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ET distributions!
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Bjorken energy density:216

!Bj =
dET

dy

1

"0#R2
(3)

where "0, the formation time, is usually taken as 1 fm/c and #R2 is the e!ective area of the collision. This formula is217

derived under the assumption that !ET " per particle # T for a thermal medium, which has nothing to do with hard218

scattering.219

C. Collisions of Relativistic Nuclei-Extreme Independent Models220

The first experiments specifically designed to measure the dependence of the charged particle multiplicity in high221

energy p+A collisions as a function of the nuclear size were performed by Busza and collaborators [27] at Fermilab using222

beams of $50–200 GeV/c hadrons colliding with various fixed nuclear targets. They found the surprising result [27]223

that the charged particle multiplicity density, dNch/d$, observed in proton+nucleus (p+A) interactions was not simply224

proportional to the number of collisions, but increased much more slowly. The other striking observation [28] was225

that a relativistic incident proton could pass through e.g. % = 4 absorption-mean-free-paths of a target nucleus and226

emerge from the other side, and furthermore there was no intranuclear cascade of produced particles (a stark di!erence227

from what would happen to the same proton in a macroscopic 4 mean-free-path hadron calorimeter). In the forward228

fragmentation region of 200 GeV/c p+A collisions, within one unit of rapidity from the beam ybeam = 6.0, there229

was essentially no change in dNch/d$ as a function of A, while the peak of the distribution moved backwards from230

midrapidity (ycm
NN

$ 3.0) with increasing A and the total multiplicity increased, resulting in a huge relative increase231

of multiplicity in the target fragmentation region, $ < 1 in the laboratory system.232

These striking features of the $ 200 GeV/c fixed target hadron-nucleus data (
%
s
NN

$ 19.4 GeV) showed the233

importance of taking into account the time and distance scales of the soft multi-particle production process including234

quantum mechanical e!ects [29–34]. The observations had clearly shown that the target nucleus was rather transpar-235

ent, so that a relativistic incident nucleon could make many successive collisions while passing through the nucleus236

and emerge intact. Immediately after a relativistic nucleon interacts inside a nucleus, the only thing that can happen237

consistent with relativity and quantum mechanics is for it to become an excited nucleon with roughly the same energy238

and reduced longitudinal momentum and rapidity. The relativistic nucleon remains in that state inside the nucleus,239

because the uncertainty principle and time dilation prevent it from fragmenting into particles until it is well outside240

the nucleus. This feature immediately eliminates the possibility of a cascade in the nucleus from the rescattering of241

the secondary products. Making the further assumptions (1) that an excited nucleon interacts with the same cross242

section as an unexcited nucleon and (2) that the successive collisions of the excited nucleon do not a!ect the excited243

state or its eventual fragmentation products [35], leads to the conclusion that the elementary process for particle244

production in nuclear collisions is the excited nucleon. This also leads to the prediction that the multiplicity in245

nuclear interactions should be proportional to the total number of projectile and target participants, rather than to246

the total number of collisions, which is called the wounded-nucleon model (WNM) [36]. Common usage is to refer to247

the wounded nucleons (WN) as participants.248

Interestingly, at midrapidity, the WNM works well only at roughly
%
s
NN

$ 20 GeV where it was discovered.249

For
%
s
NN

<$ 5.4 GeV, particle production is smaller than the WNM due to the large stopping [37] with reduced250

transparency; and the ET distributions in A+B collisions can be represented by sums of convolutions of the p+A251

distribution according to the relative probability of the number of projectile participants, the wounded-projectile-252

nucleon model (WPNM) [38–40]. For
%
s
NN

& 31 GeV, particle production is larger than the WNM [41, 42] and the253

AQM [6, 7], which is equivalent to a wounded-projectile-quark (color-string) model, has been used successfully. All254

three of the above models, as well as the models to be described below, are of the type referred to as extreme indepen-255

dent models (EIM). The e!ect of the nuclear geometry of the interaction can be calculated in EIMs, independently256

of the dynamics of particle production, which can be derived from experimental measurements, usually the p+p (or257

p+A) measurement in the same detector. In fact, the first published measurements at the CERN [43] and BNL [44]258

fixed target heavy ion programs in 1986-87 were ET distributions in which EIM, rather than cuts on centrality, were259

used to understand the data.260

At RHIC (
%
s
NN

= 19.6 ' 200 GeV), PHOBOS [45] has shown that the WNM works in Au+Au collisions for the261

total multiplicity, Nch, over the range |$| < 5.4, while at midrapidity, the WNM fails—the multiplicity density per262

participant pair, !dNch/d$"/(Npart/2), increases with increasing number of participants, in agreement with previous263

PHENIX results [1, 2, 46]. Additionally, it has been shown using PHOBOS Au+Au data [5, 47] and discussed for264

other data [48] that the midrapidity !dNch/d$" as a function of centrality in Au+Au collisions is linearly proportional265

to the NQP model; however for symmetric systems this cannot be distinguished from the number of color-strings, the266

AQM [49]. The present work completes the cycle and demonstrates, using midrapidity ET distributions at
%
s
NN

=200267
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Extreme Independent Models!
•   Extreme-Independent models:   separate nuclear geometry and 

fundamental elements of particle production. !

•  Nuclear Geometry represented by relative probability wn per B+A 
interaction for a given number n of fundamental elements. !

•  I will discuss models with 3 different fundamental elements: !
 Wounded Nucleon Model (WNM) - number of participants !

 Quark Part. Model (NQP), -number of constituent-quark participants !

 Additive Quark Model (AQM), color-strings between quark participants in 
projectile & target:  constraint: one string per qp   projectile quark participants.!

•  AQM & NQP cannot be distinguished for symmetric collisions, since 
projectile and target have the same number of struck quarks. Need 
asymmetric collisions, e.g, d+Au, !

Quark Matter  5/19/2014! M. J. Tannenbaum   3  !

Npart!

Nqp!



Implementation!
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•  The dynamics of the fundamental elementary  process is taken 
from the data: e.g. the measured ET distribution for a p-p collision 
represents: 2 participants (WNM);  a predictable convolution of 
constituent-quark-participants (Nqp); or projectile quark 
participants (AQM). !

• The above bullet is why I like these models: a Glauber calculation 
and a p-p measurement provide a prediction for A+A in the same 
detector.!

!
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From My First Quark Matter Talk 1984 #
ISR-BCMOR-αα √sNN=31GeV: WNM FAILS! AQM works!

WNM, AQM                 
T.Ochiai, 
ZPC35,209(86) !

Quark Matter  5/19/2014!

BCMOR PLB168(1986)158!

WNM agrees with αα data for 1 order of magnitude 
but disagrees for the other 10 orders of magnitude. !

AQM (Nqp)  is in excellent agreement over the entire 
distribution. !

A youngster,  Bill Zajc,  and other Penn collaborators 
claimed that failure of WNM was due to jets. BUT, in 
pp collisions Eo

T is dominated by soft physics, jet 
effects are not visible until  four  orders of magnitude 
down in cross section. For α-α no jet effect in whole 
measured region [see CMOR Nucl.Phys B244(1984)1] !



Jets are a <10-3 effect in p-p  ET distributions!
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UA2 PLB138(1984)430  (from DiLella)  
Break from jets ~5-6 orders of magnitude 
down for ET in ΔΦ=2π,  |η|<1.0 !

COR PLB126(1983)132  ET in ΔΦ=2π,          
|η|<0.8 EMCal. Break above 20 GeV is due 
to jets. Also see NuclPhys B244(1984)1 !

√s=630 GeV!√s=540 GeV#
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Au+Au ET spectra at AGS √sNN=5.4 GeV and RHIC 200 GeV 
are the same shape!!!!
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But following the style of the CERN fixed target results at c. 2000, we stopped plotting 
distributions [PRL87,052301(2001)] and gave results as (dET/dη)/(0.5Npart) vs. Npart!

E802- PLB 332, 258 (1994)!

 PHENIX PRC 89 044905 (2014) !
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From RHIC to LHC to RHIC  evolution of  
mid-rapidity dNch/dη with centrality, Npart!

and the AN1067 series.
The availability of the p+p baseline E

T

distribution together with the Au+Au distribu-
tion allows a test of the representation of dNch/d⌘ or dE

T

/d⌘ as a function of centrality by
the equation [41, 10, 11]:

dE
T

AA

/d⌘ = [(1� x) hNparti dET

pp

/d⌘/2 + x hNcolli dET

pp

/d⌘] . (1)

Figure 3 compares the Au+Au data to the NCOLL and NPART-WNM calculations, includ-
ing the e�ciencies.

Figure 3: Au+Au measurement of dE
T

/d⌘ compared to the NPART-WNM (dot-dash) and
NCOLL (dashes) model calculations. Solid line is 0.85 ⇥ the WNM-NPART curve + 0.15 ⇥
the NCOLL curve with x ⇡ 0.15

Figure 4: Au+Au measurement of dE
T

/d⌘, with 10-15% centrality region indicated, com-
pared to the calculation of the distribution given by Eq. 1 for Npart=254 and and Ncoll = 672
corresponding to 10-15% centrality.

One thing that is immediately evident from Fig. 3 is that the representation of dNch/d⌘

or dE
T

/d⌘ by Eq. 1 which may seem reasonable for the average values, makes no sense for

4

Inspired by article in same issue [PRL86, 3496],  PHENIX included the following fit:!

The Ncoll term implied a hard-scattering component for ET, known to be absent in p-p !
Quark Matter  5/19/2014!

PHENIX √sNN=130 GeV, PRL86 (2001)3500!



Important Observation 2.76TeV cf. 200 GeV!

•  Exactly the same shape vs. Npart although <Ncoll> is a factor of 1.6 
larger and the hard-scattering cross section is considerably larger.!

•  Strongly argues against a hard-scattering component and for a 
Nuclear Geometrical Effect. !
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 !

  PHENIX (2001)  dNch/dη ~ Npart
α with α=1.16±0.04 at √sNN=130 GeV!

  ALICE (2013)  dNch/dη ~ Npart
α with α=1.19±0.02 at √sNN=2760  GeV!

RHIC!
ALICE √sNN=2.76 TeV 
PRL 106(2011)032301!
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Identical shape of distributions indicates 
a nuclear-geometrical effect!

The geometry is the number of constituent quark participants/nucleon participant!
Eremin&Voloshin, PRC 67, 064905(2003) ; De&Bhattacharyya PRC 71; Nouicer EPJC 49, 281 (2007)!

New RHIC data for  
Au+Au at √sNN 
=0.0077 TeV show 
the same evolution 
with centrality !

Quark Matter  5/19/2014!

Remember, constituent quarks also gave universal scaling for v2/nq vs KET/nq!



What are Constituent Quarks?!
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Constituent quarks are Gell-Mann’s 
quarks from Phys. Lett. 8 (1964)214, 
proton=uud. These are relevant for 
static properties and soft physics, low 
Q2<2 GeV2 ; resolution> 0.14fm!

1.6fm!

For hard-scattering, pT>2 
GeV/c, Q2=2pT

2>8 GeV2, 
the partons (~massless 
current quarks, gluons and 
sea quarks) become visible !

K. Barish 

Kenneth N. Barish

for the 

PHENIX Collaboration

PHENIX Transverse Spin 

Measurements
XXII. International Workshop on Deep-

Inelastic Scattering and Related Subjects

Warsaw, Poland April 28-May 2, 2014

Resolution ~0.5fm! Resolution ~0.1fm! Resolution <0.07fm!



PHENIX NQP model: Data driven pp dAu, AuAu!

2) Deconvolute p-p ET distribution to  the 
sum of 2—6  quark  participant (QP) ET 
distributions taken as Γ distributions!

3) Calculate dAu and AuAu ET distributions as sum of QP ET distributions!

M. J. Tannenbaum   12  !
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=0.659NQP∈NQP calculation, 
=0.603, 0.716NQP∈NQP calculation, 

FIG. 17: ET ⌘ dET /d⌘|y=0 distributions at
p
sNN = 200 GeV: a) (top) Au+Au compared to the NQP calculations using the

central 1� p0 = 0.647 and ±1� variations of 1� p0 = 0.582, 0.712 for the probability of getting zero ET on a p+p collision with
resulting "NQP = 0.659, 0.603, 0.716, respectively. b) (bottom) d+Au calculation for the same conditions as in (a).

1) Generate 3 constituent quarks around 
nucleon position, distributed according to 
proton charge distribution for pp, dA, AA!

Quark Matter  5/19/2014!
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Nqp or AQM? !

Quark Matter  5/19/2014!

•  Additive Quark Model (AQM) & NQP Identical for symmetric collision systems!
•  PHENIX asymmetric d+Au data resolves the degeneracy! It is NQP!

The Additive Quark Model (AQM), Bialas and Bialas PRD20(1979)2854 and Bialas, Czyz and Lesniak PRD25(1982)2328, color 
string model. In the AQM model only one color string can be attached to a wounded quark. However for asymmetric systems such as  
d+Au it is a ``wounded projectile quark�� model since in this model, a maximum of 6 color strings are allowed from d to Au although 
the Au has many more quark participants. PHENIX data shows that all the quark participants are needed to reproduce d+Au data. !
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Eremin&Voloshin, PRC 67 (2003) 064905!
Nouicer, EPJC 49 (2007) 281!

These analyses didn’t do entire distributions but only centrality-cut averages. 
PHENIX has also done this and learned something VERY interesting.!

Quark Matter  5/19/2014!

Previous analyses have shown that Quark 
Participant Model works in Au+Au but could 

have been the AQM!
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dET/dη is “strictly proportional” to Nqp!
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A fit of dET/dη =a × Nqp+b at each √sNN gives b=0 in all 3 
cases which establishes the linearity of dET/dη  with Nqp!

Quark Matter  5/19/2014!



NQP Scaling works for √sNN≥31 GeV!

Quark Matter  5/19/2014! M. J. Tannenbaum   16  !

See Jeff Mitchell’s Poster for Nqp analyses and new measurements 
from √sNN =7.7 to 39 GeV as well as the Nqp analysis for 2.76 TeV!
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dET/dη/(0.5Nqp) vs Nqp 
constant for √sNN>27 GeV!

dET/dη/(0.5Npart) vs Npart 
constant near √sNN=20 GeV!



How I learned to love the Ansatz-Autumn 2013!
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and the AN1067 series.
The availability of the p+p baseline E

T

distribution together with the Au+Au distribu-
tion allows a test of the representation of dNch/d⌘ or dE

T

/d⌘ as a function of centrality by
the equation [41, 10, 11]:

dE
T

AA

/d⌘ = [(1� x) hNparti dET

pp

/d⌘/2 + x hNcolli dET

pp

/d⌘] . (1)

Figure 3 compares the Au+Au data to the NCOLL and NPART-WNM calculations, includ-
ing the e�ciencies.

Figure 3: Au+Au measurement of dE
T

/d⌘ compared to the NPART-WNM (dot-dash) and
NCOLL (dashes) model calculations. Solid line is 0.85 ⇥ the WNM-NPART curve + 0.15 ⇥
the NCOLL curve with x ⇡ 0.15

Figure 4: Au+Au measurement of dE
T

/d⌘, with 10-15% centrality region indicated, com-
pared to the calculation of the distribution given by Eq. 1 for Npart=254 and and Ncoll = 672
corresponding to 10-15% centrality.

One thing that is immediately evident from Fig. 3 is that the representation of dNch/d⌘

or dE
T

/d⌘ by Eq. 1 which may seem reasonable for the average values, makes no sense for

4

The Ncoll term implied a hard-scattering component for ET, known to be absent in p-p!!

However, both ATLAS [PLB707(2012)330] and ALICE [PRC 88 (2013)044909] 
computed this ansatz in an event-by-event  MC Glauber Calculation which fit their 
forward ET measurements used to define centrality in 2.76 TeV Pb+Pb collisions. !
ALICE realized that this combination represented the number of emitting sources of 
particles, which they named “ancestors”. !

Quark Matter  5/19/2014!

But if the ansatz works as a nuclear geometry element and a constituent quark also 
works THEN said Bill Zajc [now very senior] “the success of the two component 
model is not because there are some contributions proportional to Npart and some 
going as Ncoll, but because a particular linear combination of Npart and Ncoll turns out to 
be an empirical proxy for the number of constituent quarks”. !



PHENIX Calculation vs Centrality Au+Au!
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x=0.08!

Quark Matter  5/19/2014!

PHENIX Collab. S. S. Adler, et al., PRC 89, 044905 (2014)!

Et voilà, we checked and it worked: the ratio of Nqp/[(1-x)Npart/2+x Ncoll]=3.38 on the 
average and varies by less than 1% over the entire centrality range in 1% bins, except 
for the most peripheral bin where it is 5% low and for p-p collisions where it is 2.99 !



People who prefer plots are also happy!
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by W.A. Zajc! by MJT!
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Conclusions !
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 The Constituent Quark Participant Model (Nqp)  
works at mid-rapidity for A+B collisions in the range           
(~30 GeV) 62.4 GeV< √sNN< 2.76 TeV. !

 The two component ansatz  [(1-x)Npart/2+x Ncoll] 
also works but does not imply a hard-scattering 
component in Nch and ET distributions. It  is instead a 
proxy for Nqp as a function of centrality. !

 Thus, ALICE’s “ancestors” are constituent-quarks. !

 Everybody’s happy. (OK probably not everybody).!
Quark Matter  5/19/2014!



EXTRAS 
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E802-EMCal vs E877-HCAL √sNN=5.4 GeV              
Au+Au ET distributions are the same shape!!
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From Sanki Tanaka’s presentation QM83!
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observed in the detector,  A@ = Zr,  Ay = L L for au and pp col l isions at  the 
same center-of-mass energy per nucleon pair,  Js = 31 GeV.  The thresholds for 
the data samples for aa are:  1 GeV l ;  17 GeV x;  23 GeV+ ; 28 GeV t ;  and for pp 
4 GeV o;  9 GeV A. 

M. Tanaka et al. /Anomalous Nuclear Enhancement 32% 

part icles in the detector,  so i t  is direct ly sensi t ive to mul t iple nucleon-  

nucleon interact ions in the col l iding a part icles.  Single part icle spectra are 

sensi t ive in a different  way to mul t iple nucleon-nucleon interact ions and thus 

provide a complementary probe of  nucleus-nucleus col l isions.  Both these issues 

wi l l  be invest iyated as the data are further analyzed.  

It  should be emphasized that  the spectra presented in Fiyure 2 are prel im-  

inary.  Tracking of  charged part icles,  vertex fi t t iny and looking for clusters 

in the neutral  eneryy deposi t ion have not  yet  been at tempted.  No correct ions 

have been appl ied for resolut ion,  double hi ts wi thin the same shower counter or 

energy deposi ted by charged tracks in the shower counters or lead ylass.  These 

effects are not  expected to material ly chanye the conclusions of  this paper.  

The systemat ic error on the E"TGT scale is est imated to be less than 6%.  

A display of  a typical  CL(X event  wi ' th E"TdT 130 GeV is shown in Fiyure 3.  

These events appear to have a much hiyher charyed part icle mul t ipl ici ty than pp 

event? at  the same value of  E 'TGT.  

R110 RUN 20900 EVENT 1264 TRIG 

E OUT 1 _ 1GEV SH3- 8.0, SH2- 7.5 E IN 

SH4= 8.9 SHl= 1.8 

Fiy.  3.  View of  reconstructed event  from same perspect ive as Figure 1.  Note 

that  23 charged tracks have been found.  

CCOR 1977 First thin coil superconducting 
solenoid detector at a collider r=70cm!

we were originally thinking that this large ratio, much 
larger than the Cronin effect was a big discovery, but 
then we learned the difference of ET and pT!



We designed PHENIX explicitly to make 
this measurement (and lots of others) !

•  PHENIX is a special purpose 
detector designed and built to 
measure  rare processes 
involving leptons and photons at 
the highest luminosities.!
  possibility of zero magnetic field on axis !
 minimum of material in aperture 0.4% Xo!
  EMCAL RICH e± i.d. and lvl-1 trigger!
•  γ π0 separation up to pT ~ 25 GeV/c!
•  EMCAL and precision TOF for h± pid !
•  This ET measurement in 5 PbSc sectors!

Comparison to scale 
with a wedge of CMS!
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I rushed through “No Jets in p-p ET” because:!
This and many other relevant High Energy Physics issues  in RHI physics are available in the 
new book by Jan Rak and Michael J. Tannenbaum, “High pT physics in the Heavy Ion Era”!
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http://www.cambridge.org/knowledge/discountpromotion?code=E3RAK! 20% discount!

Quark Matter  5/19/2014!
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Physics of A+A collisions c. 1980!

Quark Matter  5/19/2014!

• The nucleus is transparent, incident protons pass through, make many successive 
collisions and come out the other side!

•  Uncertainty principle and time dilation prevent cascading of produced particles in 
relativistic collisions γ h/mπc > 10fm even at AGS energies: particle production takes 
place outside the Nucleus in a p+A reaction. !

With 2 additional assumptions: !
•  An excited nucleon interacts with the same cross section as an unexcited nucleon.!

•  Successive collisions of the excited nucleon do not affect the excited state or its 
eventual fragmentation products!

The conclusion is that the fundamental element for particle production in nuclear 
collisions is the excited nucleon and that the multiplicity is proportional to the 
number of excited nucleons =Wounded Nucleon Model (Npart)!



Constituent quarks are Gell-Mann’s quarks 
from Phys. Lett. 8 (1964)214!
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Ω- (sss)!
Constituent quark model 

of Baryons!

BNL-Barnes, Samios et al., PRL12, 204 (1964)!
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For more on Constituent quarks in QCD see     
E. V. Shuryak, Nucl. Phys. B 203, 116 (1982).!


