
FPHX readout chip

for fast trigger capability, a trigger-less data push architecture, and
low power consumption. The chip was fabricated by the Taiwan
Semiconductor Manufacturing Company (TSMC) with 0.25 μm
CMOS technology. The analog section consists of an integrator/
shaper stage followed by a 3-bit ADC. A single FPHX chip mounted
onto the HDI is shown in Fig. 5. In this example, the wire bonding
to the control lines on the HDI is complete, but no bonding
between the sensor and the chip has been performed.

Many of the setup parameters of the front end are programmable
via an LVDS serial slow control line. Adjustable parameters include
gain, threshold, rise and fall time, input transistor bias current, channel
mask, plus several additional fine tuning parameters. Nominal setup
parameter values include integrator/shaper gain of 100 mV/fC, 800 mV
dynamic range, 60 ns risetime at the shaper output, and a 2000-
electron threshold at the first comparator. All analog functions were
exercised on a test stand and the measured values were very close to
pre-submission simulations.

The FPHX chip was designed to process up to four hits within
four RHIC beam crossings (or !4"106 ns¼424 ns). Each hit

contains a 7-bit time stamp, a 7-bit channel identifier, and a 3-bit
ADC value. By only accepting hits above a certain (programmable)
ADC threshold, the signal-to-noise ratio can be dynamically opti-
mized for different operating conditions. In addition, the ADC
information from strips in an FVTX hit cluster is used to determine
the center of the track via a weighted average of the charge in each
strip. An ADC with higher resolution would not significantly improve
the detector's tracking resolution, since multiple scattering in detec-
tor material is the dominant contribution to track smearing at the
!20 μm level.

The data words are output over two LVDS serial lines at up to
200 MHz clock rate. The total power consumption of the FPHX is
!390 μW per channel. The noise, when the chip was wire bonded
to a sensor with strips !2–11 mm in length (!1–2.5 pF), was
simulated and measured to be below the design specification of
500 electrons.

3.3. High-density interconnects

The silicon sensor and FPHX read-out chips are assembled
on an HDI which provides the slow control, power, and bias input
lines as well as slow control and data output lines. The HDI stack-
up is shown in Fig. 6 and consists of seven layers of single-sided
(20 μm) and double-sided (50 μm) copper coated polyamide
bonded together with a 25 μm sheet adhesive for a total thickness
of approximately 350 μm. Indicated on the HDI stack-up are two

Table 1
Summary of design parameters.

Silicon sensor thickness (μm) 320
Strip pitch (μm) 75
Nominal operating sensor bias (V) þ70
Strips per column for small, large wedges 640, 1664
Inner radius of silicon (mm) 44.0
Strip columns per half-disk (2 per wedge) 48
Mean z-position of stations (mm) 7201.1, 7261.4,

7321.7, 7382.0
Silicon mean z offsets from station center (mm) 75.845, 79.845

Fig. 3. A completed FVTX small wedge, with sensor facing up. Note the center line
dividing the two halves of the sensor and rows of FPHX chips along the
sensor edges.

Fig. 4. Details of the sensor layout. (a) Narrow end corner, (b) wide end corner and (c) wide end center. These areas correspond to the circled regions in Fig. 3.

Fig. 5. A single FPHX chip mounted onto the HDI. Along the top, wire bonds to the
HDI have been completed. Along the bottom, in two rows, are 128 bond pads for
wire bonds to the silicon strips.
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Silicon strip detector R&D for the sPHENIX tracker
Gaku Mitsuka (RIKEN BNL Research Center) 
for the PHENIX Collaboration

Physics motivation and requirements 
The sPHENIX upgrade provides a possibility to deepen 
our understanding of the QGP by making use of, for 
example, jet reconstruction with a possible bottom 
tagging and upsilon (Υ) measurements (sPHENIX 
proposal arXiv:1501.0619, poster by Mike McCumber). 
The measurement of the Υ family requires both excellent 
momentum resolution and electron identification: 
- Invariant mass resolution of ~100 MeV, i.e., momentum  
   resolution for e+/- of ~ 1.2% 
- Fewer tracking ambiguities.

Conceptual design of the sPHENIX silicon tracker  
The sPHENIX silicon tracking system provides precise momentum 
resolution, high track reconstruction efficiency, good purity of the 
reconstructed tracks, and precise measurement of displaced vertices.  
Key concept of the silicon tracker design: 
i)   azimuthal 2π and |η| < 1.0 coverages 
ii)  reuse of the current PHENIX silicon vertex detector (VTX pixels) 
iii) additional five planes of strip detectors (S0, S1, and S2)  
  - same readout chip and electronics as used in the PHENIX FVTX detector 
  - air-cooling significantly reduces the total material budget.

Charged Particle Tracking Detector Concept

pattern recognition performance. Table 3.2 summarizes the reference configuration tracker layout.

Table 3.2: The parameters of the reference configuration tracking layers.

Layer radius sensor pitch sensor length sensor depth total thickness area

(cm) (µm) (mm) (µm) % X0 m2

1 2.7 50 0.425 200 1.3 0.034

2 4.6 50 0.425 200 1.3 0.059

3 9.5 60 8 320 1.35 0.152

4 10.5 240 2 320 1.35 0.185

5 44.5 60 8 320 1 3.3

6 45.5 240 2 320 1 3.5

7 80.0 60 8 320 2 10.8

Charged particle tracks are reconstructed as follows. Modest thresholds are applied on struck
silicon cells. These thresholds eliminate small energy deposits that are produced by low energy
spallation from passing particles, while preserving deposits from lower momentum signal tracks
that pass through the outer silicon layers with large angles away from radial. Adjacent hits are
then clustered, and the clusters are passed into the track pattern recognition algorithm as a set
of spatial points averaged from the clustered hits. We employ a 5-dimensional Hough transform
to locate the helical hit patterns from tracks bending through the solenoid field. The large 5-d
parameter space is spanned efficiently with low memory overhead in the high occupancy of central
heavy ion collisions by a recursive search. The discovered track candidates are then passed into a
Kalman fitter assuming a constant magnetic field, and smoothing is applied to measure the distance
of closest approach (DCA) with respect to the primary vertex. Some iterations are performed
to simultaneously determine the primary vertex position and the track DCAs. Finally, a 1.6%
momentum recalibration is applied to account for the small differences between the true field map
of the BaBar solenoid and the assumption of a constant field. We then select from tracks sharing
more than 3 hits the track with the best c

2 and reject the others. This final rejection has minimal
impact on the track population for the reference design.

To evaluate how well the reference design and tracking software meet the key requirements of the
physics program, a full GEANT4 simulation of the tracking performance has been carried out using
single particle events and central HIJING Au+Au events — with and without embedded single
particles.

The pT resolution for single pions is shown as a function of pT in Figure 3.23. The constant term,
which is due to multiple scattering in the material of the tracker, is found to be 1.1%. The linear
term, determined by the position resolution of the tracker, is 2.7 x 10�4(GeV/c)�1. This momentum
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R&D of the S1 sensor module
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Figure 4.44: The mass spectrum (signal only) from reconstructed electron decay tracks for the three
Upsilon states combined. The yield corresponds to that for 10 weeks of p+p running, including the
effects of electron identification efficiency and trigger efficiency.

including a fit using a Crystal Ball function that accounts for the radiative tail contribution at
low invariant mass [187]. This example spectrum contains the number of Upsilons expected in
10 weeks of p+p running. There are significant low mass tails on the Upsilon mass peaks due to
radiative energy loss in the material of the silicon tracker. However at the mass resolution of 99
MeV obtained with the reference design, and the relatively low thickness of the tracker (about 10%
of a radiation length), the peaks are well defined and easily obtained from the Crystal Ball fit.

In p+p, p+Au and Au+Au, the background under the Upsilon peaks contains an irreducible
physics background due to dileptons from correlated charm, correlated bottom and Drell-Yan.
There is also combinatorial background from misidentified charged pions. The latter can be
estimated and removed by like sign or mixed event subtraction. To study the physics background,
correlated charm and bottom di-electron invariant mass distributions predicted by PYTHIA were
normalized to the PHENIX measured charm and bottom cross-sections in Au+Au collisions. The
PYTHIA Drell-Yan di-electron invariant mass distribution was normalized to a theoretical prediction
by W. Vogelsang (private communication).
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Carbon fiber sheet for the silicon 
module support and the ladder frame 
- t = 230 µm

• Prototype Si sensor for the S1 sensor module will 
be delivered from Hamamatsu in December 2015. 

• Design of the printed circuits are at final stage.
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FPHX readout chip: developed at FNAL and used in 
the PHENIX FVTX detector 
- 9mm (W) x 2.7mm (D) 
- interval between readout pads ~ 70 µm 
- 128 channels / chip 
- power consumption ~ 64 mW / chip 
- makes it possible air-cooling 
- total 20 chips for one sensor module

Design and prototype production of the S1 sensor module are ongoing at RIKEN. 
First prototype will be ready for inspection in early next year.

S1 sensor module

(arXiv:1501.0619)
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Figure 4.46: Estimate of the statistical precision of a measurement of the U states in Au+Au colli-
sions using sPHENIX, assuming that the measured RAA is equal to the results of a recent theory
calculation [188]. The yields assume 100 billion recorded Au+Au events.

From Figure 4.45 (left) we estimate that without U suppression the S/B ratios are U(1S): 1.6,
U(2S): 0.9, and U(3S): 0.8 for central Au+Au collisions. Using our estimates of the signal and
S/B ratio at each centrality as the unsuppressed baseline, we show in Figure 4.46 the expected
statistical precision of the measured RAA for 100 billion recorded Au+Au events assuming that
the suppression for each state is equal to that from a theory calculation [188]. For each state, at
each value of Npart, both the U yield and the S/B ratio were reduced together by the predicted
suppression level.

The pT dependence of the U modification in nuclear collisions places strong constraints on models,
so we present here some estimates of the statistical precision we expect from measurements with
sPHENIX. Figure 4.47 shows the expected yields as a function of pT for 10 weeks of p+p running —
the baseline for the RAA measurement. The expected statistical precision of the measured Au+Au
RAA versus pT is illustrated in Figure 4.48. These estimates are made assuming that the signal to
background ratio is independent of pT. Estimates are shown assuming no suppression of the U
states (left panel) and assuming the suppression predicted in [188] (right panel).

The expected statistical precision for U measurements with sPHENIX in a 10 week p+Au run is
illustrated in Figure 4.49. The suppression values used in the plot are set to match the double ratios
of U(2S)/U(1S) and U(3S)/U(1S) measured by CMS at 5.02 TeV collision energy in p+Pband p+p
collisions. The U(1S) is taken to be unsuppressed except for the modified feed down from the
excited states, and the suppression of the U(2S) and U(3S) states is arbitrarily taken to be linear
with centrality. The signal to background ratios in p+Au collisions are taken to be the same as
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The sPHENIX silicon outer tracker

R(S2) ~ 80 cm
R(S1) ~ 40 cm
R(S0) ~ 10 cm


