
	  5th	  Interna*onal	  Conference	  on	  the	  Ini*al	  Stages	  in	  High-‐
Energy	  Nuclear	  Collisions	  

Rosi	  Reed	  



	  RHIC/LHC	  Complementarity	  

	  13th	  interna*onal	  workshop	  on	  High-‐pT	  
Physics	  in	  the	  RHIC/LHC	  era	  

Success	  of	  LHC	  experiments	  in	  HI	  physics	  demonstrates	  
importance	  of	  large	  acceptance,	  high	  resolu;on	  tracking,	  
high	  collision	  rates	  and	  full	  EM+Hadronic	  calorimetry	  
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Core	  sPHENIX	  science	  program	  

Key	  approach	  à	  Study	  QGP	  structure	  at	  mul;ple	  scales!	  
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	   	   	   	   	   	  Hot	  QCD	  

•  RHIC:	  QGP	  has	  near	  perfect	  fluidity	  and	  extreme	  opacity	  
•  Precision	  studies	  @	  RHIC/LHC	  à	  aspects	  of	  final	  state	  
structure	  understood	  as	  	  rela;vis;c	  viscous	  
hydrodynamics	  applied	  to	  QGP	  evolu;on	  
–  Understanding	  the	  ini;al	  state	  is	  of	  key	  importance	  

•  Improved	  instrumenta;on	  key	  to	  understanding	  how	  
QGP	  proper;es	  emerge	  
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	   	   	   	   	  Cold	  QCD	  
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sPHENIX	  also	  has	  robust	  cold	  QCD	  program!	  



	  	  	  	  	  Experimental	  Approach	  
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How	  does	  long-‐wavelength	  
physics	  emerge	  from	  the	  
underlying	  gauge	  theory?	  

AdS/CFT	  low	  viscosity	  
goo	  

pQCD	  kine;c	  plasma	  

Short	  
Wavelength	  

Long	  
Wavelength	  

Sc
al
e	  



	  	  	  Experimental	  Approach	  
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Full	  characteriza;on	  of	  final	  
state	  
•  HCAL,	  EMCal,	  Tracking	  

Ini;al	  Condi;ons	  
•  RHIC	  vs	  LHC	  

Same	  hard	  process	  



	   	   	  	  	  sPHENIX	  Design	  
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Lets	  get	  down	  to	  the	  nuts	  and	  bolts	  



	   	   	  	  	  sPHENIX	  Design	  
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Outer	  HCAL	  
SC	  Magnet	  
Inner	  HCAL	  

EMCAL	  
TPC	  

INTermediat	  Tracker	  
MAPS	  VerTeX	  Detector	  

All	  can	  be	  read	  out	  at	  the	  
sPHENIX	  15	  kHz	  trigger	  rate	  



	   	   	   	   	  Tracking	  
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1/30th	  volume	  
ALICE	  TPC	  	  

MVTX	  (based	  on	  ALICE	  ITS):	  
•  3-‐layer	  MAPS	  vertex	  

tracker	  
•  Excellent	  2-‐D	  DCA	  

resolu;on,	  <	  25	  μm	  	  	  	  	  	  
pT	  >	  1	  GeV/c	  

INTT:	  
•  2-‐layer	  Si	  strip	  	  
TPC:	  
•  48	  layer,	  con;nuous	  

readout,	  R	  =	  20-‐78	  cm	  
•  Good	  momentum	  

resolu;on	  pT	  =	  0.2-‐40	  
GeV/c	  

TPC!

MVTX!

INTT!

TPC	  

MVTX	  

INTT	  



	   	   	   	   	  MTVX	  +	  INTT	  
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sPHENIX

MVTX enables world-class HF science program 

Hit spatial resolution: < 5 µm 
FNAL test beam results

Stave layout  

Beam view MVTX based on copy of ALICE staves with 
support structure modified for sPHENIX – integrate with 
silicon strip (INTT) and all fit inside TPC inner field cage. 

LANL LDRD addressing key questions –demonstrating 
successful read-out chain test and stave performance 
in FNAL test beam 

�16

Rachid N. 4

Two Barrel Layout
Silicon Sensor

1a (Inner)

Two barrels 
including all 
materials

HDI

CFC  Stave

chip
HDI

500 um

1b (Outer)

2a (Inner)

2a (Outer)

chip

Front View
100% phi coverage: only silicon active area shownInner	  Tracking	  

System	  adds:	  

•  Out-‐of-‐;me	  
track	  rejec;on	  

•  Outward	  
poin;ng	  
resolu;on	  for	  
TPC	  calibra;on	  

•  Inward	  
poin;ng	  
resolu;on	  for	  
displaced	  
ver;ces	  



	   	   	   	   	   	   	  TPC	  
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Ini;al	  analysis	  of	  small	  prototype	  test	  beam	  data	  shows	  
resolu;on	  as	  good	  predicted	  resolu;on	  

Wagon	  wheel	  

The	  TPC	  posi;on	  resolu;on	  in	  the	  r-‐φ	  (bend)	  
direc;on	  measured	  to	  be	  	  114	  μm	  averaged	  
over	  the	  full	  drio	  length	  	  

Outer	  Field	  Cage	  

Inner	  Field	  Cage	  



	  	  	  Tracking	  Performance	  
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Track pT resolution (central Au+Au)

High	  momentum	  resolu;on	  
Tracking	  efficiency	  >	  90%	  in	  high	  pileup	  Au+Au	  environment	  

central	  Au+Au	  
store-‐average	  Linst	  

Tracking efficiency (central Au+Au)

sPHENIX
 simulation    

pp

UPP:	  90%	  efficiency	  

UPP:	  σ(pT)≤10%@40	  GeV	  

sPHENIX
 simulation    



	  	  	  	  	  Tracking	  Beam	  Test	  
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•  Test	  of	  telescope	  w/full	  
readout	  +	  cables	  completed	  

•  Readout	  tested	  up	  to	  300	  
kHz	  with	  p	  beam	  and	  p-‐on-‐
Pb	  sprays	  (sPHENIX	  
requirement	  15kHz)	  

	  

MVTX	  Test	  Beam	   INTT	  Test	  Beam	  

•  Si	  Modules	  tested	  
•  Track	  resolu;on	  

measurements	  +	  
full	  readout	  chain	  
test	  just	  completed	  

•  Beam	  tests	  of	  TPC	  
prototype	  with	  sPHENIX	  
R2	  quad-‐GEM	  module	  

•  Successful	  data	  taking	  
with	  near	  final	  TPC	  
electronics	  

Stay	  Tuned!	  

2018/2019	  



Calorimetery	  
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EMCal:	  Scin;lla;ng	  fibers	  
embedded	  in	  W	  powder	  
• Δη×Δφ	  =	  0.024×0.024	  
• σE/E	  <	  :	  <	  16%/√E	  ⊕	  5%	  
HCal:	  Plas;c	  scin;lla;ng	  
;les	  +	  ;lted	  Steel/Al	  plates	  
• Δη×Δφ	  =	  0.1×0.1	  
• σE/E	  =	  100%/√E	  

• Outer	  HCAL	  ≈3.5λI	  
• Magnet	  ≈1.4X0	  
• Inner	  HCAL	  ≈1λI	  
• EMCAL	  ≈18X0≈1λI	  



	   	   	   	   	   	   	  EMCal	  
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Electromagnetic Calorimeter
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• Tungsten powder with embedded scintillating fibers 

• SiPM’s (B field resistant) 

• Average sampling fraction 2.3% 

• Moliere radius 23mm 

• High segmentation: 

• High E resolution: 

• Towers in azimuth: 256 

• Towers in longitude: 96
Total:	24576	towers
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Hadronic Calorimeter

• Steel and scintillating tiles + WLS 

• SiPM’s (B field resistant) 

• Segmentation: 

• 3072 readout channels 

• Energy resolution:
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Fig. 27: HCal Standalone measurements without the EMCal in-front. (b) HCal linearity for electrons and hadrons. The lower
panel shows the ratio of reconstructed energy and the fits. (a) Corresponding HCal resolution for hadrons and electrons. A beam
momentum spread (�p/p ⇡ 2%) is unfolded and included in the resolution calculation.
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Fig. 28: HCal hEei/hE⇡i response. Data is compared with sev-
eral different GEANT4 simulation setups by changing physics
lists and Birk’s constants. Simulation with Birk’s constant 0.02
cm/MeV describes the data well.

calorimeters. These events are shown as red points in885

Figure 29.886

• FULL: This represents all hadron showers irrespective of887

their starting point. They are shown as black points in888

Figure 29. These include hadron showers that start either889

in the EMCal, inner HCal, outer HCal or MIP through all890

three calorimeter systems.891

These event categories help diagnose each section of the892

calorimeters independently as well as understanding of the893

leakage variations, shower containment and longitudinal fluc-894

tuations depending their starting position. EMCal energy was895

balanced with respect to the HCal in a similar way described in896
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Fig. 29: Hadron energy measurement with combined EM-
Cal+HCal detector. Events were sorted into three categories.
HCALOUT where showers MIPs through the EMCAL and
HCALIN. HCALIN+HCALOUT where showers MIPs through
the EMCAL. EMCAL+HCALIN+HCALOUT which includes
all the showers irrespective of their starting position.

the previous section. As expected, Figure 29 shows the fraction897

of HCAL or HCALOUT events increases as a function of beam898

energy. The peaks at the lower energy corresponds to the small899

fractions of muon events MIP through the calorimeters.900

The corresponding hadron resolution is shown in Fig-901

ure 30(a). Data are fit in a similar manner with �E/E =902
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Fig. 25: Tower to tower calibration for inner and outer HCal was done with cosmic muons. (a) Inner HCal cosmic muon energy
deposition in simulation in one column. Muons were simulated at 4 GeV moving from the top to bottom. Bottom towers energy
depositions are higher due to the tilted plate design where muons has to go through a longer path through the scintillating tiles.
(b) Measured raw ADC spectrum of cosmic MIP events in the inner HCal.
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Fig. 26: Hadron reconstruction in standalone HCal setup. Cali-
brated 4⇥4 tower energies were added together from inner and
outer HCal. The simulation is shown by the filled histogram and
the solid points are the data. Both are in good agreement. The
peak at the lower energies in the data corresponds to the small
fraction of muon events that MIP through the HCal, were not
simulated.

matches the expected resolution from simulations very well.847

The HCal was calibrated for hadronic showers and then used848

to measure electron showers. The electron resolution for the849

standalone HCal is 8.1 � 31.3%/

p
E. This demonstrates the850

HCal’s ability to assist the EMCal by measuring the electron851

energy leaking from the EMCal into HCal.852

As seen in Figure 27(b), the hadron energy response is853

well described by a linear fit where reconstructed energy is854

same as the input energy. The bottom panel shows the ratio855

between the reconstructed energy and the fit. The 4 GeV hadron856

measurement is poor due to the fact that the hadron peak is hard857

to distinguish because it is too close to muon MIP peak as seen858

in Figure 26. The electrons are described well with a second859

order polynomial due to non-linear e/h response.860

Figure 28 shows the HCal hEei/hE⇡i response. Data is861

compared with several different GEANT4 simulation setups by862

changing physics lists and Birk’s constants. Simulation with a863

Birk’s constant of 0.02 cm/MeV describes the data well.864

E. Hadron Measurement with sPHENIX configuration865

The full hadron measurement is done with the sPHENIX866

configuration, which includes all three segments of calorimeters867

including the EMCal in front of the HCal. In this configuration868

the total energy will be reconstructed by summing up the869

digitized data from both the EMCal and HCal. The development870

of hadronic showers is a complicated process with significant871

fluctuations of the reconstructed energy compared to electro-872

magnetic showers. Distinguishing the shower starting position873

helps to understand the longitudinal shower development fluc-874

tuations. Therefore, in this analysis, the events are sorted into875

three categories depending on their longitudinal shower profile:876

• HCALOUT: Events where hadron showers MIP through877

the EMCal and inner HCal. These showers are developed878

primarily in the outer HCal alone or MIP through the full879

calorimeter system. These events are shown as the blue880

curve in Figure 29.881

• HCAL: Events where hadron showers MIP through the882

EMCal. In these events, hadron showers start either in883

the inner HCal or outer HCal or MIP through all three884
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Outer	
• 3.5		
• Steel	also	used	
as	flux	return

Inner:	1.0 Inner	Prototype

Outer	
Prototype

11.8%+81.1%/sqrt(E)Linear	response
30

• EMCal: scintillating fibers embedded in 
W powder 
➡ Δη×Δɸ = 0.024x0.024, σE/E = 15%/√E 

• HCal: plastic scintillating tiles + tilted 
steel plates 
➡ Inner (1λ) and Outer (3.5λ) sections 
➡ Δη×Δɸ = 0.1x0.1, σE/E = 100%/√E

sPHENIX 
calorimetry

16

Technology	  pioneered	  by	  UCLA	  
group	  
•	  2D	  projec;ve,	  read	  out	  by	  
SiPMs	  
•	  Same	  electronics	  as	  HCal	  
•	  Produc;on	  techniques	  
advanced	  by	  UIUC	  group	  
	  



HCAL	  
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Slots	  for	  scin;lla;ng	  ;les,	  read-‐out	  by	  SiPMs	  

6.4	  meters	  long	  
|η|	  <	  1.1	  
32	  modules	  form	  flux	  
return	  
	  

•  7	  mm	  polystyrene	  with	  embedded	  
1	  mm	  WLS	  fiber	  ala	  T2K	  

•  Five	  ;les	  each	  with	  an	  SiPM	  ganged	  
together	  in	  Φ	  to	  create	  a	  tower	  
readout	  

Cosmic	  ray	  tes;ng	  ;les	  



HCAL	  
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30	  of	  32	  HCal/Barrel	  Magnet	  Steel	  Sectors	  now	  at	  BNL	  	  

Tes;ng	  
support	  
assembly	  

13.5	  tons	  each!	  



	   	  Calorimeter	  Beam	  Test	  
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Calorimeter test beam

31

Calorimeter test beam

31

Calorimeter test beams

Proof of 
principle, 
Feb 2014

η~0 Geometry, 
Feb 2016 η~0.9 Geometry, 

Feb 2017physics.ins-det/1704.01461, 
submitted to IEEE TNS

Combined test of improved 
large-η calorimetry design, 

Feb-March ’18 @ Fermilab
17

Combined	  test	  of	  
improved	  large	  η	  
calorimetery	  design,	  Feb-‐
March	  2018	  @	  FermiLab	  

EEE	  Transac;ons	  on	  Nuclear	  Science,	  Volume	  
65,	  Issue	  12,	  pp.	  2901-‐2919,	  December	  2018	  



	  	  	  Calorimeter	  Performance	  	  
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EMCal	  energy	  
resolu;on	  

for	  EM	  shower	  in	  tower	  
center	  
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Fig. 26. Tower to tower calibration for inner and outer HCal was done with cosmic muons. (a) Measured raw ADC spectra of cosmic ray muon events in the
inner HCal. (b) Inner HCal cosmic muon energy deposition in simulation in one column. Muons were simulated at 4 GeV moving from the top to bottom.
Energy depositions in the bottom towers are higher due to the tilted plate design where muons have to go through a longer path through the scintillating tiles.
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Fig. 27. Hadron reconstruction in standalone HCal setup. Calibrated 4 ⇥
4 tower energies were added together from the inner and the outer HCal.
The simulation is shown by the filled histogram and the solid points are the
data. Both are in good agreement. The peak at the lower energies in the data
corresponds to the small fraction of muon events that pass through the HCal
leaving only the minimum ionizing energy, which were not simulated.

AHCAL and the deviation of EHCAL from the beam energy.
The same gain calibration constants are used in analysis of all
beam energies.

Figure 27 shows a comparison of the reconstruction hadron
energy between data and simulation. The simulation (filled
histogram) and data (solid points) are in excellent agreement
for 6-32 GeV beam energies. The beam momentum spread
is not unfolded in both cases. At lower energies, hadron
measurements are poor due to lower fractions of hadrons in
the beam (Figure 14) as well as the increased beam size. The
peak at the lower energies in the data corresponds to the small
fraction of muons events that pass through the HCal leaving
only the minimum ionizing energy. The corresponding hadron
resolution and linearity are shown in Figure 28. The data are
fit with the function, �E/E =

p
a

2 + b

2
/E, as labeled on

the plot. A beam momentum spread (�p/p ⇡ 2%) is unfolded
and included in the resolution calculation. The hadron energy
resolution follows an empirical formula 11.8 � 81.1%/

p
E,

which matches the expected resolution from simulations very
well. The HCal was calibrated for hadronic showers and then
used to measure electron showers. The electron resolution for
the standalone HCal is 8.1 � 31.3%/

p
E. This demonstrates

the HCal’s ability to assist the EMCal by measuring the
electron energy leaking from the EMCal into HCal.

As seen in Figure 28 (a), the hadron energy response is
well described by a linear fit where the reconstructed energy
is the same as the input energy. The bottom panel shows
the ratio between the reconstructed energy and the fit. The
4 GeV hadron measurement is poor because the hadron peak
is difficult to distinguish from the muon MIP peak as seen in
Figure 27 due to their proximity. The electrons are described
well with a second order polynomial due to non-linear e/h
response.

Figure 29 shows the HCal hEei/hE⇡i response. Data is
compared with several different GEANT4 simulation setups
by varying physics lists and Birks’ constants. Simulation with
a Birks’ constant of 0.2 mm/MeV describes the data well.

E. Hadron Measurement with sPHENIX Configuration

The full hadron measurement is done with the sPHENIX
configuration, which includes all three segments of calorime-
ters including the EMCal in front of the HCal. In this config-
uration the total energy will be reconstructed by summing up
the digitized data from both the EMCal and the HCal. The de-
velopment of hadronic showers is a complicated process with
significant fluctuations of the reconstructed energy compared
to electromagnetic showers. Distinguishing the shower starting
position helps to understand the longitudinal shower develop-
ment fluctuations. Therefore, in this analysis, the events are
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Fig. 28. HCal standalone measurements without the EMCal in-front. (a) HCal linearity for electrons and hadrons. The lower panel shows the ratio of
reconstructed energy and the fits. (b) Corresponding HCal resolution for hadrons and electrons. The beam momentum spread (�p/p ⇡ 2%) is unfolded and
included in the resolution calculation.

Input Energy (GeV)
0 5 10 15 20 25 30 35

> π
>/

<E
e

<E

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9

2

=0.0794 mm/MeVBFTFP_BERT_HP, k
=0.0794 mm/MeVBQGSP_BERT_HP, k
=0.08 mm/MeVBQGSP_BERT_HP, k
=0.10 mm/MeVBQGSP_BERT_HP, k
=0.15 mm/MeVBQGSP_BERT_HP, k
=0.18 mm/MeVBQGSP_BERT_HP, k
=0.20 mm/MeVBQGSP_BERT_HP, k
=0.30 mm/MeVBQGSP_BERT_HP, k
=0.40 mm/MeVBQGSP_BERT_HP, k
=0.50 mm/MeVBQGSP_BERT_HP, k

DATA

Fig. 29. HCal hEei/hE⇡i response. Data is compared with several different
GEANT4 simulation setups by changing physics lists and Birks’ constants.
Simulation with a Birks’ constant (kB) of 0.2 mm/MeV describes the data
well.

sorted into three categories depending on their longitudinal
shower profile:

• HCALOUT: Events where hadrons pass through the
EMCal and inner HCal and primarily shower in the outer
HCal alone or pass through the full calorimeter system
without showering. These events are shown as the blue
points in Figure 30.

• HCAL: Events where hadrons pass through the EMCal.
In these events, hadron showers start in the inner HCal,
or the outer HCal, or pass through all three calorimeters.
These events are shown as red points in Figure 30.

• FULL: This represents all hadrons irrespective of when
they start showering. They are shown as black points in
Figure 30. These include hadron showers that start in the
EMCal, inner HCal, outer HCal, or pass through all three
calorimeter systems.

These event categories help diagnose each section of the
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Fig. 30. Hadron energy measurement with combined EMCal+HCal detector.
Events were sorted into three categories: 1) HCALOUT where particles pass
through the EMCal and inner HCal and then shower in the outer HCal;
2) HCALIN+HCALOUT where particles pass through the EMCal and then
shower in either HCal; 3) EMCAL+HCALIN+HCALOUT which includes all
showers irrespective of their starting position.

calorimeters independently as well as understanding of the
leakage variations, shower containment and longitudinal fluc-
tuations depending on their starting position. The EMCal
energy was balanced with respect to the HCal in a similar
way by changing the gain factors described in the previous
section. As expected, Figure 30 shows the fraction of HCAL
or HCALOUT events increases as a function of beam energy.
The peaks at the lower energy correspond to the small fractions
of muon events that pass through the calorimeters leaving only

Test beam: 
HCal

Reconstructed hadron 
energy distribution, 

different incident energy 
(data/sim comparison)

Linearity and resolution for electrons and 
hadrons in the HCal 19

IEEE	  Trans.	  Nucl.	  Analysis	  of	  2018	  data	  underway	  Sci.	  65	  (2018)	  2901	  

HCal	  energy	  response	  to	  π−	  



	   	   	  A	  Taste	  of	  Physics	  
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Mill	  -‐	  2895	  Broadway	  

What	  will	  our	  detector	  
performance	  give	  us	  in	  
terms	  of	  physics	  
observables?	  



	
 	
   γ –	  Jet	  Correla*ons	  
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sPHENIX

Direct photons and photon triggered jets
Dai, Vitev, Zhang, PRL 110 (2013) 14, 142001 

“The steeper falling cross sections at 
RHIC energies lead not only to a 
narrower zJγ distribution in p+p 

collisions but also to larger 
broadening and shift in the <zJγ>. “
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For	  20	  GeV	  γ	  
•  	  S/B	  is	  20x	  larger	  at	  

RHIC	  than	  LHC	  
•  UE	  2.5x	  smaller	  

Allows	  for	  γ/π0	  discrimina;on	  up	  to	  ~20	  GeV/c	  

π0	  eff	  vs	  pT	  

Clustering	  
+	  shower	  profile	  



	   	   	  	  	  Jets	  in	  sPHENIX	  
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γ+jet	  momentum	  balance	   γ+jet	  fragmenta*on	  func*on	  

Calorimeter	  jets	  +	  precision	  tracking	  remove	  autocorrela;ons	  
between	  jet	  reconstruc;on	  and	  jet	  structure	  
•  New	  era	  in	  RHIC	  jet	  physics!	  



	   	   	   	  ΔG	  Projec*on	  

Era	  of	  high	  precision	  ΔG	  
measurements:	  
•  Will	  crucially	  improve	  ΔG	  

constraint	  at	  x>0.05	  
•  Complementary	  to	  the	  future	  EIC	  
•  Crucial	  universality	  test	  in	  the	  

overlapping	  x-‐range	  

Rosi	  Reed	  -‐	  Ini;al	  Stages	  2019,	  NYC	   24	  

RHIC	  
Barrel	  
region	  

With	  EIC	  data	  the	  
dominant	  
uncertainty	  
to	  ΔG-‐integral	  
will	  be	  coming	  
from	  the	  “RHIC	  
region”	  

EIC	  White	  paper:	  arXiv:1212.1701	  	




	   	   	   	   	  Timeline	  
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	   	   	   	   	  Run	  Plan	  
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•  Minimum	  bias	  Au+Au	  at	  15kHz,	  vertex	  |z|	  <	  10	  cm	  (in	  acceptance	  of	  Si	  tracking):	  
•  47	  billion	  (Year-‐1)	  +	  	  
•  96	  billion	  (Year-‐3)	  +	  
•  96	  billion	  (Year-‐5)	  =	  Total	  239	  billion	  events	  

•  Topics	  with	  Level-‐1	  selec;ve	  trigger	  (e.g.	  high	  pT	  photons),	  |z|<10cm,	  can	  
sample	  0.5	  trillion	  Au+Au	  events	  	  

	  

1st	  Campaign	   2nd	  Campaign	  



	   	   	   	   	  Summary	  	  

•  Greatly	  extended	  capabili;es	  at	  RHIC,	  mo;vated	  by	  HEP	  
experience	  and	  LHC	  HI	  successes	  
–  mid-‐rapidity	  hadronic	  calorimetry	  
–  Excellent	  momentum	  resolu;on	  
–  High	  rate	  DAQ	  	  à	  exploit	  full	  RHIC	  luminosity	  	  

•  Con;nued	  extremely	  produc;ve	  exchanges	  with	  LHC	  
detector	  and	  electronic	  efforts	  –	  ALICE	  MAPS,	  TPC,	  
SAMPA;	  ATLAS	  FELIX	  	  

•  sPHENIX	  collabora;on	  con;nues	  to	  grow	  –	  adding	  relevant	  
physics	  and	  technological	  exper;se	  
–  On	  track	  for	  2023	  start	  of	  sPHENIX	  data	  taking	  
–  Now	  have	  CD-‐3A	  funds!	  	  

Rosi	  Reed	  -‐	  Ini;al	  Stages	  2019,	  NYC	   27	  



Back	  Up	  
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	  	  	  	  	  Jet	  Evolu*on	  @	  RHIC	  
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QGP@RHIC	  à	  
Closer	  to	  transi;on	  
temperature	  
•  Be�er	  access	  to	  
strong	  coupling	  
regime	  

•  Larger	  frac;on	  of	  
jet	  evolu;on	  
dominated	  by	  
QGP	  medium	  
@RHIC	  



Core	  sPHENIX	  science	  program	  
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A. Kurkela, U.A. Wiedemann / Physics Letters B 740 (2015) 172–178 173

Fig. 1. Parametrically accurate picture of how a medium-modified parton cascade 
fills phase space. At time t , quanta can be formed up to momentum scale kform and 
they are formed with O (1) probability per log p at lower scale ksplit . Quanta be-
low ksplit split further and their energy cascades to the thermal scale T in less than 
an epoch t . Transverse Brownian motion moves quanta up to the angle θBR(p) de-
noted by the thick purple line. The Molière region at larger θ is dominated by rare 
large angle scattering. At even larger angle, there are O (αs) quanta per double log-
arithmic phase space from DGLAP ‘vacuum’ radiation, and for momenta below ksplit
these cascade within time t to T . After the jet escapes the medium, the jet and the 
emitted fragments will undergo vacuum radiation. This late time vacuum radiation 
emitted by the original parton dominates at sufficiently small log θ (regions marked 
“late DGLAP” and bounded by θvac and θα ), whereas the late time radiation of the 
fragments dominates in the region denoted by “Vacuum cascade of the medium in-
duced quanta”. Details are given in the text. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.)

Q that is much larger than any other scale in the problem. Subse-
quently, the jet evolves via perturbative parton branching. Fig. 1
depicts how its fragments (‘splittees’) fill the logarithmic phase 
space in momentum p and angle θ as a function of time. We aim 
at a discussion that is based on minimal assumptions about the 
nature of the QCD matter. For simplicity, the medium is assumed 
to be time-independent, and – for most of our arguments – it is 
assumed to be characterized solely by the transport coefficient q̂
that denotes the medium-induced squared transverse momentum 
broadening of energetic partons per unit path-length. Whenever 
our estimates rely on more detailed information about the micro-
scopic structure of the QCD medium, we shall state this explicitly.

2.1. DGLAP region

Quantum mechanical formation time prevents emission faster 
than a time it takes to separate the wave packets of the split-
ter and the splittee. In general, splittees at a scale p < Q can 
form at a time t ≥ p/k2

⊥ set by their inverse transverse en-
ergy. For jet evolution in the vacuum, the angular distribution 
is determined by the primary decay kinematics of the split-
tee, t ≥ p/k2

⊥ ∼ 1/(p θ2). Therefore, the logarithmically ordered 
DGLAP (Dokshitzer–Gribov–Lipatov–Altarelli–Parisi) ‘vacuum’ par-
ton shower fills the log p–log θ -plane from the outside in. In the 
entire region determined by θ > θvac with

θvac ∼ 1/(pt)1/2, (1)

one finds with a probability O (αs) per logarithmic phase space 
quanta due to vacuum radiation,

dPfind

d log p d log θ
∼ αs. (2)

The region where this primary splitting gives the dominant contri-
bution in the log p–log θ -plane is marked as the DGLAP-region in 
Fig. 1.

2.2. LPM region

In contrast, medium-induced parton branching fills the log p–
log θ -plane from the bottom up (in p) and from the inside out 
(in θ ) [19]. This is so since transverse momentum is acquired by 
Brownian motion in the medium, k2

⊥ ∼ q̂ t; the formation time 
constraint t ≥ p/k2

⊥ ∼ p/(q̂ t) implies then that medium-induced 
quanta can be formed in the region p ! kform where

kform(t) ≡ q̂ t2, (3)

or, alternatively, that quanta at a scale p can be formed at times 
t > tform(p) where

tform(p) ≡
√

p
q̂

. (4)

These quanta are created at small angles θ ! √
αs , and to our pur-

poses we can treat the emitted quanta as being collinear with 
respect to the emitter.1 Their angular distribution will be deter-
mined by reinteractions with the medium, discussed in Section 2.6.

A quantum can be formed at the scale kform, but in a weakly 
coupled theory, it is formed only with a probability αs . Therefore, 
at the scale kform, there are O (αs) quanta per logarithmic phase 
space due to medium-induced parton branching. At scales below 
kform (denoted as the LPM-region in Fig. 1) the formation time is 
faster tform < t , and as a result of this the medium-induced split-
tings become more and more abundant as one moves from the 
scale kform to an increasingly softer scale p < kform. There is an 
O (αs) probability of emitting a splittee at the scale p at every 
tform(p) and thus the probability of finding a splittee with a mo-
mentum p with p < kform is parametrically2

dPfind(t)
d log p

∼ αs t/tform(p) ∼ αs q̂1/2 p−1/2 t. (6)

While tform(p) determines the minimal duration for a quantum 
to be created with probability O (αs), the parametrically longer 
time

tsplit(p) ∼ tform(p)/αs (7)

is needed to create this quantum with probability ∼ 1. At fixed 
time t , the quanta that are created thus with O (1) probability live 
at the scale p ∼ ksplit

ksplit(t) ∼ α2
s kform(t) ∼ α2

s q̂ t2, (8)

which marks the end of the LPM-region in Fig. 1.

1 The angle at which a quantum is created is θ2 ∼ q̂tform/p2, which for a pertur-
bative medium q̂ ∼ α2

s T 3 reads θ2 ∼ αs(T /p)3/2.
2 At leading order, for p ≪ Q , the prefactor can be extracted, e.g., from the split-

ting function of [1,38], and in numerical form the spectrum reads

dPfind(t)
d log p

≈ 1
π

C Aαs p−1/2q̂1/2(p)t. (5)
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Physics	  goal	   Analysis	  requirement	   UPP	  

Maximize	  sta*s*cs	  for	  rare	  
probes	  

Accept/sample	  full	  delivered	  
luminosity	  	   Data	  taking	  rate	  of	  15kHz	  for	  Au+Au	  

Precision	  Upsilon	  spectroscopy	   Resolve	  Y(1s),	  Y(2s),	  (Y3s)	  states	   Upsilon(1s)	  mass	  resolu*on	  ≤	  125MeV	  in	  
central	  Au+Au	  

High	  jet	  efficiency	  and	  
resolu*on	  

Full	  hadron	  and	  EM	  calorimetry	  	  
Jet	  resolu*on	  dominated	  by	  irreducible	  

background	  fluctua*ons	  

σ/μ	  ≤	  150%/√pTjet	  in	  central	  Au+Au	  for	  
R=0.2	  jets**	  

Full	  characteriza*on	  of	  jet	  final	  
state	  

High	  efficiency	  tracking	  for	  	  
0.2	  <	  pT	  <	  40GeV	  	  

Tracking	  efficiency	  ≥	  90%	  in	  central	  Au
+Au**	  

Momentum	  resolu*on	  ≲	  10%	  for	  pT	  =	  	  40	  
GeV**	  

Control	  over	  ini*al	  parton	  pT	  
Photon	  tagging	  with	  energy	  resolu*on	  
dominated	  by	  irreducible	  higher	  order	  

processes	  

Single	  photon	  resolu*on	  ≤	  8%	  for	  	  
pT	  =	  15	  GeV	  in	  central	  Au+Au**	  	  

(**) to be extracted using Au+Au, p+p data + simulations à LHC example
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Study	  same	  probe	  @	  different	  QGP	  evolu;on	  



	  	  	  	  LHC/RHIC	  Comparison	  	  

Rosi	  Reed	  -‐	  Ini;al	  Stages	  2019,	  NYC	   33	  Major physics goal for the HI community: compare jets at RHIC & LHC 
with similar “unquenched” kinematics / flavor / cone size  

➡ one good opportunity for this: select jets with high-pT photons  

➡ above: compare particle level ɣ+inclusive-jet @ RHIC-sPHENIX to 
unfolded ɣ+leading-jet @ LHC-ATLAS

Comparisons to (future) HI data @ RHIC
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Major	  physics	  goal	  
for	  the	  HI	  
community	  
•  compare	  
“similar”	  jets	  at	  
RHIC	  &	  LHC	  	  

γ-‐jet!	  
•  ɣ+inclusive-‐jet	  
@	  RHIC-‐sPHENIX	  	  

•  unfolded	  ɣ
+leading-‐jet	  @	  
LHC-‐ATLAS	  



Cold	  QCD	  

Jet	  and	  hadron	  asymmetries	  in	  polarized	  
pp	  are	  sensi;ve	  to	  gluon	  polariza;on	  in	  
high-‐x	  region	  compared	  to	  EIC	  reach	  
	  

Rosi	  Reed	  -‐	  Ini;al	  Stages	  2019,	  NYC	   34	  

Gluon	  Polariza;on	  

EIC	  White	  paper:	  
arXiv:1212.1701	  	


sPHENI
X	  barrel	  
region	
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Fig. 26. Tower to tower calibration for inner and outer HCal was done with cosmic muons. (a) Measured raw ADC spectra of cosmic ray muon events in the
inner HCal. (b) Inner HCal cosmic muon energy deposition in simulation in one column. Muons were simulated at 4 GeV moving from the top to bottom.
Energy depositions in the bottom towers are higher due to the tilted plate design where muons have to go through a longer path through the scintillating tiles.
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Fig. 27. Hadron reconstruction in standalone HCal setup. Calibrated 4 ⇥
4 tower energies were added together from the inner and the outer HCal.
The simulation is shown by the filled histogram and the solid points are the
data. Both are in good agreement. The peak at the lower energies in the data
corresponds to the small fraction of muon events that pass through the HCal
leaving only the minimum ionizing energy, which were not simulated.

AHCAL and the deviation of EHCAL from the beam energy.
The same gain calibration constants are used in analysis of all
beam energies.

Figure 27 shows a comparison of the reconstruction hadron
energy between data and simulation. The simulation (filled
histogram) and data (solid points) are in excellent agreement
for 6-32 GeV beam energies. The beam momentum spread
is not unfolded in both cases. At lower energies, hadron
measurements are poor due to lower fractions of hadrons in
the beam (Figure 14) as well as the increased beam size. The
peak at the lower energies in the data corresponds to the small
fraction of muons events that pass through the HCal leaving
only the minimum ionizing energy. The corresponding hadron
resolution and linearity are shown in Figure 28. The data are
fit with the function, �E/E =

p
a

2 + b

2
/E, as labeled on

the plot. A beam momentum spread (�p/p ⇡ 2%) is unfolded
and included in the resolution calculation. The hadron energy
resolution follows an empirical formula 11.8 � 81.1%/

p
E,

which matches the expected resolution from simulations very
well. The HCal was calibrated for hadronic showers and then
used to measure electron showers. The electron resolution for
the standalone HCal is 8.1 � 31.3%/

p
E. This demonstrates

the HCal’s ability to assist the EMCal by measuring the
electron energy leaking from the EMCal into HCal.

As seen in Figure 28 (a), the hadron energy response is
well described by a linear fit where the reconstructed energy
is the same as the input energy. The bottom panel shows
the ratio between the reconstructed energy and the fit. The
4 GeV hadron measurement is poor because the hadron peak
is difficult to distinguish from the muon MIP peak as seen in
Figure 27 due to their proximity. The electrons are described
well with a second order polynomial due to non-linear e/h
response.

Figure 29 shows the HCal hEei/hE⇡i response. Data is
compared with several different GEANT4 simulation setups
by varying physics lists and Birks’ constants. Simulation with
a Birks’ constant of 0.2 mm/MeV describes the data well.

E. Hadron Measurement with sPHENIX Configuration

The full hadron measurement is done with the sPHENIX
configuration, which includes all three segments of calorime-
ters including the EMCal in front of the HCal. In this config-
uration the total energy will be reconstructed by summing up
the digitized data from both the EMCal and the HCal. The de-
velopment of hadronic showers is a complicated process with
significant fluctuations of the reconstructed energy compared
to electromagnetic showers. Distinguishing the shower starting
position helps to understand the longitudinal shower develop-
ment fluctuations. Therefore, in this analysis, the events are
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Fig. 28. HCal standalone measurements without the EMCal in-front. (a) HCal linearity for electrons and hadrons. The lower panel shows the ratio of
reconstructed energy and the fits. (b) Corresponding HCal resolution for hadrons and electrons. The beam momentum spread (�p/p ⇡ 2%) is unfolded and
included in the resolution calculation.
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Fig. 29. HCal hEei/hE⇡i response. Data is compared with several different
GEANT4 simulation setups by changing physics lists and Birks’ constants.
Simulation with a Birks’ constant (kB) of 0.2 mm/MeV describes the data
well.

sorted into three categories depending on their longitudinal
shower profile:

• HCALOUT: Events where hadrons pass through the
EMCal and inner HCal and primarily shower in the outer
HCal alone or pass through the full calorimeter system
without showering. These events are shown as the blue
points in Figure 30.

• HCAL: Events where hadrons pass through the EMCal.
In these events, hadron showers start in the inner HCal,
or the outer HCal, or pass through all three calorimeters.
These events are shown as red points in Figure 30.

• FULL: This represents all hadrons irrespective of when
they start showering. They are shown as black points in
Figure 30. These include hadron showers that start in the
EMCal, inner HCal, outer HCal, or pass through all three
calorimeter systems.

These event categories help diagnose each section of the
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Fig. 30. Hadron energy measurement with combined EMCal+HCal detector.
Events were sorted into three categories: 1) HCALOUT where particles pass
through the EMCal and inner HCal and then shower in the outer HCal;
2) HCALIN+HCALOUT where particles pass through the EMCal and then
shower in either HCal; 3) EMCAL+HCALIN+HCALOUT which includes all
showers irrespective of their starting position.

calorimeters independently as well as understanding of the
leakage variations, shower containment and longitudinal fluc-
tuations depending on their starting position. The EMCal
energy was balanced with respect to the HCal in a similar
way by changing the gain factors described in the previous
section. As expected, Figure 30 shows the fraction of HCAL
or HCALOUT events increases as a function of beam energy.
The peaks at the lower energy correspond to the small fractions
of muon events that pass through the calorimeters leaving only

Test beam: 
HCal

Reconstructed hadron 
energy distribution, 

different incident energy 
(data/sim comparison)

Linearity and resolution for electrons and 
hadrons in the HCal 19

Linearity	  and	  
resolu;on	  for	  
electrons	  and	  
hadrons	  in	  the	  
HCal	  

Good	  agreement	  
between	  data	  and	  
simula;on	  validates	  
simula;on	  
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MVTX DCA resolution
central	  Au+Au	  
store-‐average	  Linst	  

pp

MVTX	  DCA	  Resolu;on	  

Key	  for	  b-‐tagging	  and	  open	  
HF	  measurements	   Resolve	  Upsilon	  2S	  and	  

3S	  mass	  states	  
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SC>Magnet(

Flux(return(

Controls(and((
Quench(Protec8on(

Power(Supply(

Vacuum(pump(down(has(started.(Cool(down(will(begin(next(week.(Tes8ng(begins(2>3(weeks(thereager((

12/08/2017$

sPHENIX Magnet

• Formerly Babar magnet, 1.4 T solenoid 
• Successful low-field test, full-field tests imminent
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	  	  	  	  sPHENIX	  and	  HI	  Strategy	  

•  Hot	  QCD	  w/different	  Tini;al	  (RHIC	  vs	  LHC)	  à	  T	  dependence	  of	  
transport	  proper;es	  
– Mid-‐rapidity	  HCal	  at	  RHIC	  à	  HEP-‐style	  jet	  measurements	  

•  LHC	  approaches	  PbPb	  refined	  in	  RHIC	  AuAu	  w/steeper	  spectra,	  
lower	  UE	  mul;plici;es,	  γ/π0	  >	  1	  for	  pT	  >	  20	  GeV/c	  	  

•  Use	  of	  ALICE	  MAPS	  and	  RUs,	  and	  the	  ATLAS	  FELIX	  card	  strengthen	  
jus;fica;on	  for	  future	  development	  efforts	  

•  Good	  alignment	  between	  sPHENIX	  and	  LHC	  HI	  run	  plans	  provides	  
op;ons	  for	  bridging	  efforts	  and	  collabora;on.	  	  

•  Good	  data	  at	  RHIC	  improves	  argument	  for	  extending	  calcula;ons	  
to	  lower	  energy	  and	  building	  frameworks	  
–  DOE	  JET	  collabora;on,	  LANL	  LDRD,	  NSF	  JETSCAPE	  	  
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	  	  	  Calorimeter	  Performance	  	  
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4	  GeV	  e−	  

Moliere	  Radius	  ~4	  cm	  

4	  GeV	  π	


π	  passed	  E/p	  cuts	  

95%	  containment	  in	  
3x3	  tower	  square	  

50%	  containment	  in	  
3x3	  tower	  square	  


