires both large solid angle coverage
and a calorimeter deep enough to fully absorb the energy of hadrons up to 70 GeV.

o

PYTHIA-8 Jet anti-k; R=0.2
11— —— E; >20.0 GeV
E; > 30.0 GeV

T 1T

—— E;>40.0GeV

Fraction of Dijet/Single Accepted

0.7
n Acceptance
0.6 — <13
r — Inl<1.0
L — Inl<07
Ll L Ll 1 \\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\
2 15 1 05 0 05 1 15 2 03022 24 26 28 30 32 34 36 38 40
Pseudorapidity Trigger Jet E_ [GeV]

Figure 2.2: (Left) Pseudorapidity distribution of PYTHIA jets reconstructed with the FASTJET
anti-kt and R=0.2 for different transverse energy selections. (Right) The fraction of PYTHIA
events where the leading jet is accepted into a given pseudorapidity range where the opposite
side jet is also within the acceptance. Note that the current PHENIX acceptance of || < 0.35
corresponds to a fraction below 30%.

The PYTHIA event generator has been used to generate a sample of p+p at 200 GeV events
which can be used to demonstrate the pseudorapidity distribution of jets. The left panel
in Figure 2.2 shows the pseudorapidity distribution of jets with Er above 20, 30, and
40 GeV. The right panel in Figure 2.2 shows the fraction of events where a trigger jet with
Et greater than a given value within a pseudorapidity range has an away side jet with
Er > 5 GeV accepted within the same coverage. In order to efficiently capture the away
side jet, the detector should cover || < 1, and in order to fully contain hadronic showers
within this fiducial volume, the calorimetry should cover slightly more than that. Given
the segmentation to be discussed below, the calorimeters are required to cover || < 1.1.

It should be noted that reduced acceptance for the away-side jet relative to the trigger
suffers not only a reduction in statistics for the dijet asymmetry and <y-jet measurements
but also results in a higher contribution of low energy fake jets (upward fluctuations in the
background) in those events where the away side jet is out of the acceptance. For the latter
effect, the key is that both jet axes are contained within the acceptance, and then events
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Segmentation Detector Overview

can be rejected where the jets are at the edge of the detector and might have partial energy
capture.

2.2 Segmentation

Jets are reconstructed from the four-vectors of the particles or measured energies in the
event via different algorithms, and with a typical size R = \/A¢? + An?. In order to recon-
struct jets down to radius parameters of R = 0.2 a segmentation in the hadronic calorimeter
of Ay x A¢ = 0.1 x 0.1 is required. The electromagnetic calorimeter segmentation should
be finer as driven by the measurement of direct photons for -jet correlation observables.
The compact electromagnetic calorimeter design being considered for sSPHENIX has a
Moliere radius of ~ 15 mm, and with a calorimeter at a radius of about 100 cm, this leads
to an optimal segmentation of Ay X A¢ = 0.024 x 0.024 in the electromagnetic section.

2.3 Energy Resolution

The requirements on the jet energy resolution are driven by considerations of the ability
to reconstruct the inclusive jet spectra and dijet asymmetries and the fluctuations on the
fake jet background. The total jet energy resolution is typically driven by the hadronic
calorimeter resolution and many other effects including the bending of charged particles
in the magnetic field out of the jet radius. Expectations of jet resolutions approximately 1.2
times worse than the hadronic calorimeter resolution alone are typical.

In a central Au+Au event, the average energy within a jet cone of radius R = 0.2 (R = 0.4)
is approximately 10 GeV (40 GeV) resulting in an typical RMS fluctuation of 3.5 GeV
(7 GeV). This sets the scale for the required reconstructed jet energy resolution, as a much
better resolution would be dominated by the underlying event fluctuations regardless.
A measurement of the jet energy for E = 20 GeV with o = 120% x vVE = 5.4 GeV
gives a comparable contribution to the underlying event fluctuation. A full study of the
jet energy resolution with a GEANT4 simulation of the detector configuration has been
performed and is discussed in the sSPHENIX proposal required and is presented in the
Physics Performance chapter of the sSPHENIX Proposal [1].

Different considerations set the scale of the energy resolution requirement for the EMCal.
The jet physics requirement is easily met by many EMCal designs. For the direct -jet
physics, the photon energies being considered are E, > 10 GeV where even a modest
oe/E = 12%/+/E represents only a blurring of 400 MeV. In Au+Au central events, the
typical energy in a 3 x 3 tower array is also approximately 400 MeV. These values represent
a negligible performance degradation for these rather clean photon showers even in central
Au+Au events.
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Detector Overview Tracking

Most of these physics measurements require complete coverage over a large range of
rapidity and azimuthal angle (Ay < 1.1 and A¢ = 27) with good uniformity and minimal
dead area. The calorimeter should be projective (at least approximately) in 1. For a
compact detector design there is a trade-off in terms of thickness of the calorimeter and
Moliere radius versus the sampling fraction and, therefore, the energy resolution of the
device. Further optimization if these effects will be required as we work towards a final
design.

2.4 Tracking

The requirements on tracking capabilities are tied to three particular elements of the
sPHENIX physics program. The measurement of the upsilon family of quarkonia states,
heavy flavor tagged jets, and fragmentation functions at high and at low z, together set the
performance specification for the sSPHENIX Tracker.

To fully utilize the available luminosity, the tracking systems should have large, uniform
acceptance and be capable of fast readout. Measuring fragmentation functions at low z
means looking for possibly wide angle correlations between a trigger jet and a charged
hadron. This places only moderate requirements on the momentum resolution (Ap/p ~
1% - p), but reinforces the requirement of large acceptance.

Fragmentation functions at high z place more stringent requirements on momentum
resolution and can be a design constraint at momenta well above 10 GeV/c. In order to
unfold the full fragmentation function, f(z), the smearing due to momentum uncertainty
should be very small compared to the corresponding smearing due to the calorimetric jet
measurement for a cleanly identified jet. For a 40 GeV jet this condition is satisfied by a
tracking momentum resolution of Ap/p ~ 0.2% - p or better.

The measurement of the Y family places the most stringent requirement on momentum
resolution below 10 GeV/c. The large mass of the upsilon means that one can focus
primarily on electrons with momenta of ~ 4 — 10 GeV/c. The Y(3S) has about 3% higher
mass than the Y (25) state; to distinguish them clearly one needs invariant mass resolution
of ~100 MeV, or ~ 1%. This translates into a momentum resolution for the daughter e* of
~ 1.2% in the range 4 — 10 GeV /c.

The Y measurement also generates requirements on the purity and efficiency of electron
identification. The identification needs to be efficient because of the low cross section
for Y production at RHIC, and it needs to have high purity against the charged pion
background to maintain a good signal to background ratio. Generally speaking, this
requires minimizing track ambiguities by optimizing the number of tracking layers, their
spacing, and the segmentation of the strip layers. Translating this need into a detector
requirement can be done only by performing detailed simulations with a specific tracking
configuration, followed by evaluation of the tracking performance.
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Tagging heavy-flavor jets introduces the additional tracking requirement of being able
to measure the displaced vertex of a D or B meson decay. The ¢t for D and B decays is
123 ym and 457 um, respectively, and the displaced vertex needs to be identified with a
resolution sufficient to distinguish these decays against backgrounds.

2.5 Triggering

The jet energy should be available at the Level-1 trigger as a standard part of the PHENIX
dead-timeless Data Acquisition and Trigger system. This triggering ability is important
as one requires high statistics measurements in proton-proton, proton-nucleus, light
nucleus-light nucleus, and heavy nucleus-heavy nucleus collisions with a wide range of
luminosities. It is important to have combined EMCal and HCal information available so
as to avoid a specific bias on the triggered jet sample.
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Chapter 3

TPC

3.1 Physics requirements

Four elements of the SPHENIX physics program drive the performance parameters of
sPHENIX tracking. Three of these, the measurement of the Upsilon family of quarkonia
states, fragmentation functions at high and at low z, and heavy flavor tagged jets together
set the momentum resolution spec for the tracker . The fourth element, the tagging of
heavy-flavor jets, requires that the inner tracking system has the ability to measure the
displaced vertex of a D or B meson decay. In addition, to fully utilize the available RHIC
luminosity the tracking systems should have large, uniform acceptance and be capable of
fast readout.

The measurement of the Y family places the most stringent requirement on momentum
resolution at lower momentum. The large mass of the Upsilon means that one can primarily
focus on electrons with momenta of ~ 4 — 8 GeV/c. The Y(3S) has about 3% higher mass
than the Y(25) state and to distinguish them clearly one needs invariant mass resolution
of ~100 MeV, or ~ 1%. This translates into a momentum resolution for the daughter e* of
~ 1.2% in the range 4 — 8 GeV /c.

The Y measurement also generates requirements on the purity and efficiency of electron
identification. The identification needs to be efficient because of the low cross section
for Y production at RHIC, and it needs to have high purity against the charged hadron
background to maintain a good signal to background ratio. This requires minimizing
track ambiguities. For a continuous tracking device such as a TPC one must optimize
the two-track separation through the appropriate choice of granularity of the readout
plane, and control of space charge and pile-up effects. Translating this need into a detector
requirement can be done only by performing detailed simulations with a specific tracking
configuration, followed by evaluation of the tracking performance.

Fragmentation functions at high z also place stringent requirements on momentum res-
olution and at larger momentum than the Y reconstructions. In order to unfold the full
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General Remarks about Tracking TPC

fragmentation function, f(z), the smearing due to momentum uncertainty should be very
small compared to the corresponding smearing due to the calorimetric jet measurement for
a cleanly identified jet. For a 40 GeV jet this condition is satisfied by a tracking momentum
resolution of Ap/p ~ 0.2% - p or better.

Measuring fragmentation functions at low z requires looking for possibly wide angle
correlations between a trigger jet and a charged hadron. This places only moderate
requirements on the momentum resolution (Ap/p ~ 1% - p), but reinforces the requirement
of large acceptance.

Tagging heavy-flavor jets introduces the additional tracking requirements. At minimum
this demands the ability to measure the displaced track originating from a D or B meson
decay. The ct for D and B decays is 123 ym and 457 um, respectively, and the displaced
track would need to be identified with a resolution sufficient to distinguish these decays
against backgrounds. Furthermore, heavy-flavor jet identification algorithms such as
DCA-counting methods require multiple large DCA tracks to be found simultaneously
within a jet and will require a large single track efficiency to keep the overall identification
suitably efficient. Other heavy flavor jet identification methods such as those based on
tully reconstructing individual secondary vertices can place additional demands on the
individual track position resolution and impact the inner pixel segmentation.

3.2 General Remarks about Tracking

3.2.1 Magnetic Field

The field produced by the Babar magnet is shown in Figure 3.1. The sSPHENIX application
of this coil is rather close to the original BaBar design with an EMCAL inside the coil and
tracking extending to ~78 cm. A standard solenoid with length equal to diameter has
significant radial magnetic field components at each end and thereby does not produce an
idealized field shape. A return yoke with a small opening (e.g. STAR) will compensate for
this shortcoming while severely limiting possibilities for upgrades in the forward direction.
The BaBar magnet attacks this classic problem by using an increased winding density
at each end, thereby sacrificing uniformity of the field at large radius, for an extended
“sweet spot” of field in the middle. Thus the region in which sPHENIX plans to install
tracking features a close-to-ideal magnetic field shape. It should further be noted that the
calculations of Figure 3.1 are done with a return yoke that allows for future upgrades in
the forward direction.
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Figure 3.1: The BaBar magnet field superimposed with the dimensions of the tracker volume.
This calculation includes the effect of the field return as envisioned for future upgrades
(forward arm spectrometer). The dashed line indicates the inner radius of the TPC tracking
volume.

3.3 TPC Design Overview

The TPC design follows the classical cylindrical double-sided TPC layout used in sev-
eral other experiments, with a central membrane electrode located at the middle of the
interaction region dividing the TPC into two mirror-symmetric volumes, as shown in
fig. 3.2.

In each such volume the readout plane is located on the endcap inner surface, facing the
gas volume. The electric field, transporting primary ionization to the readout plane is
formed by the membrane electrode set to the highest voltage bias on one side and by the
the readout plane at ground potential on the other. The electrical drift field is constrained
by the field cage along the inner and the outer cylindrical surfaces of the TPC.

The two mirror-symmetric parts of the TPC form a common gas volume filled with the gas
mixture, which transports primary ionization to the readout plane on each TPC endcap
surface. The same gas that transports primary ionization also serves as the medium for the
amplification elements located in front of the readout planes. These amplification elements
are built based on several layers of micropattern gaseous detectors.

Other TPC subsystems directly related to the main volume are the channel readout system;
high voltage distribution systems for the drift field and for the amplification elements;
gas circulation, control and purification system; TPC calibration systems. Operation and
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Figure 3.2: Schematic layout of TPC main elements.

Size | end/TPC | sector/end | cards/sector | channels/card | channels/TPC
R1 2 12 5 256 30720
R2 2 12 8 256 49152
R3 2 12 12 256 73728
TOTAL 153600

Table 3.1: Table summarizing TPC module and channel counts.

14 readout of different service subsystems requires a TPC slow control system.

14s  Each end of the TPC will be divided into 12 azimuthal segments and three radial segments.
wso  This size of GEM chamber is well established in multiple experiments and should lead to
st stable and reliable operation. Charge from individual pads will be collected by SAMPA
sz chips (developed by ALICE) on the so-called FEE cards. Each FEE will house 8 SAMPA
1ss  chips and thereby 256 channels. The R1, R2, and R3 modules support 5, 8, and 12 FEE cards
s« respectively. Thus, the total number of channels for the TPC is 153,600. These channel
15 counts are summarized in Table 3.1

1056

7 Data flowing from each TPC sector (25 cards) will be collected into a Data Aggregation
ss  Module (DAM) wherein clustering algorithms will be performed prior to the data entering
150 the main sSPHENIX DAQ stream.
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3.4 TPC Simulations

The TPC simulations we have performed target a realistic representation of the cluster size
and two-hit resolution based on design parameters which are consistent with those described
in the previous section.

At the very high luminosities expected during sSPHENIX operation, the charge collection
time in the TPC causes charge from multiple different collisions to be drifting in the TPC
at any given time. The time window for the configuration used for these simulations is
+13.2 us. Ata Au+Au collision rate of 200 kHz the number of “pileup” events is typically
3 to 8, and they add very substantially to the occupancy in the TPC. In p+p collisions it is
far higher, but the multiplicity per event is much lower. The simulation results presented
here are for Au+Au, and to simulate the detector performance in high luminosity events
we use central (0-4 fm impact parameter) Au+Au collisions as the triggered event, and a
200 kHz minimum bias collision rate to add pileup event charge.

GEANT4 is used to record energy deposits in a cylindrical volume of gas. In the results
shown below, the volume was filled with a Ne:CF; mixture (90:10) operated with a drift
voltage of 400 V/m and a drift speed of 8 cm/us. The energy deposits are recorded in
discrete radial regions of the cylindrical volume. For each region, a Poisonnian random
number of ionization electrons are produced along the track trajectory according to mea-
sured values of the average ionization per energy deposit for the simulated gas. Because
highly angled tracks deposit energy along an extended path in z within each radial layer,
they have an important effect on the occupancy in the TPC. Therefore the primary ion-
ization is broken up into segments in z that are drifted independently. Each segment of
the primary ionization is then randomly diffused in 3 dimensions. The average diffusion
is then added in quadrature with a constant diffusion to emulate diffusion during the
amplification stage of readout.

The r — ¢ readout is simulated using a plane of “zigzag” pads having the planned geom-
etry of the chevron pads, so that charge sharing is properly accounted for. The charge
distribution at the pad plane from each drifted z segment is divided between pads using an
analytic formula that provides the fraction of the charge distribution on a pad as a function
of distance from the pad centerline. For the z direction, the analogue timing response
of the SAMPA chip is simulated with different rise and fall times that approximate the
measured response of the chip. In these simulations a SAMPA peaking time of 80 ns is
assumed. The resulting time distribution is broken up into ADC time bins, and the bins
are assigned a z location based on the drift velocity. The charge is digitized into a 12-bit
ADC for each pad, directly in proportion to the number of diffused electrons reaching the
pad (gain fluctuations are not currently simulated).

After the pad ADC has been recorded in each time bin, clustering is performed to group
(pad,time-bin) pairs into 3-dimensional detector hits to be passed to the track-finding
algorithm. The current cluster finding algorithm is designed to operate in a high occupancy
environment and can separate overlapping clusters as long as the cluster centroids are
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separated approximately 1.5 sigma of the cluster width. This performance is sufficient to
guarantee close to 100% cluster reconstruction efficency in high pile-up Au+Au events up
to a channel occupancy of ~ 40%.

100pions _|
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Figure 3.3: comparison of the track reconstruction efficiency for the simulated TPC for pions
between 0 and 40 GeV/c in standalone 100 pion events, and embedded in central (0-4 fm)
Au+Au collisions with event pileup from 200 kHz Au+Au collision rate. Even in the very
high occupancy environment the tracking efficiency is ~ 94%.

In addition to the TPC, the silicon strip INTT inner layers are included in the tracking
setup. The clustering is performed on the silicon hits by finding groups of contiguous
strips within a sensor.

From the clusters charged particle trajectories are reconstructed by a seeded kalman filter
based algorithm comprised of the following steps:

e A 5-dimensional Hough transform is employed to locate clusters from helical hit
patterns in the TPC arising from tracks bending through the solenoid field to seed
the track reconstruction.

e Track seeds are propagated outside-in from the TPC. to the optional inner silicon
based detectors by a Kalman filter [124] based pattern recognition algorithm.
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Figure 3.4: comparison of the momentum resolution of the simulated TPC for pions between
0 and 40 GeV/c in standalone 100 pion events, and embedded in central (0-4 fm) Au+Au
collisions with event pileup from 200 kHz Au+Au collision rate.

1113 e Iteration of the first two steps using looser seeding criteria in subsequent iterations.
1114 e Clusters belonging to the same track are fit using a Kalman-filter-based generic
1115 track-fitting toolkit [125], to extract track parameters including displacement at the
1116 vertex and the momentum vector at vertex.

1117 o All tracks are fed into a generic tracking fitting toolkit, RAVE [126], to determine the
1118 locations of the primary and secondary vertices’s.

ime  The performance of the detector in simulations is illustrated here by several figures. Fig-
120 ure 3.3 provides a comparison of track reconstruction efficiency for simulated events
1121 consisting of a central (0-4 fm impact parameter) HIJING collision, plus pileup from mini-
1122 mum bias HIJING collisions assuming a collision rate of 200 kHz. The track reconstruction
1zs  efficiency is evaluated for 100 pions (pr = 0-40 GeV/c) embedded in the central event.
12« Reconstructed tracks are required to have a reconstructed pr within 4c of the truth pr.
1zs  The track efficiency is compared with that for low occupancy events, containing only the
112e 100 pions. Figure 3.4 compares pt resolution at low and high occupancies obtained from
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Figure 3.5: Upsilon 1S mass spectrum and resolution for the simulated TPC in low multiplic-
ity events (100 pions), where the mass resolution is 85 MeV, is shown on the left. The mass
resolution averaged over a store is about 120 MeV with the current very simple clustering
algorithm, and is shown on the right.

the same simulations. Figure 3.5 shows the mass spectrum for reconstructed Y(1S) decays,
where on the left the Upsilons were embedded in low occupancy 100 pion events, and on
the right they were embedded in the high occupancy environment of a central Au+Au
collision with the collision rate integrated over a four hour store. The mass resolution is
about 85 MeV in low occupancy events, but increases to about 120 MeV at the highest
occupancies. This increase is caused by overlaps of TPC clusters in the highest occupancy
case. The present clustering algorithm locates local maxima in the Z vs r-¢» distribution
and follows the distribution in all directions until the signal falls below threshold, or starts
to rise again. Then the cluster centroid is evaluated using a weighted sum of the hits in
the cluster. This very simple algorithm finds clusters with very good efficiency, but the
precision of the centroid determination suffers from even small overlaps of clusters. We
are investigating clustering algorithms that will provide better cluster centroid precision
at high occupancy.

We have also tested the effect of high TPC occupancy on the performance of the tracking
system if the proposed MVTX detector is added to sSPHENIX. The goal is to understand
whether the TPC as a tracker will work well in high occupancy events with a displaced
vertex detector. The results for the r¢ track vertex resolution are shown in Figure 3.6.
Results for the track vertex resolution in the z direction are shown in Figure 3.7. The track
vertex resolution shows little effect from the high occupancy except for the DCA resolution
in the z direction at high momentum, where it is nevertheless still very good.
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Figure 3.6: comparison of the DCA resolution in the r¢ plane for a tracker consisting of the
TPC and the proposed MVTX pixel barrel and the INTT silicon strip detectors. The compari-
son is for pions between 0 and 40 GeV/c in standalone 100 pion events, and embedded in
central (0-4 fm) Au+Au collisions with event pileup from 200 kHz Au+Au collision rate.

3.5 TPC Design Details

3.5.1  Design Drivers

The TPC system must supply sSPHENIX with excellent pattern recognition and excellent
momentum resolution in order to meet all the physics goals. As detailed below, this is
a challenging task, but not insurmountably so. Figure 3.8 shows in 3D model form the
location of the TPC. Because the TPC is sandwiched between the EMCAL on the outside
radius and the silicon detectors on the inside, the radial extent of the TPC is limited to
20 cm — 78 cm.

The radial extent along with the polar angle direction (7 < £1.1 units) defines the TPC
envelope as indicated in Figure 3.9, compliant with the SPHENIX envelope control specifi-
cations. As compared to prior TPC detectors used in heavy ion physics (STAR, ALICE) the
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Figure 3.7: comparison of the DCA resolution in the z direction for a tracker consisting of
the TPC and the proposed MVTX pixel barrel and the INTT silicon strip detectors. The com-
parison is for pions between 0 and 40 GeV/c in standalone 100 pion events, and embedded
in central (0-4 fm) Au+Au collisions with event pileup from 200 kHz Au+Au collision rate.

sPHENIX will be rather small and is thereby referred to as a “compact” TPC. while aspects
of being compact simplify the detector construction (e.g. not requiring a scaffold to reach
the detector top), others present challenges. In particular, a short gas length adversely
affects the ‘;—f resolution and yields a small lever arm for momentum measurements.

Figures 3.3, 3.4 and 3.5 show simulations of the performance of the TPC and indicate that,
as simulated, we meet or exceed all specifications. This performance is despite the short
lever arm, but requires that the end-of-day resolution of the TPC should be better than
200 pum in the r — ¢ direction. While not significantly beyond the bounds of what has been
previously achieved, we must maintain this performance in the face of high collision rates
and possibly high space charge effects.
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Figure 3.8: Schematic layout of the SPHENIX experiment. The TPC is presented as the central
blue cylinder.

e 3.95.2 Limiting Space Charge Effects

16 Figure 3.10 summarizes the geometrical overview of the TPC. Tracking is accomplished by
1o digitizing the after-avalanche electron clouds that impinge upon the amplification stage
171 after having drifted away from the central membrane. Because of the enormous positive
1172 charge left in the gas volume following avalanche (here expected to be 2000X the primary
173 charge), any TPC design must specifically deal with the positive ions to eliminate or at
1174 least minimize their impact on the TPC drift field. Traditionally this issues is handled by a
1175 so-called “gating grid” whose bias can be set to either allow the flow and electrons (and
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Figure 3.9: The outer limit of the TPC radial space (20 cm to 78 cm)is bounded by the INTT
and EMCAL detectors and allows for an as-yet-unspecified future 10 cm PID upgrade device.
The length is defined by the 7 < 1.1 sSPHENIX aperture.

ions) or deny this flow. A traditional TPC therefore operates by opening the gating grid
upon receipt of a trigger, holding it open for a time sufficient to collect electrons with the
largest drift time (i.e. those originating near the central membrane), and then closing it for
a time period sufficient to block all avalanche-induced positive ions from entering the main
TPC gas volume. Because of the “off-time” for responding to positive ions, traditional
TPC’s are considered somewhat slow devices.

A new concept in limiting Ion Back Flow (IBF, or avalanched-induced positive ions) has
been pioneered by the ALICE collaboration and is expected to be brought online by
them prior to first data-taking with sSPHENIX. With the advent of MPGD (Micro-Pattern
Gas Detector) technology a breakthrough is possible in IBF handling. As indicated in
Figure 3.11, the avalanche stage of a gas detector can be made using a stack of Gas-Electron
Multiplier (GEM) foils. Each foil contributes a small fraction of the total gain, which
is achieved only when avalanching through the full stack. However, through clever
manipulation of the electric fields between GEM foils (“transfer” fields) one can generate a
condition whereby only a very small fraction of the positive ions are able to drift back into
the main detector volume. In this way, the detector can be kept fully live at all times.

Unfortunately, the MPGD-based avalanche scheme is not 100% effective at blocking posi-
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Figure 3.10: Ionization drifts away from the central membrane of the TPC and impinges
upon the avalanche chambers located at each end. The end plates are segmented into 12
azimuthal and 3 radial segments, making a total of 72 modules in total. Each module is a
quad-GEMstack operated in a low IBF configuration.

Cover alactnoda

OEM l'_:_lu Ean Eﬂ
1
[_:E:_] Ers L:E._]_;Emm
GEM 2
- | E:; | e | [2mm
GEM 3 - :2
‘_?_, Ers mm
GEM 4 ﬁ'J §
I._:_I B readout anode [_::_] 4.2 im

Padpiane [

Swrang na..':h.l I

Figure 3.11: This figure shows the final design of the ALICE avalanche modules using
a quad-GEMstack. We expect to operate similar chambers or perhaps a hybrid yMEGA
arrangement.

tive ions from entering the gas volume. Figure 3.12 illustrates the problem. charge from the
primary ionization (indicated by blue lines) is released into the gas volume. The positive
ions will drift toward the central membrane with some having short paths and others
longer. Conversely, all IBF positive ions begin at the avalanche chambers and therefore
drift through the entire TPC gas volume. Because of the large disparity in drift velocity
between the fast electrons and slow ions, the TPC effectively ”stores” a past time history of
ionization in the form of pancakes of charge that slowly drift toward the central membrane.
Even in the case of upgraded ALICE working optimally, when operating at a gain of 2000
and an IBF fraction of 1%, the IBF positive charge will exceed the primary by a factor of
20X. Thus, all possible precautions and design considerations must be applied to the IBF
issue.

The analytical expression for space charge density in radius and z, developed by STAR,
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Figure 3.12: All ionization produces both signal electrons and positive ions. Primary ion-
ization sets the lower limit to TPC space charge. However, even small percentage back
flows from the avalanche stage (here represented by the red “pancakes” of drifting charge)
contribute significantly to the overall space charge and will likely be the dominant source.

has the form:

I-M-R |1— m +e
/ 3.1
p(r,2) 2 | 2 S
where 1 — = accounts for primary ionization and e accounts for IBF. Figure 3.13 shows

the relative contributions of the two forms of space charge. The left panel shows the result
from only primary ionization. The right panel shows the effect of adding only 1% IBF at a
gain of 2000X. The space charge comes overwhelmingly from the non-absorbed fraction of
avalanche charge. For this reason, we put our initial TPC design efforts into minimizing
IBE. The following sections summarize each of the design steps we have used to combat
and minimize IBF.

3.5.2.1 lon Drift Velocity

In general, the ion drift velocity is given by the expression:
vion = KE (3.2)

where K is the ion mobility and E is the electric field. Although the ion mobility is,
in principle, a function of the applied field, for all practical values of drift field, the ion
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Figure 3.13: The left panel shows the anticipated space charge in the TPC resulting from only
primary charges with a minimum bias collision rate of 100 kKHZ. The right panel shows the
result if one assumes 1% IBF from the avalanche stage operating with a gain of 2000.

mobility is a constant. Therefore, the initial attack on space charge involves maximizing the
ion drift velocity by maximizing both the mobility and electric field strength. Figure 3.14
shows the ion mobility in pure gases as a function of mass. Clearly the fastest gases have
the lowest mass, driving us toward Ne as the principle noble gas component for sSPHENIX.
The right hand plot in the same Figure shows the accuracy by which one can predict ion
drift velocity in gas mixtures using Blanc’s Law:

1L _ A L [
—— =+t —+=+. 3.3
Kt K1 Ky K (33)
Blanc’s law is analogous to the formula for resistors in parallel. We can apply law to
compare ion drift velocities across experiments as shown in the table below:

2

Gas K (v —) wvp (E=130-%) vp (E=4001%)

Ar 1.51 196 604
Ar-CH;90:10  1.56 203(STAR) 624
Ar-CO,90:10 145 189 582

Ne 42 546 1680
Ne-CH, 90:10  3.87 503 1547
Ne-CO,90:10 327 425 1307(ALICE)

He 10.2 1326 4080
He-CH490:10  7.55 981 3019
He-CO,90:10  5.56 722 2222

T2K 1.46 190(ILC) 584

It is clear that the space charge issues in STAR and ALICE are of an entirely different
nature. in STAR, the ion mobility is low enough that the positive argon ions from the
primary charge generate track distortions. In ALICE, both the noble gas choice (Ne instead
of Ar) and the high drift field, dramatically reduce the distortions due to the space charge
from the primary ionization. After upgrade, ALICE will struggle primarily with the ion
back flow from the amplification stage.
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Figure 3.14: The left panel shows the mass dependence of positive ion mobility, clearly
favoring light gases for high mobility and thereby low space charge. The right panel shows
the effectiveness of Blanc’s Law for calculating ion mobility in gas mixtures.

3.5.2.2 GEMstack Operating Point

ALICE has done extensive studies of the characteristics of IBF using a quad GEMstack.
Their results are summarized in Figure 3.15. The vertical axis is an energy resolution
measure based upon > Fe measurements. The 5.6 keV gamma from >®Fe would be expected
to have a fractional width -7 of roughly 8%. However, one sees that in the limits of lowest
ion back flow, the resolution worsens significantly. Understanding this effect is simple. In
the ALICE configuration, any positive ions created by the top GEM will be coupled directly
in to the drift volume. Therefore, lowering the gain in the first GEM is the most effective
way to lower the IBE. However, fractional gain fluctuations are maximized at low gain,
thereby spoiling energy resolution. Despite the many different running configurations
represented in this plot, all fall basically atop the energy resolution vs IBF compromise
curve.

For ALICE this is a critical consideration since their TPC’s main function is the measure-

ment of specific ionization, d—ﬁ. For sPHENIX the case is significantly simpler since our

physics goals do not require a precision Z—ﬁ measurement. We therefore choose to operate

our GEMstacks at the lowest point measured by ALICE, 0.3% IBF.

3.5.2.3 Field Cage Entrance Window

The finger-physics explanation of the effects of space charge in the TPC volume is simple:
Positive ions attract electrons and thereby distort their trajectories toward the “middle”
radius of the TPC. A more careful consideration reminds us that if space were filled with
a uniform charge density, that there would be no net force on the electron. Therefore we
are lead to the simple picture that space charge distortions maximize at both the inner
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Figure 3.15: Results from R&D for the ALICE experiment indicate a “universal” trend.
Configurations with the lowest IBF suffer from poor energy resolution. The principle reason
for this trend is the contribution of the first GEM to the overall gain.

s« and outer field cages where the space charge density has a discontinuity. Indeed, full
1255 calculations of space charge distortions for sSPHENIX are shown in Figure 3.16. The blue
126 curve indicates a calculation for a TPC spanning the radial range 30-80 cm. The maximum
1257 distortion is 2 cm found exactly at the inner radius. Notice, however, the red curve for a
128 TPC spanning 20-80 cm. At the lowest radius, the distortion is indeed severe (3 cm, 50%
i25s worse than before), however the distortion of the track at 30 cm is drastically reduced to
10 only 3 mm!. Thus, by modifying our TPC design from the originally-proposed version
1261 (30-80 cm) to a new version that spans (20-80 cm), can can easily and dramatically reduce
1262 space charge to under 1 cm.

1263 3.5.2.4 Passive Mesh for IBF Reduction

124 Although our current proposal for IBF reduction (Ne gas; High E-field; Low IBF Op
126s Point; Moved Inner Field Cage), makes our distortions manage-ably small, there is still
1266 significantly more that can be done to reduce IBE. Such a reduction would allow us to, for
1267 example, change the operation point of the GEMstack to regain much of the lost resolution.
126s 'To understand the technique we must first gain insight on how IBF reduction in an MPGD
1200 detector works.
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Figure 3.16: Electron paths are primarily influenced by the charge density closest to the
electron. Necessarily, the greatest deflections from the ideal trajectory are found closest to
the field cage. By moving the field cage entrance window from 30 cm to 20 cm, we are able
to drastically reduce the deflection due to IBF to reasonably manageable levels.
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Figure 3.17: In the limit of zero diffusion, one can easily visualize the mechanism behind
IBF suppression. When the exit field of a GEM significantly exceeds the entrance field, near
100 % electron transmission is achieved while many or most of the ions terminate instead on
the GEM itself.

1z70 Figure 3.17 shows the electric field lines of a GEM under operation in the left panel. Notice
1271 that the density of field lines below the GEM is greater than above, indicating the the
122 transfer field exceeds the drift field. The right hand panel shows the limit in which we

58



1273

1274

1275

1276

1277

1278

1279

1280

1281

1282

1283

1284

1285

1286

1287

1288

1289

1290

1291

1292

1293

TPC TPC Design Details

ignore diffusion during transport. The violet region indicates the field lines passing from
above the GEM to below. The blue “halo” region surrounds the “core”. Electrons beginning
above the GEM will all be transported through the holes. However, ions beginning below
the GEM will distribute themselves among the core and halo, thereby having only a
fractional transmission.
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Figure 3.18: The so-called “Sauli Point” for a GEM is a spike in electron transmission at very
low dV. sPHENIX has proposed and simulated using either a low AV GEM operating at the
Sauli Point or even a simple mesh to create an electron-transparent but ion-blocking shield.

This effect is quite similar to that which induces the so-called “Sauli Point” (Figure 3.18)
for GEM transparency at low avalanche field. Indeed, this phenomenon has served as the
basis for design of the gating GEM anticipated for use the the ILC TPC. Inspired by that
possibility and further encouraged by a private suggestion that the same might be accom-
plished by a passive mesh (H. Appelshéduser, ALICE), we began a second consideration of
methods to combat IBF without compromising energy resolution.

Figure 3.19 summarizes the approach. The well understood degradation in energy resolu-
tion with decreasing IBF comes from fluctuations at low gain the the first GEM. Indeed,
statistical distributions enforce this tendency, for example Poisson distributions have the
variable equal to the mean. However, an avalanche is different. At the very least the
primary electron in the avalanche will be present at small gain ~1. For this reason, an
avalanche stage with full transparency and no gain introduces no fluctuations. If such a
structure were placed with asymmetric entrance and exist field, it is natural to assume that
the electric fields would dictate high transparency and low IBE.

Full GARFIELD simulations indicate that this configuration should be viable. Many
different mesh geometries have been modeled by sSPHENIX, one of which is summarized
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Figure 3.19: Electron gain differs from simple statistical calculations (e.g. Poisson) because
even without gain, at the very least the electron that enters the avalanche exits as well.

Therefore the fluctuations (measured as ..7-) vanish in the low gain limit.
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Figure 3.20: Full GARFIELD simulations including magnetic field in the idealized mesh
shape shown here, square holes photographically etched into flat metal.
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120« in Figures 3.20 and 3.21. Both the electron transmission (forward direction) and the ion
1265 blocking (backward direction) have been measured using GARFIELD in our operating
126 gas and as a function of magnetic field in the TPC. Clearly, for quite reasonable ratios of
127 drift and transfer fields, one can achieve nearly 100% electron transmission while blocking
126 about 80% of the positive ions. This would, in principle allow for much more favorable
120s  Operating points with very low IBF and good energy resolution. Future R&D will confirm
100 these findings.
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Figure 3.21: GARFIELD results indicate that for reasonable ratios of EEi near perfect

entrance

electron transmission can be achieved while blocking 70-80% of the ions produced in the
avalanche stage.

3.5.3 Diffusion and Resolution
The prior section justified our choices for minimization of IBF effects on the TPC:

e Use a low mass gas (Ne) to increase ion drift velocity.

Use a high drift field to increase drift velocity.

Select a GEM operating point for intrinsically low IBE.

Move the inner field cage closer to the interaction point to counteract space charge.

Adjust the field strengths on both sides of the field termination mesh to allow for
passive IBF rejection.

These steps, will surely minimize the IBF distortions or a manageable level. This, our next
consideration must be resolution.

The single point resolution of a gas chamber can be expressed as the quadrature sum of
several terms:

D2L
07 =02+ WTff + 02 (3.4)

Here 0y is the position resolution, 0, is the intrinsic resolution of the pad plane, Dr is the
transverse diffusion constant, L is the drift length, N, Ff s the effective number of electrons,
and oy is the uncertainty due to space charge distortion. The character of the diffusion
constant reflects the random walk process. Clearly the lowest diffusion gas will give us
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the best precision so long as we achieve charge sharing among pads (so as to not ruin the
pad term).

Although the N, ¢ term looks like simple counting statistics, it is somewhat more compli-
cated. Two principle factors reduce the effective number of electrons as compared to the
average number of ionization electrons. The first factor is only relevant when the number
of electrons is very small on average. This one notes that:

e ()

Although significant for numbers of primary electrons below 10, this correction is only
a few % for our case. The second factor is more subtle and more significant. Since each
electron’s avalanche is of different strength, the error on the mean is larger than the error of
a single measurement over v/N. This calculated by Kobayashi for a Polya gain distribution
with parameter 6 as:

1
R=1+-— (3.6)

The the gases currently under consideration by sSPHENIX this reduction in N, is between
a factor of 1.5 and 2.
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Figure 3.22: Three types of gases are analyzed for longitudinal diffusion (red), transverse
diffusion (blue), and drift velocity (black). The left panel shows the original ALICE gas
(Ar:COy), “Ne2K” (as described in the text), and our current leading choice (Ne:CF; 90:10).

Figure 3.22 shows calculations of diffusion and drift velocity for several gas choices.
The red curve is longitudinal diffusion, the green curve is transverse diffusion, and the
blue curve (different scale) is drift velocity. Table 3.2 summarizes the diffusion-driven
resolution.

Pure resolution considerations obviously favor the Ne : CF; gas mixture over Ne2K,
however, the plateau at our exact drift velocity in Ne2K makes this remain an attractive
choice. Both gases will be investigated moving forward.
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Gas | Ness | Dr \'77% Oarift | Tarift | ox(chr)
Ne2K | 31.4 | 1202 | 214 um | 56257 | 18 usec | 32nsec

nsec

Ne:CF, 90:10 | 32.1 | 60L2 | 106 um | 801 | 12.5 usec | 17.5nsec

nsec

Table 3.2: Resolution comparison for Ne2K and Ne:CF; gases.

3.5.4 TPC Electronics

sPHENIX benefits tremendously from the developments in ALICE for their own TPC
upgrade. In many ways, our detector is based upon theirs. It is therefore worthwhile to
summarize their design before moving to the particulars of sSPHENIX/

The ALICE TPC at the LHC is to read out continuously at 50 kHz in Pb+Pb collisions, a
reasonable match to requirements at RHIC. Figure 3.23 shows the block diagram of signal
processing based on the ALICE TPC upgrade electronics.

LTU

timing and trigger
distribution (TTS)

control and
configuration

| (@) - DCSs
monitoring data
» VTTx ()  Physics &

monitoring data detector

CRU data links

Trigger, control
L AMPA (5x) Oand configuration (DDL3)

32 channels '| online
front-end Physics data farm
160 input GBT-SCA Fec| links (GBT)

“ll| channels

Figure 3.23: Block diagram of signal processing for ALICE TPC upgrade

Starting from the end of the signal processing chain, the Data Control System (DCS) and
online farm is the computer system where the data are stored and processed for analysis.
The LTU provides the timing and trigger signal to the Common Readout Unit (CRU), which
is the post-processing system where some online calibrations and event reconstruction are
performed.

The Front End Card (FEC) consists of SAMPA chips which amplify and shape the analog
signals and digitize them. The DSP (data processing unit) is also on the chip. This
formats the digital data into a data packet (it also performs baseline suppression, i.e.,
zero-suppression of the raw data). The packet is then sent to GBTx followed by VTTx.
They convert the data packet into optical signals.

The block diagram of the SAMPA chips is shown in Figure 3.24. In the ALICE design, there
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Figure 3.24: Block diagram of ALICE SAMPA chip

will be 5 SAMPA chips multiplexed by 2GBTx ASICs. One SAMPA chip accepts 32 inputs,
therefore one FEC can process 160 inputs. The ALICE TPC will have 121 FECs per readout
segment module. The TPC will be equipped with 18 segments in each side, 36 segments in
total.

By contrast, the sSPHENIX system is summarized in Figure 3.25. The sPHENIX FEE cards
will each carry 8 SAMPA chips and thereby readout 256 channels on each FEE. Going
outward in radius, the sSPHENIX modules carry 5, 8, and 12 FEE cards respectively. This
results in 153,600 active channels for the entire TPC system. Each sector of 25 FEE cards
is serviced by a single PCl-express-based FPGA card, Data Aggregation Module (DAM),
which is hosted on a server, Event Buffering and Data Compressor (EBDC). The DAM
is responsible for event alignment and clustering. Furthermore, present calculations
indicate that we can create false event boundaries from our continuous readout by copying

ambiguous data into both triggered events. Then the result sub-event is compressed on
EBDC and send to the sSPHENIX event builder via Ethernet.

The SAMPA chip has reached a mature stage as evidenced by the waveform from the
MPW?2 test run. This waveform was obtained directly from the silicon in the ORNL
laboratory of Chuck Britton. One should note that the SAMPA chip’s rise time is on the
slow side for sSPHENIX. Our drive towards low diffusion to meet the resolution spec
has necessitated the use of a “cold” gas (namely CF;) which has also increased the drift
velocity. In principle, one should match the charge collection time to the time constant
of the amplifier. With low diffusion and high drift velocity, there is a mis-match with the
electronics time constant being longer than we would prefer. This increases the occupancy,
but not to the point that the tracking efficiency is expected to suffer.

At the time of this writing we have received several SAMPA chips for testing. We have
developed a utility test board that serves a list of important functions:

e The board opens multiple diagnostic channels to allow a complete evaluation of the
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FEE > DAM data stream: Clock/Trigger input: Output data stream to buffer box:
600 fibers total, max 10-Gbps fiber link Fiber, protocol TBD 24 x 10 Gbps Ethernet

Max continuous rate: 2 Gbps / fiber Clock = 9.4 MHz Buffer data in counting house,
Average continuous rate: 1.6 Gbps / fiber Trigger Rate = 15 kHz then send to RCF for tape storage
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Figure 3.25: An overview of the TPC electronics chain. FEE cards housing SAMPA chips
are located on board of the detector. Zero suppressed, untriggered data flows to Data
Aggregation Modules (DAMs) hosted on Event Buffering and Data Compressors (EBDCs)
located in the counting house. From there, the TPC data joins the main stream flow of the
sPHENIX DAQ.

SAMPA chip.

e The board interfaces directly to existing GEM modules at BNL and Stony Brook so
that physics signals (*°Fe, generated soft X-rays, cosmic rays) can be used to excite
the GEMstack and read out through a SAMPA-based chain.

The experience of the test board should put us in an excellent position to develop the
8-SAMPA version of the board that will be compatible with modules on the main TPC.

Figure 3.26 shows the current leading implementation for the DAM device: using the
ATLAS FELIX board. Because the DAM is a digital-in and digital-out board with on board
programmable processing power, multiple already available options for implementation of
the DAM exist. Figure 3.29 indicates a comparative study of the ALICE CRU module to the
ATLAS FELIX module. Either of these devices fulfills the DAM throughput specification.
While the CRU unit from ALICE can be paired with a SAMPA data stream, the FELIX
board is being developed with the help of the BNL Instrumentation Division and ATLAS
experiment since it appears likely to satisfy all the requirements, and local expertise
will provide a stable platform for the DAM operations in the long term. Therefore, we
determined the FELIX board as our first choice.
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Figure 3.26: Block diagram for DAM and EBDC. Estimation of the DAM performance as
realized using the FELIX board have been performed following this architecture assumption
detailed in these diagrams. These studies indicate that not only can the FELIX card handle the
desired throughput, but it can additionally assert “trigger coincidence” criteria by copying
data from overlapping triggers into both events.

Data the DAM-EBDC system and at each processing stage is studied via a Monte-Carlo
simulation of the collision and data stream. Part of the data stream from one of these
simulation sets is shown in Figure 3.30. The result rate calculation is summarized in
Table 3.4. We have also acquired via loan a FELIX version 1.5 card that is being used to
study the throughput and verify the simulation results. This DAM and EBDC test stand
has also been used as the DAQ in FEE prototype test stand.

3.5.5 TPC readout plane

One consequence of pushing resolution through low diffusion regards the size of the cloud
that hits the pad plane. The advantages of a charge-division pad plane are entirely lost if
the charge from a single avalanche is confined to 1 single pad. This this reason, “chevron”
or “zig-zag” pads have been developed as a means of ensuring charge division for even
narrow avalanches.

Figure 3.31 indicates the chevron segmentation style applied to our pad planes. Charge
sharing is driven by the fine part of the zig-zag pattern, while channel count is driven by
the macroscopic pad-to-pad spacing.

The radial pad size is ~1 cm. The transverse dimension of the pads varies with ~1 mm
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Table 3.3: Raw data rate estimate for sSPHENIX TPC and ALICE TPC cases

Parameters sPHENIX ALICE Notes
(Au+Au 200GeV) (Pb+Pb5.5TeV)

dN/dy (Minbias) 180 500

1 coverage of TPC 2.2 (|n] <1.1) 1.8 (|n]| <0.9)

# of tracks in TPC 396 900

Effective # of tracks in TPC

(accounted for r-dep. # | 560 1690 note 1

coverage change)

Effective factor for track

# increase for accounting | 2 2 note 2

albedo background

# of measurements in r 40 159

# of samples in ¢ 3 2 ¢ x time~20 bins for
# of samples in timing 5 10 ALICE (from TDR)
# of bits of each sample 10 10

Data volume increase fac- .

tor by SAMPA header 1.4 1.4 Absolute maximum
Data volume/event (bits) | 9.41x10° 1.50x 108 note 3

Data volume/event (bytes) | 1.18x10° 1.88x107

Collision rate [kHz] 100 50

Total data rate (bits/sec) | 9.41x 101 7.52 %1012

Total data rate (bytes/sec) | 1.18x 10 9.41x 101

note 1: ALICE didn’t estimate from first principle. We estimated for them.

note 2: We doubled the number of tracks to account for the background, based on STAR’s
experience.

note 3: Product of the previous seven rows. ALICE estimated the data volume as 160 Mbits/evt.

w4 spacing of rectangular pads in the R1 module and ~2 mm spacing for the R2 and R3
s modules.

e The TPC amplification element is based on several layers of Gas Electron Multiplier
17 (GEM) detectors. Traditional Muti-Wire Proportional Chamber (MWPC) technology is not
s considered because it a) cannot provide desired r¢ resolution of 100 ym and b) the MWPC
19 Tequires gating to stop ion back flow, and that significantly limits the data taking rate.

20 Four GEM layers are considered in the current scheme of the amplification element. Each
uzi  GEM will provide gain in the range of typically a few thousand, suitable for the readout

122 electronics considered for the TPC. The gain range is driven by two competing factors.

s Higher gains will improve the signal:noise and improve ‘;—E results, but will also increase

1zs  the Ion Back Flow (IBF). ALICE intends to run at a gain of 2000 with SAMPA chip readout.
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Figure 3.27: Wafer measurements at ORNL for ALICE capture the waveform coming from
the SAMPA shaper in response to a delta-function excitation. The indicated peaking time
of 150 nsec, while on the slow side for sSPHENIX needs, is nonetheless OK for meeting our
performance specifications.

ALICE results also demonstrate high stability of GEM operation in the environment of
high energy heavy ion collisions.

The amplification element is shown in fig. 3.32.

The development of the sSPHENIX TPC is greatly aided by the multi-year effort put into
development of detector technologies for the EIC. In particular, this program has allowed
studies of the complete suite of gas properties for all our candidate gases and many others
that would be suitable for EIC, but not so much for RHIC.

Figure 3.33 shows the response of quad-GEM chambers to an X-ray source (*>Fe) in both
the Ne2K and Ne:CF; gases current leading our choices. Experience in the lab showed
excellent stability for both these gases over log running periods.

Furthermore, our R&D efforts have opened the door to BF measurements. Figure 3.34
shows an overlay of sSPHENIX results on Ion Back Flow superimposed upon the iconic
plot from ALICE, The agreement is excellent, opening the door to bench verification of
some of the new ideas we have had for IBF suppression including the passive mesh
concept. Currently we have NOT taken credit for this new effect in our simulations as
a conservative measure to ensure that we do not over estimate the performance of our
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Figure 3.28: The first sSPHENIX SAMPA prototype board is designed to house 2 SAMPA
chips (similar to the iTPC for STAR) and a variety of diagnostic access points. The board is
ordered. Delivery and firsts tests are anticipated for May 2017.

1441 design.

sz One issue for all chevron pattern detectors is that of differential non-linearity. Typically the
1 shape of the charge cloud folder with the segmentation of the pad plane does not produce
s a linear response with position. Indeed, as shown explicitly in Figure 3.35 the correlation
s between true position and measured position shows a saw-tooth pattern whose spatial
s period matches the pad spacing. Although our R&D shows that the troublesome response
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(@) PCied0.

FPGA Family Name Xilinx Altera Xilinx Altera Xilinx Altera CRU N N

Virtex 6 Stratix V GX | Virtex7 | Arria 10 GX ** | Virtex Ultrascale | Stratix 10 | Requirements * Xlinux Kintex Ultrascale
Status available available ES available available end of 2017 Available

from Q2'15
XCOVLX240T | 3SGXEAT | XCTVX690T 10AXI115 XCVUI190 108G280 XCKU115

C-RORC AMCA0 MP7 PCledt) FELIX v1.5 test boards
Logic Elements / Cells [M] 0.241 0.622 0.693 1.15 1.9 2.8 1.451
FFs [M] 03 0.939 0.866 1.7 2.14 1.3
LUTs [M] 0.15 0.235 0.433 0.425 1.07 0.66
18/20 Kb RAM Blocks 832 2560 2040 2713 7560 11721 1920/ 2560 4320
Total Block RAM (Mb) 15 50 53 53 133 229 40753 75.9
> 10 Gtw's Transeivers 24 48 80 96 60 144 48 (48 input + 48 output fiber links in
PLLs 12 28 20 32 60 48 FELIX)
PCle 18, Gen3 2(Gen2) + 3 4 & 6 48

# TPC Detector is the majority user ( >70%) of CRU boards. CRU requirements is measured against TPC detector specific logic occupancy. []
*#* Altough the maximum number of links of the Arsial0 family is 96 links, the FPGA equiping the PCle4 board has only 72 links

Figure 3.29: The DAM acts as a bridge from SAMPA data to the sSPHENIX DAQ and simply
applies digital horsepower to high speed digital input and output streams. As such, we can
leverage developments of other experiments such as ALICE (left panel) and ATLAS (right
panel). We currently favor the ATLAS-based solution using the so-called FELIX 2.0 card.
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Figure 3.30: Example DAM data rate simulation under the configuration of 8 cm/us drift
and 100 kHz Au+Au collisions. Top panel is data transmission from FEE to DAM, and
bottom panel for DAM data output. Both data streams are visualized as data bits (z-axis)
histograms of TPC layers (y-axis) and Beam Collision Clock (BCO) time (x-axis). Black lines
mark the the start and the extend of TPC hit stream from one Au+Au collision, and the red
lines mark that of a triggered event, for which all TPC hits within || < 1.1 is recorded in the
DAM event building stage. The result FEE to DAM average transmission rate is 900 Gbps,
and EBDC output average average transmission rate is 70 Gbps, both of which are simulated
over much longer running time (~ 1 s) than the time period being visualized in the figure.

147 can be removed from the data by simple and self-calibrating means, it is nonetheless quite
s desirable to design a pad plan that a priori would have little to no differential non-linearity.
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Table 3.4: TPC DAM and EBDC average data rate for the default TPC configuration. For var-
ious design scenarios of drift speed and collision rate that are considered for TPC operation,
the recorded data rate varies from 50-140 Gbps.

Unit count Ei:te PEE Total rate Assumptions and comments
Data  on . .
. 600 fibers 1.5 Gbps 880 Gbps | 40-radial layer TPC and 100kHz Au+Au col-
FEE Fibers . . . o
lision assumed. Rate is radial position depen-
dent. The max data rate is 2 Gbps for the
inner-radius FEEs.
BCO- 24DAMs 36 Gbps 900 Gbps | Unpack SAMPA data and add two 10-bit
buckets
header per wavelet
fc?iftererin 24DAMs  10Gbps 240 Gbps | On-DAM event builders collect 13 us of hits
58I after each trigger. This reduce data to 27%
Af’Fer clus- 24DAMs  5Gbps 120 Gbps | Cluster finding and fitting on DAM FPGA.
tering E . .
xpecting a reduction of total data volume to
50% based on STAR and ALICE experience.
After com- .
ression 24EBDCs  3Gbps  70Gbps | Lossless compression on EBDC CPUs. As-
P suming the PHENIX experience of a reduc-
tion of total data volume to 60%
Buffer box | Buffer box . .
) 70Gbps 70 Gbps | Logging TPC data to disk in buffer box sys-
logging system

tem in sSPHENIX counting house.

Figure 3.31: Schematic layout of the TPC pad rows and chevron pads.
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Figure 3.32: Schematic view not to scale of the readout element built with four layers of
GEMs. Yellow lines show electron paths, brown lines show the ion paths for one single hole
(simulation).
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Figure 3.33: R&D results on our candidate gas mixtures (Ne:CF4:iC4Hjo demonstrate good
energy resolution and excellent stability when operated with a quad-GEMstack.

Again under the guise of EIC R&D we have studied at a theoretical level that issue of
non-linearity as a function of pad shape. Figure 3.36 shows the anticipated response of our
new design. Unfortunately the line spacings used in simulation are not possible in industry
at the present time and so a compromise was made to the best that can be manufactured
today. This new pad board in in house and expected to produce DNL results very soon.
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Figure 3.34: This figure shows results obtained on our labs (Weizmann Institute of Science)
overlaid with the iconic ALICE results on IBE. These indicate that we are well positioned to
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experimentally investigate .

3.5.6 TPC field cage
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The basic function of the TPC field cage is to provide a uniform drift field from the central
membrane to the detector modules at each end. This field cage is traditionally defined by
a series of conducting rings held at uniformly decreasing potential by a precision-matched
chain of resistors. The field cage is then surrounded by a gas enclosure. Both for safety
considerations and to avoid stray electric fields in neighboring detectors, the gas enclosure
is usually grounded. Figure 3.37 shows the configuration found on the outer shell of the
STAR TPC. Both the field cage and the gas enclosure are made structurally rigid using a
hex cell honeycomb sandwich structure.

The field cage electrodes are made as a double-layer of staggered rings, one facing the
uss Operating gas and the other embedded in the field cage wall. The latter ring serves to
uss shape the field and minimize nonuniformities in the drift volume. Dry nitrogen gas flows

7

usr  gap dielectric strength of 1,’,‘1—Vm when operating at a central potential of 27 kV. Although
uss  in STAR the inner gas enclosure is skipped (exposing the field cage strips to outside air
and stressing inner detectors with electric field) in the sSPHENIX application we have more
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Figure 3.35: Extensive studies of various pad shapes have been performed to quantify and
test reduction of differential non-linearity. These tests shows that after correction, resolution
of the pad plane are easily achieved to better than 100 pm.
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Figure 3.36: Theoretical studies of pad shape have been performed and indicate that signifi-
cantly reduced non-linearity is achievable.

than enough room between the inner silicon pixels and the TPC active volume for an inner
gas enclosure. Scaling to an identical safety factor as used by STAR, we would require a
5.70m% = 7.2cm gap.

An “air” gap of this size would be undesirable for the outer TPC wall since it would limit
the active volume and degrade the momentum resolution. Because the TPC is followed by
the EMCAL, we can safely afford to solve the field issue using a solid of high dielectric
strength. The concern over this solution is two-fold. First, the dielectric field strength
of common materials is found to reduce with time in a variety of materials as shown in
Figure 3.38. Much of this variation (e.g. FR4) is dominated by micro-gas bubbles within
the material which can carbonize over time. Secondly, dependent upon material, solid
material high voltage gaps, can be subject to permanent failure during a discharge event
or over-time corona current.
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Figure 3.37: Scale drawing of the outer field cage and gas enclosure for the STAR TPC.

Material Type | Max. Operating T/G °C Voltage (V/mil) Aged rating WeC/m
Temperature (°C) Note 1 (V/imil)
FR4 105-130 160 800 300/150 0.21
FR4 Hi-Temp. 130-150 170 800 300/150 0.22
BT Epoxy 140-160 180 1300 600/400 0.40
Polyimide 150-190 200 900 700/500 0.25
HVPF* 180-200 210 3000 to 7000 3000/2000 0.28

*HVPF is a trademark of Sierra proto express.

Figure 3.38: Dielectric strengths of various common circuit card materials, reproduced from
figures by Sierra Proto Express, a Palo Alto-based circuitry company specializing in high
voltage circuit card for both terrestrial and satellite applications.

sz SPHENIX is working with the Sierra Proto Express company to develop a robust solid core
uss  solution for the outer field cage that would maximize the reliability and longevity of the
uss  device. Although a multi-material, layered ultimate design is likely, the table below shows
ues the required thicknesses for safety factors of 3X and 5X in the design assuming a single
s Mmaterial type and neglecting contributions other than the insulator itself. Calculations
7 here use the worst-case aging estimates from Sierra for each material type. These initial
uss calculations seem promising, meaning that the “air gap” solution is presently considered
use only as a fallback option. If the solid option realization has a sufficiently small radiation
o length, it can also be considered for the entrance window, thereby simplifying the design.
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Material | xo (cm) | Volt/mil 3X Safety 5X Safety
FR4 16.76 150 | 1.72 cm (10.3%x0) | 2.88 cm(17.2%x0)
Kapton | 28.58 500 0.52 cm (1.8%x0) | 0.86 cm(3.0%x0)
HVPF 28.57 2000 0.13 cm (0.45%x0) | 0.22 cm(0.75%x0)

After a complete suite of successful tests of the HVPF product we were disappointed to
learn that Sierra could not expend their production process to pieces larger than 8” x 8”
tiles. Fearing the worst for the many seams between these tiles we instead turned in the
direction of lamination-in-place of multi-layer Kapton of the same base stock as is used for
HVPE. Lab tests indicate that our design has a very large safety margin. We have designed
a lamination tensioner system that will provide Kapton to the TPC shall at uniform tension
to avoid trapper air pockets in the laminate.

Figure 3.39: Mechanical modeling of the TPC is in an advanced stage including the device
itself and also transportation/handling fixtures and assembly fixtures.

Mechanical designs for the TPC have reached an advanced stage. This advancement has
been partly driven by our wise choice to prototype the TPC field cage at full size. Our
budget allows for two complete field cage construction projects (prototypes vl & v2),
however, if the v1 device proves suitable for our needs the cost savings can be recovered.
Figure 3.39 shows the advanced model concepts for the overall TPC including handling
cart and central membrane installation tooling.

Figure 3.40 shows the plan for installation of the TPC into sSPHENIX. Each wagon wheel has
fittings for a rolling brace that will allow the TPC to roll in supported by a long cylindrical
tube. The two ends of the tube will be held up by both the handling cart (delivery vehicle
for the TPC and a second similar cart at the far end.The Handling cart falls within the
scope and budget of the TPC, whereas the second cart is costed in the installation work
package.

A conceptual holding fixture is also modeled for the TPC. We choose to hang the TPC from
the HCal since the EMCAL walls are thinner material to reduce radiation length. Each side
of the TPC accepts a “1.4 top-hat” shape. Two top-hats (east and west) are used to hang
the TPC form the HCAL and thereby in the sSPHENIX aperture.

Because our momentum resolution depends critically upon the lever arm of the TPC track-
ing we wish to track as close to the TPC field cage as possible. One realizes immediately,
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Installation Concept

Figure 3.40: Installation of the TPC will include use of the handling cart and a second cart.
The device will roll on temporary fixtures into place inside the already-assembled EMCAL.

TPC supported by Hcal
(EMCal not possible)

Figure 3.41: Because the EMCAL external structure does not provide sound support points
for the TPC, we envision supporting the device from the inner HCAL.

157 however, that a step-function approximation to a uniformly decreasing potential creates
1518 non-uniformities in the electric field. These non-uniformities have a pitch that matches the
1519 segmentation of the electrode rings (colloquially called “stripes”) and also a radial extent
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Figure 3.42: To improve field uniformity and bring the useful gas region as close as possible
to the field cage, we have chosen a very fine field cage pitch (2.8 mm). This pitch is realized
using SMD resistors of the HVPW (High Voltage Pulse Withstanding) variety. Current flow
follows the yellow arrows.

that varies linearly with the pitch. It is therefore important to minimize the pitch of the
striped electrodes.

Figure 3.42 shows the pattern we have chosen. Here a pitch of 2.8 mm is chosen and the
resistive divider chains are made from surface mount components. Although physically
small resistor packages are traditionally considered a failure risk, the resistors we have
chosen are of a new type known as HVPW or High Voltage pulse Withstanding resistors.
Each of the 1500 resistors in our multiple chains is rated to survive a 15 kV surge.

3.5.6.1 TPC Mechanical Tolerances

We have undertaken and completed an exhaustive simulation program to allow us to
accurately specify the mechanical tolerances for the TPC field cage. For each variant of
“mis-construction” (see Figure 3.43, we have used Ansys to create a full field map. Two
such variants include modules that are out of plane from their desired alignment and
having the central membrane out-of-plane.

Once the electric field distortions are known, we use GARFIELD with the distorted electric
field map and an ideal magnetic field map to measure the average position error from the
pad plane by allowing the electric field distortions to go uncorrected. The net result of this
lengthy procedure is that we are able to derive a complete suite of mechanical tolerances
to which the field cage must conform in order to minimize tracking errors. Examples of
these distortions for different electron launch points under the condition of 1 mm tilt of
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EF map for Readout Shift
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Figure 3.43: Ansys calculations have been performed to compare the electric field of an ideal
TPC to that of a TPC build with manufacturing errors. These field calculations assist in
defining the production tolerances.

the central membrane are shown in Figure 3.44. An interesting output from this study is
the discovery of a local minimum in the field-induced distortions of the TPC us run under

the conditions vy X B ~ E; 7t~ We are lucky at or very near this condition in both our
candidate gases.
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Figure 3.44: For each mechanical error calculated by Ansys, the distorted field us feed into
GARFIELD so that position measurement errors can be deduced. Calculations not only yield
a quantitative impact study of field cage errors, they also demonstrate a local minimum in
tracking error when v;¢; X B ~ E;; 1, as is the case foe Ne2K gas.

Another substantive issue for the TPC is the size of the gas volume and maintaining
cleanliness of the gas. Although it is true the PHENIX constructed an exceptional gas
system for the old HBD detector (below 5 ppm and O, and H,O at all times, the sSPHENIX
TPC i a much larger gas volume and will require special care in defining its fittings.

Our designs that are presently under construction for the full-scale prototype call out
making both the wagon wheels and their mating pieces from solid Al block. Although this
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is by no means inexpensive, it allows for vacuum-quality seals at all places.

Figure 3.45: The TPC “"wagon wheel” shall be machined from single piece Al to eliminate
cracks and minimize leaks.

Figures 3.45 and 3.46 show the details for completing the seals. The wagon wheels shall
seal to the field cages using spring-energizes elastomer gland seals. These will proceed
for simple insertion thereby eliminating the need to excessive force applies to the field
cage cylinders during assembly. Furthermore, each TPC avalanche module will achieve an
O-ring seal against the wagon wheel pieces.

3.5.6.2 TPC Fabrication

Because of the size of the TPC, the fabrication of all parts could, in principle, be accom-
plished at any of our collaborating institutions worldwide. That said, it would nonetheless
be simplest if the field cage assembly was done locally, with smaller parts made around the
world. This model proved quite effective in building the PHENIX Hadron Blind Detector,
wherein the individual parts were manufactured at the Weizmann Institute of Science in
Israel, and the assembly was accomplished at Stony Brook University.
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Figure 3.46: The “wagon wheel” includes allowances for all services, feedthroughs, installa-
tion fixtures, and support fixtures.

Because of the need to maintain active area to the largest radius, our designs for the TPC
field cage and gas enclosure will be biased toward the thinnest of robust designs. Thus, the
STAR and ILC field cage designs are the most appropriate as models for our work. Those
devices were manufactured using large mandrels upon which layers of flexible circuit
card and honeycomb were applied. Each mandrel is designed to release by “collapsing”
to smaller radius after the TPC shell is cured, thereby releasing the shell. The completed
shells are then outfitted with aluminum spoke-like end caps and a central membrane to
form the completed field cage. We intend to design the field cage to safely hold the highest
potential currently under investigation (ALICE gas ~ 37 kV).

The open ports between the spokes of the end caps will be filled with “mechanical blank”
modules to allow the field cage to become gas tight during the prototyping stage. This
will allow full testing of the high voltage stability of the field cage without any of the gain
stage modules in place.

During the prototyping stage, single items of the prototype gain stage module will be
built. Because of the finite size of these units, there is a list of institutions that are capable
of prototype construction, including Weizmann, Stony Brook, BNL, PNPI, Temple, and
Vanderbilt. All of these institutions have past experience in the PHENIX HBD construction,
or in the ongoing construction of the inner TPC layers for the ALICE upgrade. We envision
two full sized prototypes whose design is driven by results from our ongoing TPC gain
stage R&D, which has been funded by the EIC R&D program. As described below, we
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have already garnered extensive experience in multiple gain stage technologies, as well as
a number of clever readout scheme applications.

The so-called “pre-production prototype” will be the third and final stage of full sized
prototype construction. Barring any discovered deficiencies, “production” would involve
the manufacture of the remaining gain stage modules as well as spare units. As with the
prior work, it is likely that much of this effort will take place ”off site” from the location of
the field cage itself, with working modules shipped via clean, dust-free packaging.

GEM Modules in their
Proper Array

Figure 3.47: TPC modules have only ;-” gap and localize penetration services (gas, laser,
temp, pressure, ...) at the “corner points”.

Figure 3.47 shows the fit of the modules after assembly. a 1/6” gap is standard between all
modules Furthermore at each corner junction, the modules allow for 1/4” feed-through
allowing for gas in/out and laser signals.

Figures 3.48 and 3.49 highlight the gland seals.

3.5.7 TPC cooling and cabling

Our cooling requirements for the TPC electronics will be significant. Although we are only
cooling % as many channels as ALICE, these channels are distributed over only % as much
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Spring-Energized Static Gland
Seal for Outer Field Cage

Figure 3.48: Both the inner and outer field cages avoid O-ring-induced distortions of the
wagon wheel by making an annular seal. Stresses are further minimized using a spring-
energized gland seal.

surface area. Therefore the power required from our cooling plant will be smaller overall,
but we will need to design for very effective heat transfer to the cooling lines.

Figure 3.50 shows the configuration of the cooling plant currently in use by the ALICE
experiment. The key feature of this cooling plant is that the coolant is delivered at pressures
below one atmosphere so that in the event of a leak, gas is introduced into the coolant rather
than coolant introduced into the gas. The ALICE resistor chains dissipate a significant
amount of power (8W in each of 4 resistor bars). Higher power in the resistor chain is
driven by the need for robust performance in the face of stray currents due to nearby
ionization. Although the track density in SPHENIX and ALICE are very similar, the charge
load onto the ALICE TPC frame is much higher. Among STAR, ALICE, and ILC, only
ALICE water cools their resistor chain. Since our power dissipation will be the least of
these three applications, we are safest to not water cool the resistor chain, and thereby
preclude from the outset the risk of water leaking into the chamber. Our resistor chain
design dissipates ~1 Watt.

The cable plant for the TPC includes a pair of shielded coaxial high voltage leads whose
diameter will be under 5" (e.g. Dielectric Sciences 2125: 100 kV; O 0.4”). Each sector will
receive bias for the GEMstack as 8 independent voltages. The readout cards, will receive
DC power input, optical connections for slow control and optical connections for data
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Figure 3.49: Schematic layout of TPC main elements.

output. To the extent possible, this significant cable plant will be localized so as to align
with the end cap spokes, to minimize the radiation depth for the end cap detector systems.

3.6 TPC installation and calibration

The assembly order for sSPHENIX specifies that the TPC will be inserted from the end after
the calorimeters have already been installed onto the magnet.

TPC calibration will be achieved using a laser system, similar in philosophy to that used
by STAR and prototypes for the ILC. Because the work function of aluminum is low, a
UV flash will release electrons. Both the STAR TPC and the ILC TPC prototype used a
pattern of aluminum applied to the central membrane to produce these reference tracks.
The pattern used by STAR consists of lines shown in Figure 3.51, whereas that of the
ILC was a pattern of dots. The laser system will not only provide an initial reference
calibration, but can be fired at regular intervals (PHENIX fires their EMCAL laser at 1 Hz)
during data collection to provide a continuous calibration of the drift velocity and space
charge distortions. Gain calibrations can be roughly estimated using cosmic rays, but final
calibration will use collision data. In addition to the central membrane pattern, we will
shoot lasers directly through the gas at angles from the access points provides in the corner
module meeting places.
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AP,

delector
P, m‘Parm
Pout detector
AP umPOh (JS vacLum APsuw+pgh
I pump

exchanger

circulation
pump

Figure 3.50: Diagram of the cooling plant in use the the ALICE TPC. The cooling plant is an
under pressure system so that any leak results in gas bubbling into the coolant rather than
coolant dripping into the detector.

Figure 3.51: Photograph of the central membrane of the STAR TPC. The pattern of Aluminum
strips is used to release electrons via laser flash as a calibration signal.

« 3.7 Alternate TPC readout plane options

w2 As discussed previously, we are currently investigating a list of possible alternate technolo-
s gies for the readout plane. These alternatives include both the possibility of changing a
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classic gating grid to implement a prompt flush for positive ions (possibly resulting in a
TPC with zero ion back flow, at the cost of adding a “duty cycle”) and variations of the
scheme for the MPGD-based gas amplification stage. Already discussed is the ongoing
work to implement a hybrid yMEGA /GEM detector that would benefit from the superior
ion back flow characteristics of the yMEGA and achieve remarkable stability by lowering
the yMEGA gain requirements via the assistance of the GEMstack.

A unique suggestion has been tested at WIS. In this case, small self-supporting hexagonal
GEM stacks were developed that could be used to populate any large surface. These
devices would feature the robust performance of smaller GEMs while still maintaining a
nearly hermetic acceptance. The first results with the prototypes show high mechanical
rigidity of the elements, not affected by the transfer electric fields.

Besides providing nearly hermetic acceptance the modular solution requires a large num-
ber of small GEMs that allow one to reduce the overall cost of the readout plane, but
more importantly such an approach benefits from a very stringent quality control at the
production stage that insures high gain and residual ion backflow uniformity across the
area of the reaction plane.
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Chapter 4

Electromagnetic Calorimeter

4.1 Physics Requirements

The EMCal performance is central to the direct photon and upsilon measurements and
it is also a key component, along with the hadronic calorimeter, of the calorimetric jet
reconstruction. In this section the photon and upsilon requirements for the EMCal are
discussed.

Direct photons and their correlation with jets are a unique probe of partonic interactions in
the QGP. Photons can be the result of a hard scatter (for example gg — yq). The photon,
not carrying color charge, does not interact strongly with the QGP and thus provides a
direct measure of the momentum transfer of the hard scatter itself that is accessible in the
tinal state. This is in contrast to dijet systems where both jets interact strongly with the
QGP. Direct photon measurements in heavy ion collisions are limited by the rate of the
photon production and the efficiency and purity with which the photon can be identified.
Therefore, the main requirements on the EMCal from photon measurements are on the
size of the acceptance and the contamination of the photon candidate cluster by energy
deposited near the photon from the underlying event. As illustrated in Fig. 1.21, the
photon/ ¥ discrimination is not a driver of the calorimeter performance at the momenta
of interest at RHIC.

For heavy ion collisions, one goal is that the detector resolution and segmentation not
be a limitation on the electron cluster reconstruction compared to the underlying event
background in a central heavy ion event. A typical cluster size (a 3x3 tower array) contains
about 320 MeV of underlying event energy in the EMCal (see Fig. 4.23). For an Y-electron
cluster of 4 GeV, the underlying event blurring would produce a comparable contribution
to the energy resolution with a detector resolution of AE/E < 16%/+/E.

For the Y, the EMCal requirements are driven by the need to reject hadrons by a matching
condition between the track momentum and the EMCal energy. Hadrons misidentified as
electrons will lead to an increased combinatoric background in the Y mass distribution.

87



1678

1679

1680

1681

1682

1683

1684

1685

1686

1687

1688

1689

1690

1691

1692

1693

1694

1695

1696

1697

1698

1699

1700

1701

1702

1703

1704

1705

1706

1707

Detector Design Electromagnetic Calorimeter

The design goal is to optimize the electron identification efficiency with respect to the
pion rejection by the calorimeter energy matching condition. As in the photon case,
central Au+Au collisions are the most challenging environment and drive the detector
specifications. The physics requirement is to be able to have sufficient statistical precision
to measure the suppression of the three Y states separately.

4.2 Detector Design

4.2.1 Design Requirements

The design requirements for the SPHENIX electromagnetic calorimeter are based on the
physics requirements described in the previous section. The calorimeter will play a
major role in both the measurement of jets and single photons out to high pr, as well as
identifying and measuring the energies of the electrons from Y decays. In addition, the
calorimeter must fit inside the BaBar magnet and allow space for the tracking system that
will reside inside the calorimeter. The calorimeter should also be as compact as possible in
order to minimize the overall size and cost of the hadronic calorimeter. The basic detector
design requirements can be summarized as follows:

e Large solid angle coverage (£ 1.1 in 7, 277 in ¢)

e Moderate energy resolution (< 16%/+/E & 5%)

o Fit inside BaBar magnet

e Occupy minimal radial space (short Xy, small Ryy)

e High segmentation for heavy ion collisions

e Minimal cracks and dead regions

e Projective (approximately)

e Readout works in a magnetic field

e Low cost
The requirement for large solid angle coverage is driven by the need to accumulate high
statistics for measuring jets and single photons out to the highest pr possible in an unbiased
way using full jet reconstruction over the entire central rapidity region. The requirement
for the energy resolution is determined by achieving the best resolution possible consistent

with the contribution to the energy resolution from the underlying event in central heavy
ion collisions. The energy from the underlying event also requires the tower size to be
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small (~1 R%,) in order to minimize the background contribution for measuring the jet
energy or the electron energy from Y decays. This then also determines the minimum
inner radius of the calorimeter and the required level of segmentation. The current design
places the inner radius of the calorimeter at 90 cm and has a segmentation of 0.025 x 0.025
in A X A¢, which leads to 96 x 256 = 24,596 towers over the full rapidity and ¢ range.
Figure 4.1 shows the energy deposition in the SPHENIX calorimeter system as a function
of the geometric position in the detector. In Figure 4.23, this is quantified in terms of
the distribution of energy in single calorimeter towers and in 3x3 tower sums for central
Au+Au HIJING events. The average energy for the tower sum is ~320 MeV.

The requirement for minimal gaps and dead regions is driven by the need to measure jets
over a large solid angle with good uniformity. Gaps are particularly undesirable since they
can lead to missing energy for the electromagnetic component of the shower.

Projectivity in two dimensions (2-D proj.) is desired for the upsilon program. With a
one dimensionally projective calorimeter (i.e., projective in ¢ only, or 1-D projective), the
pion rejection at fixed electron efficiency degrades with increasing ||, as electrons enter
the calorimeter at increasing angles. The resulting shower is spread through a larger
number of towers (Figure 4.20) and thus has higher contributions from the underlying
event overlapping with the cluster, blurring the electron/hadron separation. At 70%
electron efficiency the pion rejection degrades from a factor of 100 in the two dimensionally
projective case to 60 for 0.7< |57| <0.9 (see the discussion of Figure 4.27). This results in an
increase in the combinatoric background and a corresponding decrease in the statistical
power of the upsilon measurements from that shown in Figure 1.18

Scintilator Energy Density with 2D-proj. SPACAL in HIJING Au+Au 0-10% C

Radius (cm)

150

104

100

0l ] |]

50

TTTT [ TTTT [ TTTTI]TTT

NN

10°

e
o
o

-200 -100 0 100 200

Sw
=8
IS

Z(c

Figure 4.1: Visible energy density in the SPHENIX calorimeter systems in central Au+Au
collisions. The electromagnetic calorimeter at radius of ~100 cm observes a high amount of
background energy density, which is quantified in Figure 4.23 in a later section. Each block
of the EMCal consists of two towers in the z-direction.

The technology chosen for the EMCAL utilizes an absorber consisting of a matrix of
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tungsten powder and epoxy with embedded scintillating fibers (W /SciFi), similar to
the SPACAL design that has been used in a number of other experiments [127, 128, 129,
130, 131]. In order to work inside the magnetic field, the readout will utilize silicon
photomultipliers (SiPMs), which provide high gain and require minimal space. The
readout will digitize the SiPM signals and also provide a trigger for high energy electrons
and photons. The W /SciFi absorber matrix was developed at UCLA and has been tested
several times in test beams at Fermilab [132, 133]. The matrix is formed by preparing
an assembly of 0.47 mm diameter scintillating fibers, held in position by a set of metal
meshes. The nominal center to center spacing of the fibers is 1.0 mm. The fiber assembly is
encapsulated in a mixture of tungsten powder and epoxy, which is compacted by vibration
to achieve a density ~ 9-10 ¢/cm®. This results in a sampling fraction ~ 2.3% with a
radiation length Xy ~ 7 mm and a Moliére radius Ry ~ 2.3 cm.

The design of the EMCal is being developed with the use of simulations, tests of individual
calorimeter components, development of a complete mechanical design, and the construc-
tion and evaluation of several prototype calorimeters that are being studied along with the
hadronic calorimeter in a series of beam tests. These various efforts of the EMCal design
are described in the sections below.

4.2.2 Block Design and Construction

The full scope of the EMCal will require a total of 24576 towers, in 6144 blocks, each
of which contains 2 x 2 towers. The manufacturing of such a large number of blocks is
at an industrial scale. The Nuclear Physics Group at UIUC has significant production
capabilities and expertise in producing detector components of this type. They have, in
fact, built a similar tungsten-scintillating fiber calorimeter in the past in connection with
the g-2 experiment [134]. Through our R&D program they have now developed extensive
expertise and experience in producing the absorber blocks (see Section 4.4).

The procedure to fabricate the blocks is as follows. First the fibers are cut to the desired
length. Then the fibers are filled into the screens (see Figure 4.2 for a drawing of a typical
screen) as they are supported by a 3D printed holder placed at the top of a plastic cup
which is used as a support structure (see Figure 4.3). Each block contains 2668 fibers. When
the screens have been verified to be filled the fiber assembly is placed in a mold with
machined slots to hold the screens in the proper place. The fibers are brought away from
the edges of the mold near the read out end in order to make the area of the light collecting
surface the same for all the block shapes (see Figure 4.4). This improvement allows for
a single light guide size to be used for all block shapes. Additionally, it brings the fibers
away from the edges of the light guides where the light collection efficiency is lower. The
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tungsten is then poured into the mold from the top. Vibration is used to ensure there are
no voids in the tungsten filling. When the tungsten has been poured, the epoxy is poured
over the top of the assembly and drawn through with a vacuum from the bottom of the
mold. The block is left for at least 24 hours to allow the epoxy to dry. An example drawing
of a block is shown in Figure 4.5. Table 4.1 lists some of the properties of the materials
used in the fabrication.

When the epoxy is dry the block is removed from the mold. The edges of the screens
are removed from the sides of the block and the top of the block is machined. The ends
of the block are machined to expose the fibers. The quality of the end surfaces of the
tibers is important for the performance of the calorimeter blocks since it directly affects
the light output. A clean cut end with minimal fiber damage is required to maximize the
scintillation light collection from the blocks. The ends are diamond-fly cut to provide such
a surface. The blocks are then shipped to BNL for assembly into sectors.
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Figure 4.2: Drawing of a typical screen for the 2D projective EMCal modules.
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Figure 4.4: Photo of a cast block with the fibers on the read out end of the block moved away
from the edge of the block to make the size of the light collection area the same for all block
shapes.

4.2.3 Module and Sector Design

The EMCal will consist of 64 sectors (32 azimuthal x 2 longitudinal) that are supported by
the inner HCal. Figure 4.7 shows the installation of an EMCAL sector on the Inner HCAL.
Each sector will subtend 11.2 deg in ¢ and cover 1.1 units in #. They will be supported by
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Figure 4.5: Technical drawing of a 2D projective block produced at UIUC.

rails that will be used for installing each sector one at a time and will allow removal of any
sector for service or repair. Each sector will contain 384 towers that will be constructed
from 96 blocks of 2 x 2 towers each. In the current design, four blocks will be joined
together to form a module consisting of 2 x 8 = 16 towers. Twenty four of these modules
will then be used to form a sector. The procedure for installing the blocks into the sector
will be developed during the construction of the first pre-production prototype sector
(Sector 0). Table 4.2 gives the key parameters for the EMCAL modules and sectors.

The EMCal towers are projective in both 77 and ¢ (i.e., 2D projective) but arranged so that
they point slightly off the collision axis. This is done to minimize the effects of boundaries
within the blocks and possible channeling of particles through these boundaries. In
addition, since the collisions are distributed longitudinally with a ¢ ~ £10 cm, the towers
do not point directly to the interaction point. The pointing of the blocks back toward the
interaction point is shown in Figure 4.8. This configuration ensures a minimal EMCal
thickness of about 18 Xy when viewed from the vertex region in the sSPHENIX acceptance
of || < 1.1. The average thickness of the active components of the EMCal is 20.1Xj and
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Material Property Value
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