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One of the more 
memorable of the 

proposals from 
my service on 
Bob Wilson’s 

Program Advisory 
Committee at 
FNAL from 

1972-75



Wit proposed ONE photomultiplier!
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5 inches



State of the Art 1972 for charged 
multiplicity distribution from P-178
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Result of E178 was revolutionary-I
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PRL 39, 1499 (1977) 

200 GeV   ycm=3.0

•  NO CHANGE (η>5)
Forward fragmentation 
proton passes through!!
  Tremendous Activity  
Target region (η<0.5)

 Mid rapidity: dn/dη 
increases with A with 
small shift backwards 
with increasing A

p+A where A is 
represented by 
average number 
of collisions ν

Strong dependence 
on rapidity



Result of E178 was revolutionary-II
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RA= <n>pA/ <n>pp= (1+<v>) / 2

<Npart>pA
<Npart>pp

PRD 22, 13 (1980) : Npart rather than Ncoll governs particle production. 
Confirms the wounded nucleon model: Bialas, et al, NPB111, 461 (1976)
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Extreme-Independent 
or Wounded Nucleon Models c. 1980

•  Number of Spectators (i.e. non-participants) Ns can be measured directly in Zero 
Degree Calorimeters (more complicated in Colliders)

•  Enables unambiguous measurement of (projectile) participants = Ap -Ns 

•  For symmetric A+A collision Npart=2 Nprojpart =2 (Ap -Ns)

•  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. 

•  Thus, Extreme-Independent models separate the nuclear geometry from the 
dynamics of particle production. The Nuclear Geometry is represented as the relative 
probability per B+A interaction wn for a given number of  total participants  (WNM), 
projectile participants (WPNM), wounded projectile quarks=color-strings (AQM), 
constituent quarks or other fundamental element of particle production. 

•  The dynamics of the elementary underlying process is taken from the data: e.g. the 
measured ET distribution for a p-p collision represents, 2 participants, 1 n-n collision, 
1 wounded projectile nucleon, a predictable convolution of quark-nucleon collisions.



= <Npart>PRC 44, 2736 (1991)
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Spectators Ns
participants

WA80: proof of Wounded Nucleon Model at 
midrapidity for 60, 200 A GeV using ZDC
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First RHI data NA35 (NA5 Calorimeter) 
CERN 16O+Pb √sNN=19.4 GeV midrapidity

p+Au is a Γ dist  p=3.36 Upper Edge of O+Pb is 16 
convolutions of p+Au. WPNM!!PLB 184, 271 (1987)

WPN=Wounded Projectile Nucleon=projectile participant
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PLB 197, 285 (1987) 
ZPC 38, 35 (1988)

E802-O+Au, O+Cu
midrapidity at AGS 
√sNN=5.4GeV

WPNM works in detail

•  Maximum energy in O+Cu ~ same 
as O+Au--Upper edge of O+Au 
identical to O+Cu dσ/dE * 6

•  Indicates large stopping at AGS 16O 
projectiles stopped in Cu so that 
energy emission (mid-rapidity) 
ceases

•  Full O+Cu and O+Au spectra 
described in detail by WPNM based 
on measured p+Au   BUT
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E802-AGS
Midrapidity stopping!
pBe & pAu have same 
shape at midrapidity 

over a wide range of δη
PRC 63, 064602 (2001)

•  confirms previous measurement       
PRC 45, 2933 (1992)                   
that pion distribution from second 
collision shifts by > 0.8 units in y,  
out of aperture. Explains WPNM.
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ISR-BCMOR-αα √sNN=31GeV: WNM FAILS! AQM works

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

PLB168, 158 (86)

WNM edge is parallel to p-p data! This is 
due to dominance of 4th pp convolution

Both p-p and alpha-alpha data are beautiful   
Γ-distributions with analytical convolution.
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Summary of Wounded Nucleon Models 
at mid-rapidity c. 1991 

•  The classical Wounded Nucleon (Npart) Model (WNM)  of 
Bialas, Bleszynski and Czyz (NPB 111, 461 (1976) ) works only 
at CERN fixed target energies, √sNN~20 GeV. 

•  WNM overpredicts at AGS energies √sNN~ 5 GeV (WPNM 
works at mid-rapidity)--this is due to stopping, second collision 
gives only few particles which are far from mid-rapidity. E802

•  WNM underpredicts for √sNN ≥ 31 GeV---Additive Quark 
Model Works. BCMOR + Ochiai

•  This is the explanation of the famous  kink, well known as p
+A effect since QM87+QM84
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i.e. The kink is a p+A effect 
well known since 1987-seen at FNAL,ISR,AGS

≈ s1/4

Marek Gazdzicki 
QM2004, QM 2001... 
Pions per participant



RHIC—PHOBOS--first dn/dη Measurement 
First published measurement from RHIC
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Large η coverage √s=56, 130 GeV 
Establish standard of quoting 
mid-rapidity dn/dη/(0.5Npart); 
Confirms deviation from WNM
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MJT-Erice 2003-For Nino PHOBOS dn/dη, Nch

cf. M.Basile, A. Zichichi et al, PL 
B92, 367 (1980);  B95, 311 (1980)

Nch/<Npart/2> Au+Au @ √sNN ~ e+e-  =  pp@ √s=2 √sNN

Leading particle effect-in pp--Zichichi—vanishes in AuAu

From 1993,published PRC74(2006)021902
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MJT-Erice 2003-For Nino PHOBOS dn/dη, Nch

cf. M.Basile, A. Zichichi et al, PL 
B92, 367 (1980);  B95, 311 (1980)

Nch/<Npart/2> Au+Au @ √sNN ~ e+e-  =  pp@ √s/2

Leading particle effect-in pp--Zichichi—vanishes in AuAu

From 1993,published PRC74(2006)021902



Phobos: Large Δη--Limiting Fragmentation
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=η − yBEAM
PHOBOS PRL91(2003) 052303



PHOBOS-Final Multiplicity Paper 2011 
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Using full rapidity range, total Nch/(0.5Npart) does follow WNM (in AA 
only) but mid-rapidity dNch/dη/(0.5Npart) shows different but apparently 
universal dependence first seen by PHENIX and recently at LHC. 
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From RHIC to LHC to RHIC  evolution of  
mid-rapidity dNch/dη with centrality, Npart

ALICE √sNN=2.76 TeV PRL 106(2011)032301PHENIX √sNN=130 GeV, PRL86 (2001)3500
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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 
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MJT-QuarkMatter-2012 Poster

The Additive Quark Model (AQM), Bialas and Bialas PRD20(1979)2854 and Bialas, 
Czyz and Lesniak PRD25(1982)2328, is really a color string model. In the AQM model 
only one color string can be attached to a wounded quark. For symmetric systems, it is 
identical to the Quark Participant model. However for asymmetric systems such as       
d+Au it is a ``wounded projectile quark  model since in this model, only 6 color 
strings can be attached to the d while the Au can have many more quark participants. 
PHENIX preliminary data shows that in fact it is the QPM not the color string model 
that works

But symmetric A+A collisions can’t distinguish 
AQM (color strings) from constituent quarks
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Some Personal Observations

 I’ve spent a lot of my research time on measurements and “Extreme 
Independent Models” based on and inspired by Wit’s work.

 I’m also impressed with the excellent group that Wit has built up 
here at MIT and the outstanding contributions that they have made to  
RHI physics both at RHIC on PHOBOS and now at LHC on CMS

However, my personal favorite RHIC result from the MIT group 
does not relate to Npart or Ncoll but rather to:

 I’ve also enjoyed collaborating on E802... with Lee Grodzins, Steve 
Steadman, George Stephans and may great MIT graduate students.
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A new ballgame-2010-v3 
•  For the first 10 years of RHIC running and dating back to the 
Bevalac, all the experts  thought that the odd harmonics vanished 
at mid-rapidity due to the symmetry of the source for φ →π + φ

•  But, in 2010, an MIT graduate student and his Professor in 
experimental physics, seeking (at least since 2006) how to measure 
the fluctuations of v2 in PHOBOS at RHIC realized that due to 
fluctuations in the collision geometry on an event by event basis, the 
eccentricity of participants on any given event, did not respect the 
average symmetry, resulting in:
  In analogy to anisotropies in the Cosmic Microwave Background Radiation, an Indian group, A. P. 

Mishra, et al., PRC77, 065902 (2008) suggested that √vn
2 =vn

r.m.s. including odd harmonics might show 
the same effect in A+A collisions. Then a Brazilian theory collaboration, J.Takahashi, et al., PRL 103, 
242301 (2009) who had an event-by-event hydrodynamics code showed that indeed odd harmonics v3 
exist in events with only soft-physics, no hard-scattering. The first measurement was made in 2010: 

*

Furthermore the ‘head & shoulder’ or “Mach Cones” prevented 
me from understanding the two-particle correlations from di-jets. 
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Triangular Flow-v3

B. Alver and G. Roland, Phys. Rev. C 81, 054905 (May 2010)



EXTRAS 
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We now know that Multiplicity distributions 
in p-p and A+A are Negative Binomial
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MPI (Munich) +Crakow ZPC33(1986)187

E802 PRC 52 (1995) 2663



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


