
Ini$al	
  State	
  Parameteriza$ons
Sco2	
  Pra2,	
  Michigan	
  State	
  University

• Role of IS parameterizations in global analysis
• Some parameterizations (smooth)
• PHENIX analysis of pp, pA, AA
• Some thoughts about this…
• Challenges of lumpy conditions



14-­‐parameter	
  analysis	
  of	
  so?	
  RHIC	
  and	
  LHC	
  data	
  
S.P.,	
  E.Sangaline,	
  P.Sorensen	
  and	
  H.Wang,	
  PRL	
  2015

MODEL:	
  
• “standard”	
  2D	
  viscous	
  hydro+cascade	
  
• 10	
  parameters	
  describe	
  IS  
(5	
  for	
  RHIC,	
  5	
  for	
  LHC)	
  

• 2	
  parameters	
  describe	
  EoS	
  
• 2	
  parameters	
  describe	
  η

Observables:	
  
• RHIC	
  100+100	
  GeV,	
  Au+Au	
  /	
  LHC,	
  Pb+Pb	
  
• π-­‐K-­‐p	
  spectra,	
  v2,	
  HBT	
  radii	
  
• 0-­‐5%	
  centrality	
  &	
  20-­‐30%	
  centrality



Goal:	
  
Determine	
  
posterior	
  
likelihood



Eq. of State
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⌘/s = (⌘/s)0

+  ln(T/165)

(η/s)0 κ0.0 3.0

(η
/s)0

κ

3.0

0.5

0.0

Constraining η(T)
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,�
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, T
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• εcgc	
  similar	
  to	
  Dumitru	
  et	
  al



Wounded	
  Nucleon++

εwn = ε0TA
σ NN

2σ sat

1− e−σ satTB( )+ (A↔ B)

• ε0	
  =	
  dE/dy	
  at	
  𝞽0	
  
• Roughly	
  par$cipant	
  scaling	
  
• If	
  σsat=σNN	
  ➙	
  one-­‐and-­‐done	
  
• For	
  TA>>TB,	
  propor$onal	
  to	
  TA	
  	
  
• One	
  can	
  add	
  rapidity	
  dependence

εwn
′ = ε0TA

σ NN

σ sat

1− e−σ satTB( ) | y − yB || yA − yB |
+ (A↔ B)

P.	
  Bozek,	
  PRC	
  2010



More	
  Forms	
  PHENIX,	
  ArXiv:1312.667

Wounded	
  Nucleon	
  (WN):	
  Angelis	
  et	
  al,	
  PLB	
  84	
  
• par$cipant	
  scaling,	
  one-­‐and-­‐done 

Number	
  of	
  Cons$tuent	
  Quarks	
  (NQP):	
  Eremin	
  and	
  Voloshin	
  PRC	
  2003	
  
• three	
  and	
  done	
  (but	
  smaller	
  individual	
  sources)	
  
 
Addi$ve	
  Quark	
  Model	
  (AQM):	
  Bialas	
  et	
  al,	
  PRD	
  82	
  
• similar	
  to	
  color-­‐string	
  model	
  

Wounded	
  Nucleon	
  Par$cipant	
  (WPNM):	
  Ftaknik	
  et	
  al,	
  PLB	
  87	
  
• scales	
  pA



PHENIX	
  data	
  
(pp,	
  dA,	
  AA)	
  ArXiv:1312.667	
  
•prefers	
  NQP	
  
•beXer	
  than	
  Ncoll	
  scaling 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FIG. 10: (Color online) (a) Deconvolution fit to the p+p ET

distribution for ET < 13.3 GeV at
√
sNN = 200 GeV with the

corrected weights w′AQM
i calculated in the Additive Quark

model (AQM) using the symmetric color-string efficiency,
ϵAQM = 1 − p0AQM = 0.538. Lines represent the properly
weighted individual ET distributions for 1, 2, 3 color-strings
plus the sum. On the y-axis intercept, the top line is the sum
and the lower curves in descending order are the ET distribu-
tions of 1,2,3 color-strings. (b) Deconvolution fit to the same
p+p ET distribution for ET < 13.3 GeV with the corrected
weights w′NQP

i with ϵNQP = 1 − p0NQP = 0.659 calculated
in the NQP model. Lines represent the properly weighted
individual ET distributions for the underlying 2, 3, 4, 5, 6
constituent-quark participants plus the sum.

The major difference in the NQP and AQM calcula-
tions with respect to the measurements shows up in the
asymmetric d+Au system, Fig. 12, where the NQP calcu-
lation closely follows the d+Au ET distribution in shape
and in magnitude over a range of a factor of 1000 in cross
section. The AQM calculation disagrees both in shape
and magnitude, with a factor of 1.7 less transverse energy
emission than in the measurement. This clearly indicates
the need for emission from additional quark participants
in the Au target beyond those in the deuteron, as shown
by the individual components of the NQP calculation for
d+Au (Fig. 13). It is also clear that having the compar-
ison between the NQP and AQM models for asymmetric
systems is crucial in distinguishing the models.
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FIG. 11: (Color online) ET distributions at
√
sNN = 200 GeV

calculated in the Number of constituent-Quark Participants
or NQPmodel, with ϵNQP = 1−p0NQP = 0.659 for Au+Au to-
gether with the AQM calculations with efficiencies indicated.
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FIG. 12: (Color online) d+Au measurements compared to the
AQM and NQP model calculations.

Previously, the hypothesis of quark-participant scaling
in Au+Au collisions had been tested only for mean values
by plotting ⟨dET /dη⟩/(⟨Nqp⟩/2) vs Npart [5, 47, 48] as
applied here in Fig. 6. The present work extends the
NQP model to distributions, as described in section VIII
and shown in Fig. 11. By doing so, we are able to make a
crucial consistency check—the ⟨dET /dη⟩/Nqp = 0.617±
0.023 GeV from the linear fit (Fig. 7) in Au+Au is equal
(within < 1 standard deviation) to the value ⟨ET ⟩trueqp =
0.655 ± 0.066 GeV derived for a quark-participant from
the deconvolution of the p+p ET distribution (Table XV).

C. Additional Systematic Uncertainties

The probability p0 of detecting zero ET in the central
detector for an N+N or other elementary collision plays a
major role in this analysis. The predominant systematic

19

 (GeV)TE
0 10 20 30 40 50 60 70

)-1
 (G

eV
T

dY
/d

E

-610

-510

-410

-310

-210

-110

1

200 GeV p+p
=0.538AQM∈AQM fit sum, 

1 color-string
2 color-strings
3 color-strings

(a)

 (GeV)TE
0 10 20 30 40 50 60 70

)-1
 (G

eV
T

dY
/d

E

-610

-510

-410

-310

-210

-110

1
(b)

200 GeV p+p
=0.659NQP∈NQP fit sum, 

2 quark participants
3 quark participants
4 quark participants
5 quark participants
6 quark participants

FIG. 10: (Color online) (a) Deconvolution fit to the p+p ET

distribution for ET < 13.3 GeV at
√
sNN = 200 GeV with the

corrected weights w′AQM
i calculated in the Additive Quark

model (AQM) using the symmetric color-string efficiency,
ϵAQM = 1 − p0AQM = 0.538. Lines represent the properly
weighted individual ET distributions for 1, 2, 3 color-strings
plus the sum. On the y-axis intercept, the top line is the sum
and the lower curves in descending order are the ET distribu-
tions of 1,2,3 color-strings. (b) Deconvolution fit to the same
p+p ET distribution for ET < 13.3 GeV with the corrected
weights w′NQP

i with ϵNQP = 1 − p0NQP = 0.659 calculated
in the NQP model. Lines represent the properly weighted
individual ET distributions for the underlying 2, 3, 4, 5, 6
constituent-quark participants plus the sum.

The major difference in the NQP and AQM calcula-
tions with respect to the measurements shows up in the
asymmetric d+Au system, Fig. 12, where the NQP calcu-
lation closely follows the d+Au ET distribution in shape
and in magnitude over a range of a factor of 1000 in cross
section. The AQM calculation disagrees both in shape
and magnitude, with a factor of 1.7 less transverse energy
emission than in the measurement. This clearly indicates
the need for emission from additional quark participants
in the Au target beyond those in the deuteron, as shown
by the individual components of the NQP calculation for
d+Au (Fig. 13). It is also clear that having the compar-
ison between the NQP and AQM models for asymmetric
systems is crucial in distinguishing the models.

 (GeV)TE
0 100 200 300 400 500 600 700 800 900 1000

)-1
 (G

eV
T

dY
/d

E

-710

-610

-510

-410

-310

-210

-110
200 GeV Au+Au

=0.659NQP∈NQP calculation, 
=0.538AQM∈AQM calculation, 

FIG. 11: (Color online) ET distributions at
√
sNN = 200 GeV

calculated in the Number of constituent-Quark Participants
or NQPmodel, with ϵNQP = 1−p0NQP = 0.659 for Au+Au to-
gether with the AQM calculations with efficiencies indicated.

 (GeV)TE
0 10 20 30 40 50 60 70 80

)-1
 (G

eV
T

dY
/d

E

-610

-510

-410

-310

-210

-110

1

200 GeV d+Au
=0.659NQP∈NQP calculation, 
=0.538AQM∈AQM calculation, 

FIG. 12: (Color online) d+Au measurements compared to the
AQM and NQP model calculations.

Previously, the hypothesis of quark-participant scaling
in Au+Au collisions had been tested only for mean values
by plotting ⟨dET /dη⟩/(⟨Nqp⟩/2) vs Npart [5, 47, 48] as
applied here in Fig. 6. The present work extends the
NQP model to distributions, as described in section VIII
and shown in Fig. 11. By doing so, we are able to make a
crucial consistency check—the ⟨dET /dη⟩/Nqp = 0.617±
0.023 GeV from the linear fit (Fig. 7) in Au+Au is equal
(within < 1 standard deviation) to the value ⟨ET ⟩trueqp =
0.655 ± 0.066 GeV derived for a quark-participant from
the deconvolution of the p+p ET distribution (Table XV).

C. Additional Systematic Uncertainties

The probability p0 of detecting zero ET in the central
detector for an N+N or other elementary collision plays a
major role in this analysis. The predominant systematic

19

 (GeV)TE
0 10 20 30 40 50 60 70

)-1
 (G

eV
T

dY
/d

E

-610

-510

-410

-310

-210

-110

1

200 GeV p+p
=0.538AQM∈AQM fit sum, 

1 color-string
2 color-strings
3 color-strings

(a)

 (GeV)TE
0 10 20 30 40 50 60 70

)-1
 (G

eV
T

dY
/d

E

-610

-510

-410

-310

-210

-110

1
(b)

200 GeV p+p
=0.659NQP∈NQP fit sum, 

2 quark participants
3 quark participants
4 quark participants
5 quark participants
6 quark participants

FIG. 10: (Color online) (a) Deconvolution fit to the p+p ET

distribution for ET < 13.3 GeV at
√
sNN = 200 GeV with the

corrected weights w′AQM
i calculated in the Additive Quark

model (AQM) using the symmetric color-string efficiency,
ϵAQM = 1 − p0AQM = 0.538. Lines represent the properly
weighted individual ET distributions for 1, 2, 3 color-strings
plus the sum. On the y-axis intercept, the top line is the sum
and the lower curves in descending order are the ET distribu-
tions of 1,2,3 color-strings. (b) Deconvolution fit to the same
p+p ET distribution for ET < 13.3 GeV with the corrected
weights w′NQP

i with ϵNQP = 1 − p0NQP = 0.659 calculated
in the NQP model. Lines represent the properly weighted
individual ET distributions for the underlying 2, 3, 4, 5, 6
constituent-quark participants plus the sum.

The major difference in the NQP and AQM calcula-
tions with respect to the measurements shows up in the
asymmetric d+Au system, Fig. 12, where the NQP calcu-
lation closely follows the d+Au ET distribution in shape
and in magnitude over a range of a factor of 1000 in cross
section. The AQM calculation disagrees both in shape
and magnitude, with a factor of 1.7 less transverse energy
emission than in the measurement. This clearly indicates
the need for emission from additional quark participants
in the Au target beyond those in the deuteron, as shown
by the individual components of the NQP calculation for
d+Au (Fig. 13). It is also clear that having the compar-
ison between the NQP and AQM models for asymmetric
systems is crucial in distinguishing the models.
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FIG. 11: (Color online) ET distributions at
√
sNN = 200 GeV

calculated in the Number of constituent-Quark Participants
or NQPmodel, with ϵNQP = 1−p0NQP = 0.659 for Au+Au to-
gether with the AQM calculations with efficiencies indicated.
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FIG. 12: (Color online) d+Au measurements compared to the
AQM and NQP model calculations.

Previously, the hypothesis of quark-participant scaling
in Au+Au collisions had been tested only for mean values
by plotting ⟨dET /dη⟩/(⟨Nqp⟩/2) vs Npart [5, 47, 48] as
applied here in Fig. 6. The present work extends the
NQP model to distributions, as described in section VIII
and shown in Fig. 11. By doing so, we are able to make a
crucial consistency check—the ⟨dET /dη⟩/Nqp = 0.617±
0.023 GeV from the linear fit (Fig. 7) in Au+Au is equal
(within < 1 standard deviation) to the value ⟨ET ⟩trueqp =
0.655 ± 0.066 GeV derived for a quark-participant from
the deconvolution of the p+p ET distribution (Table XV).

C. Additional Systematic Uncertainties

The probability p0 of detecting zero ET in the central
detector for an N+N or other elementary collision plays a
major role in this analysis. The predominant systematic
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  needs	
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Figure 2: Scaled distributions of v2, v3 and v4 as well as ε2, ε3 and ε4 compared to experimental data from the ATLAS
collaboration [20, 21]. Using 750 (0-5%) and 1300 (20-25%) events. Bands are systematic experimental errors.
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where ta are the generators of SU(Nc) in the fundamental
representation (The cell index j is omitted here). The
N2

c −1 equations (4) are highly non-linear and for Nc = 3
are solved iteratively.
The total energy density on the lattice at τ = 0 is given

by

ε(τ = 0) =
2

g2a4
(Nc − Re trU!) +

1

g2a4
trE2

η , (5)

where the first term is the longitudinal magnetic energy,
with the plaquette given by U j

!
= Ux

j Uy
j+x̂ U

x†
j+ŷ U

y†
j .

The explicit lattice expression for the longitudinal elec-
tric field in the second term can be found in Refs. [32, 34].
We note that the boost-invariant CYM framework ne-
glects fluctuations in the rapidity direction. Anisotropic
flow at mid-rapdity is dominated by fluctuations in the
transverse plane but fluctuations in rapidity could have
an effect on the dissipative evolution; the framework to
describe these effects has been developed [35] and will
be addressed in future work. Other rapidity dependent
initial conditions are discussed in Ref. [36].
In Fig. 1 we show the event-by-event fluctuation in

the initial energy per unit rapidity. The mean was ad-
justed to reproduce particle multiplicities after hydro-
dynamic evolution. This and all following results are for
Au+Au collisions at RHIC energies (

√
s = 200AGeV) at

midrapidity. The best fit is given by a negative binomial
(NBD) distribution, as predicted in the Glasma flux tube
framework [37]; our result adds further confirmation to a
previous non-perturbative study [38]. The fact that the
Glasma NBD distribution fits p+p multiplicity distribu-
tions over RHIC and LHC energies [24] lends confidence
that our picture includes fluctuations properly.
We now show the energy density distribution in the

transverse plane in Fig. 2. We compare to the MC-KLN
model and to an MC-Glauber model that was tuned to
reproduce experimental data [4, 8]. In the latter, for ev-
ery participant nucleon, a Gaussian distributed energy
density is added. Its parameters are the same for ev-
ery nucleon in every event, with the width chosen to be
0.4 fm to best describe anisotropic flow data. We will
also present results for a model where the same Gaus-
sians are assigned to each binary collision. The resulting
initial energy densities differ significantly. In particular,
fluctuations in the IP-Glasma occur on the length-scale
Q−1

s (x⊥), leading to finer structures in the initial energy
density relative to the other models. As noted in [25],
this feature of CGC physics is missing in the MC-KLN
model.
We next determine the participant ellipticity ε2 and

triangularity ε3 of all models. Final flow of hadrons vn is
to good approximation proportional to the respective εn
[39], which makes these eccentricities a good indicator of
what to expect for vn. We define

εn =

√

⟨rn cos(nφ)⟩2 + ⟨rn sin(nφ)⟩2
⟨rn⟩

, (6)

FIG. 2. (Color online) Initial energy density (arbitrary units)
in the transverse plane in three different heavy-ion collision
events: from top to bottom, IP-Glasma, MC-KLN and MC-
Glauber [8] models.

where ⟨·⟩ is the energy density weighted average. The re-
sults from averages over ∼ 600 events for each point plot-
ted are shown in Fig. 3. The ellipticity is largest in the
MC-KLN model and smallest in the MC-Glauber model
with participant scaling of the energy density (Npart).
The result of the present calculation lies in between,
agreeing well with the MC-Glauber model using binary
collision scaling (Nbinary). We note however that this
agreement is accidental; binary collision scaling of eccen-
tricities, as shown explicitly in a previous work applying
average CYM initial conditions [40], does not imply bi-
nary collision scaling of multiplicities.
The triangularities are very similar, with the MC-KLN

result being below the other models for most impact pa-
rameters. Again, the present calculation is closest to the
MC-Glauber model with binary collision scaling. There
is no parameter dependence of eccentricities and trian-
gularities in the IP-Glasma results shown in Fig. 3. It
is reassuring that both are close to those from the MC-
Glauber model because the latter is tuned to reproduce
data even though it does not have dynamical QCD fluc-
tuations.
We have checked that our results for ε2, ε3 are insensi-

IP-Glasma

MC-KLN

MC-Glauber

IP-Glasma

Something’s right! — But what?



• Where	
  does	
  the	
  energy/entropy	
  go?	
  
• How	
  do	
  you	
  add	
  ini$al	
  flow?	
  
• Nucleon-­‐by-­‐nucleon	
  satura$on?	
  
• Rematching	
  pp,	
  pA,	
  AA	
  
• Adding	
  rapidity	
  dependence	
  
• Can	
  form	
  be	
  related	
  to	
  physics?



Where	
  does	
  the	
  energy/entropy	
  go?

Should	
  you	
  emit	
  from	
  
a. overlap?	
  
b. total	
  area	
  of	
  par$cipant?	
  
c. satura$on	
  scale?	
  
d. partonic	
  par$cipants?

Note:	
  
area	
  of	
  nucleon	
  overlap	
  =	
  120	
  mb	
  (bmax≈2	
  fm)	
  
σpp	
  at	
  RHIC	
  =	
  42	
  mb



What	
  about	
  ini$al	
  flow?

T0i
T00

= − ∂iT00
2T00

t
S.P.	
  and	
  J.Vredevoogd,	
  PRC	
  2009

• same	
  “flow”	
  for	
  ideal	
  hydro,	
  Y.M.	
  eq.s,	
  free	
  streaming…	
  
• small	
  $mes	
  
• Bjorken	
  
• traceless	
  SE	
  
• Tzz/ε	
  independent	
  of	
  x,y

For small features, acceleration is LARGE !



Nucleon-­‐by-­‐Nucleon	
  Satura$on

What	
  if	
  blue	
  nucleon	
  can	
  only	
  produce	
  one	
  flux	
  tube?	
  
Should	
  algorithm	
  only	
  depend	
  on	
  local	
  Ta,	
  Tb	
  ?



Can	
  form	
  be	
  related	
  to	
  physics?

Important	
  for:	
  
• insight	
  
• connec$ng	
  to	
  real	
  models	
  (e.g.	
  IP	
  Glasma)	
  
• discard	
  unphysical	
  possibili$es	
  


