
pA	  Sca'ering:	  	  What	  We	  Have	  Learned?	  

In	  1978,	  I	  became	  a	  postdoc	  at	  SLAC,	  and	  become	  interested	  in	  heavy	  ion	  collisions.	  	  I	  began	  talking	  
with	  Miklos	  Gyulassy	  who	  was	  then	  a	  young	  fellow	  at	  LBL,	  began	  talking	  with	  Bj,	  but	  most	  important	  I	  

read	  two	  very	  important	  papers:	  



I	  also	  read	  a	  number	  of	  papers	  by	  Anzdrej	  Bialas,	  and	  had	  the	  pleasure	  of	  discussing	  with	  Bj	  
about	  his	  idea	  concerning	  the	  space-‐Nme	  picture	  of	  hadronic	  sca'ering	  

	  
I	  wanted	  to	  understand	  if	  one	  could	  develop	  a	  space-‐Nme	  picture	  of	  heavy	  ion	  collisions	  which	  
would	  let	  one	  figure	  out	  whether	  or	  not	  one	  could	  deposit	  enough	  energy	  in	  space-‐Nme	  region	  

which	  would	  live	  long	  enough	  so	  that	  one	  could	  make	  a	  QGP.	  
	  

Bj’s	  work	  taught	  me	  two	  very	  important	  ideas:	  
	  

The	  correlaNon	  between	  momentum	  and	  coordinate	  generated	  by	  Lorentz	  Nme	  dilaNon	  
and	  

The	  inside-‐outside	  cascade	  
	  

This	  is	  done	  in	  Bj’s	  style	  of	  minimal	  math	  and	  maximal	  physical	  intuiNon	  



The	  correlaNon	  between	  momentum	  and	  coordinate:	  

A	  high	  momentum	  hadron	  can	  be	  thought	  of	  in	  terms	  of	  consNtuents.	  
Their	  posiNon	  relaNve	  to	  the	  center	  of	  a	  hadron	  is	  of	  order	  1/p,	  where	  p	  is	  their	  

longitudinal	  momentum	  
	  

When	  soV	  (low	  transverse	  momentum)	  parNcles	  are	  produced,	  in	  their	  rest	  frame	  there	  
is	  a	  characterisNc	  Nme	  scale,	  t	  of	  order	  1	  Fm/c.	  	  If	  the	  soV	  parNcle	  which	  is	  produced	  is	  

relaNvisNc,	  (has	  a	  big	  longitudinal	  momentum),	  the	  Nme	  is	  increased	  by	  a	  Lorentz	  
gamma	  factor	  
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o

For	  parNcle	  producNon	  in	  high	  energy	  collisions,	  parNcles	  are	  produced	  at	  
longitudinal	  coordinates,	  
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Is	  shiVed	  by	  a	  constant	  under	  a	  longitudinal	  Lorentz	  boost,	  so	  that	  dN/dy	  =	  const	  is	  a	  boost	  
invariant	  distribuNon,	  which	  is	  also	  a	  fair	  approximaNon	  to	  what	  is	  seen	  in	  experiment	  	  



This	  observaNon	  is	  profound	  since	  it	  means	  that	  in	  any	  frame	  ma'er	  is	  produced	  
expanding,	  with	  a	  local	  density	  which	  is	  constant	  (1+1	  d	  Hubble	  expansion)	  
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This	  is	  called	  the	  inside-‐outside	  cascade,	  and	  describes	  hadron	  producNon	  in	  high	  energy	  
collisions,	  and	  parNcle	  producNon	  along	  a	  jet	  axis.	  	  The	  leading	  parNcles	  in	  jets	  are	  

produced	  by	  hard	  processes	  at	  a	  Nme	  of	  order	  1/p_t,	  which	  is	  very	  small,	  but	  the	  parNcle	  
produced	  by	  the	  jets	  make	  an	  inside	  outside	  cascade.	  

	  
This	  picture	  leads	  to	  a	  simple	  descripNon	  of	  the	  iniNal	  energy	  deposiNon	  in	  heavy	  ion	  

collisions,	  and	  with	  Anishe'y	  and	  Koehler,	  I	  applied	  it	  to	  compute	  the	  energy	  deposiNon	  in	  
the	  fragmentaNon	  region	  of	  ultra-‐relaNvisNc	  heavy	  ion	  collisions.	  	  The	  central	  region	  had	  

ambiguiNes	  associated	  with	  at	  that	  Nme	  poorly	  understood	  dependence	  on	  the	  
mulNplicity	  of	  pA	  collisions.	  	  Bj	  later	  replaced	  that	  problem	  with	  an	  for	  the	  energy	  density	  

in	  the	  central	  region	  which	  could	  be	  determined	  by	  experiment.	  	  He	  also	  formulated	  	  
iniNal	  1+1	  d	  hydrodynamics.	  

	  
Bj’s	  ideas	  had	  however	  not	  enNrely	  	  arisen	  from	  the	  vacuum	  of	  pure	  thought:	  



Bj	  had	  thought	  hard	  about	  cosmic	  rays	  and	  understood	  the	  Landau-‐Pomeranchuk	  Migdal	  
effect	  in	  electromagneNc	  cascades	  
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Time	  to	  form	  the	  pair	  in	  the	  
rest	  frame	  of	  the	  pair	  is	  
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Time	  in	  nuclear	  target	  rest	  frame	  is	  
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The	  highest	  energy	  detected	  cosmic	  	  rays	  have	  their	  formaNon	  distance	  
extended	  to	  scales	  of	  tens	  of	  meters!	  	  



I	  learned	  from	  Busza’s	  arNcles	  what	  was	  known,	  what	  was	  fantasy,	  and	  what	  needed	  
to	  be	  learned:	  

“Total	  hadron-‐nucleus	  cross	  secNons	  at	  high	  energies	  show	  no	  surprises-‐-‐-‐to	  within	  
experimental	  and	  theoreNcal	  uncertainNes	  can	  be	  derived	  by	  hadron-‐nucleon	  cross	  

secNons	  using	  the	  Glauber	  model”	  

“If	  coherent	  producNon	  of	  mulN-‐
parNcle	  states	  is	  analyzed	  in	  terms	  of	  
the	  Glauber	  model,	  one	  observes	  an	  
apparent	  transparency	  of	  nuclear	  
ma'er	  	  to	  newly	  produced	  states”	  

Color	  transparency?	  



“The	  most	  striking	  feature	  of	  mulN-‐parNcle	  producNon	  in	  hadron-‐nucleus	  
collisions	  is	  its	  weak	  A	  dependence.	  	  There	  is	  li'le	  if	  any	  evidence	  of	  the	  

buildup	  of	  an	  intra-‐nuclear	  cascade”	  

Inside-‐
Outside	  
Cascade	  

	  
FoundaNon	  
for	  the	  

wounded	  
nucleon	  
model	  



“Another	  totally	  unexpected	  result	  in	  hadron-‐nucleus	  collisions	  is	  the	  A	  dependence	  of	  
the	  inclusive	  parNcle	  producNon	  spectra	  at	  large	  transverse	  momentum”	  

	  
“It	  is	  possible	  that	  the	  interpretaNon	  of	  these	  data	  is	  uninteresNng”	  

	  
Cronin	  Effect,	  	   RpA

An	  issue	  not	  resolved	  at	  that	  Nme,	  nor	  in	  my	  opinion	  completely	  resolved	  today,	  is	  how	  
does	  the	  central	  region	  mulNplicity	  in	  depend	  upon	  A	  at	  very	  high	  energy.	  	  In	  Bj’s	  summer	  
school	  notes,	  it	  was	  assume	  that	  the	  mulNplicity	  went	  like	  the	  nuclear	  thickness	  in	  the	  	  

central	  region	  and	  was	  independent	  of	  it	  outside	  this	  region	  

Modern	  theoreNcal	  
arguments	  suggest	  that	  at	  
asymptoNc	  energies	  it	  is	  
like	  Bj,	  but	  that	  even	  at	  
LHC	  energies	  is	  not	  

asymptoNc,	  and	  more	  like	  

A1/3



The	  mulNplicity	  in	  the	  central	  region	  was	  an	  impediment	  to	  making	  a	  good	  predicNon	  for	  
the	  energy	  density	  in	  the	  central	  region	  in	  ultrarelaNvisNc	  heavy	  ion	  collisions.	  	  Bj	  later	  

turned	  this	  problem	  around	  and	  argued	  that	  a	  measurement	  of	  this	  mulNplicity	  would	  give	  
a	  measurement	  of	  the	  energy	  density.	  	  This	  was	  when	  he	  formulated	  the	  hydrodynamic	  
descripNon	  of	  heavy	  ion	  collisions.	  	  Shuryak	  had	  also	  formulated	  the	  problem	  is	  this	  way,	  

and	  considered	  a	  hydrodynamic	  descripNon	  in	  pp	  collisions	  
	  

The	  Phobos	  experiment	  was	  the	  first	  to	  measure	  the	  mulNplicity	  in	  the	  central	  region	  of	  
ultra-‐relaNvisNc	  heavy	  ion	  collisions,	  and	  implies	  that	  the	  energy	  density	  in	  such	  collisions	  is	  

indeed	  high	  enough	  to	  make	  a	  Quark	  Gluon	  Plasma	  



Where	  are	  we	  now:	  
	  

Various	  type	  of	  proposed	  ma'er	  at	  very	  high	  energy	  density:	  

Color	  Glass	  Condensate:	  
	  
	  
	  

Very	  high	  energy	  density	  gluons	  
in	  wavefuncNon	  of	  hadrons	  
important	  for	  high	  energy	  

sca'ering	  

Strongly	  InteracNng	  Quark	  Gluon	  Plasma	  

Glasma:	  
	  

Highly	  coherent	  gluons	  
weakly	  coupled	  but	  
strongly	  interacNng	  

gluons	  important	  for	  the	  
early	  stages	  collisions	  

Thermalized	  sQGP	  
	  

A	  strongly	  coupled	  
ensemble	  of	  quark	  and	  
gluons	  which	  is	  to	  a	  good	  

approximaNon	  
equilibrated	  

These	  ideas	  were	  advocated	  and	  were	  the	  subject	  of	  intense	  research	  in	  Poland,	  where	  
both	  Wit	  and	  Bj	  had	  close	  Nes	  with	  Andzrej	  Bialas.	  	  My	  own	  interest	  in	  the	  high	  energy	  

limit	  and	  the	  iniNal	  state	  of	  such	  collisions	  stems	  from	  a	  Krakow	  School	  of	  Physics	  
meeNng	  where	  both	  the	  data	  which	  showed	  rising	  gluon	  distribuNons	  were	  shown	  2	  

and	  the	  possibiliNes	  of	  ultra-‐relaNvisNc	  nuclear	  collisions	  were	  discussed	  (as	  were	  many	  
other	  things).	  	  Such	  a	  cotemporaneous	  conversaNon	  was	  rare	  at	  the	  Nme	  and	  remains	  
so.	  	  The	  mystery	  was	  that	  if	  the	  mulNplicity	  becomes	  very	  high,	  one	  should	  be	  able	  to	  

use	  a	  weak	  coupling	  approach.	  



In	  the	  remainder	  of	  this	  talk,	  I	  will	  discuss	  issue	  related	  to	  the	  above	  which	  are	  being	  
addressed	  in	  studies	  of	  pp,	  pA	  and	  dA	  collisions:	  

We	  need	  some	  rudimentary	  results	  from	  the	  theory	  of	  the	  CGC	  and	  Glasma:	  

The	  sources	  of	  parNcles	  are	  color	  charges	  of	  quarks	  and	  gluons	  distributed	  in	  the	  transverse	  
plane	  
	  

There	  is	  	  a	  transverse	  density	  scale	  which	  is	  the	  saturaNon	  momentum:	  
	  
	  
	  

Fields	  with	  momenta	  much	  larger	  than	  this	  scale	  may	  be	  treated	  incoherently,	  and	  below	  this	  
scale	  are	  highly	  coherent	  and	  may	  be	  described	  classically	  

	  
The	  saturaNon	  momentum	  may	  have	  a	  dependence	  on	  transverse	  coordinate,	  and	  a	  
computable	  dependence	  on	  nuclear	  and	  the	  rapidity	  scale	  at	  which	  it	  is	  measured	  

	  
ParNcle	  producNon	  arises	  from	  string	  like	  longitudinal	  color	  electric	  and	  magneNc	  fields	  with	  a	  

typical	  transverse	  size	  scale	  of	  the	  inverse	  saturaNon	  momenta	  
	  	  	  

Q2
sat = ⇢T



Do	  we	  know	  the	  transverse	  size	  scale	  
characterisNc	  of	  the	  interacNon	  region	  in	  

pp	  and	  pA	  interacNons?	  

In	  pp	  collisions,	  it	  is	  smaller	  than	  would	  
be	  predicted	  by	  hydrodynamic	  expansion,	  
and	  characterisNcally	  different	  from	  AA	  

Theory	  conjecture:	  	  	  
	  

CGC	  without	  final	  state	  
interacNon	  would	  be	  the	  same.	  

	  
Glauber	  computaNon	  or	  hydro	  
effect	  would	  give	  significantly	  

larger	  value.	  
Bzdak,	  Schenke,	  Tribeddy	  and	  Venugopalan	  



Does	  the	  saturaNon	  momentum	  affect	  parNcle	  distribuNons?	  

What	  about	  idenNfied	  parNcle	  
distribuNons?	  	  M_T	  scaling	  in	  low	  p_T	  

region	  ?	  Geometric	  scaling?	  
	  

M.	  Praszaolwicz	  and	  LM	  

Sikler	  

Or	  does	  it	  arise	  from	  hydrodynamic	  
flow?	  

DistribuNons	  as	  
funcNon	  of	  centrality?	  



Is	  the	  issue	  for	  pA	  is	  more	  subtle	  and	  requires	  more	  detailed	  computaNon?	  

How	  do	  we	  determine	  the	  underlying	  parton	  
distribuNons	  from	  QCD?	  

Albacete	  and	  Dumitru	  



Gross	  Features	  of	  ParNcle	  ProducNon:	  
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PHOBOS, 0.2 TeV  
BRAHMS, 0.2 TeV  
 b-CGC, 5 TeV (CGC-R1 in arXiv:1210.2385)
IP-Sat, 5 TeV
KLN, 5 TeV
rcBK, 4.4 TeV
ALICE, Prelim, 1210.3615

MulNplicity	  
dependence	  on	  

energy	  roughly	  correct	  
in	  many	  different	  
computaNons.	  

MulNplicity	  fluctuaNons	  are	  negaNve	  
binomial	  in	  pp	  collisions	  and	  agree	  with	  

CGC	  predicNons.	  	  MulNplicity	  
fluctuaNons	  must	  be	  properly	  included	  

in	  pA	  and	  AA	  Monte-‐Carlos	  



The	  Ridge:	  

Existence	  of	  ridge	  in	  pp	  requires	  at	  least	  
some	  source	  of	  the	  ridge	  that	  is	  sub-‐

nucleonic	  and	  involves	  quarks	  and	  gluons.	  
	  

(AA	  collisions:	  Glauber	  or	  CGC?)	  
	  

Requires	  the	  formaNon	  at	  very	  early	  Nme	  of	  
Long	  range	  rapidity	  structure	  on	  sub-‐

nucleonic	  size	  scale.	  	  CGC	  provides	  a	  theory	  
	  

	  How	  does	  the	  structure	  at	  very	  early	  Nme	  
get	  translated	  into	  the	  structure	  seen	  at	  late	  

Nmes	  in	  mulN-‐parNcle	  correlaNons?	  
	  

Is	  it	  final	  state	  interacNons?	  	  Are	  these	  
interacNons	  strong	  enough	  so	  that	  hydro	  is	  

jusNfied?	  
	  

Is	  it	  largely	  iniNal	  state	  correlaNons	  from	  the	  
decay	  of	  the	  flux	  line?	  

	  
Coome	  ce,	  Comme	  ca?	  

Much	  stated	  with	  great	  convicNon,	  
but	  li'le	  really	  known	  for	  sure.	  



The	  study	  of	  pp,	  pA	  and	  dA	  at	  RHIC	  and	  LHC	  energies	  much	  more	  exciNng	  than	  anyone	  
envisaged.	  	  

	  
The	  issues	  being	  discussed	  are	  perhaps	  framed	  differently	  than	  35	  years	  ago,	  but	  they	  are	  

equally	  important	  for	  our	  understanding	  of	  the	  fundamental	  properNes	  of	  ma'er.	  
The	  quesNons	  being	  formulated	  are	  largely	  answerable,	  and	  they	  are	  simple	  quesNons.	  

It	  is	  quite	  surprising	  that	  the	  answers	  are	  not	  known	  and	  the	  conjectures	  so	  hotly	  disputed.	  	  
The	  answers	  to	  these	  quesNons	  I	  believe	  are	  of	  fundamental	  importance.	  

	  
I	  think	  also	  it	  is	  important	  to	  think	  hard	  about	  how	  we	  formulate	  the	  quesNons	  we	  ask,	  

and	  how	  we	  proceed	  to	  answer	  them.	  	  


