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High Multiplicity pp collisions 

Very high particle density regime 
Is there anything peculiar happening there? 

High Multiplicity events are rare in nature 
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Mul?par?cle	  produc?on	  

How	  are	  ~	  150	  hadrons	  per	  5	  units	  of	  
rapidity	  produced	  in	  a	  single	  p+p	  event	  ?	  	  

What’s	  the	  guidance	  from	  HERA?	  
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Mul?par?cle	  produc?on	  

For	  λ=0.14,	  ~13	  gluons	  produced	  in	  5	  units	  
~	  	  min.bias	  hadron	  mul?plicity	  
	  
λ=0.3:	  ~45	  gluons	  in	  5	  units,	  
λ=0.4:	  ~90	  gluons	  in	  5	  units,	  in	  ball	  park…	  
	  
Very	  rapid	  effec?ve	  growth	  of	  	  
gluon	  dists.	  in	  such	  events…	  

How	  are	  ~	  150	  hadrons	  per	  5	  units	  of	  
rapidity	  produced	  in	  a	  single	  p+p	  event	  ?	  	  



The	  proton	  in	  a	  high	  mul?plicity	  event	  
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For	  Q2=	  2	  GeV2,,	  what’s	  the	  proton’s	  gluon	  radius?	  
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For	  Q2=	  2	  GeV2,,	  what’s	  the	  proton’s	  gluon	  radius?	  
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2) = ⇡R2
glue Gribov	  diffusion	  =>	  R2	  ~	  ln(s)	  

Rg	  grows	  much	  faster	  depending	  on	  Ng	  
rate-‐-‐will	  violate	  unitarity	  

Satura?on	  regulates	  this	  by	  adding	  increasingly	  
“smaller”	  gluons	  of	  size	  1/Qs(x)	  as	  x	  -‐>	  0	  



Lasing	  gluons:	  S?mulated	  emission	  from	  Glasma	  
flux	  tubes	  

Dumitru,Gelis,McLerran,RV	  (2008)	  
Dusling,Fernandez-‐Fraile,RV	  (2009)	  
Gelis,Lappi,McLerran	  (2009)	  

Color	  combinatorics	  of	  cut	  graphs:	  a	  nega?ve	  binomial	  distribu?on	  
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Color	  combinatorics	  of	  cut	  graphs:	  a	  nega?ve	  binomial	  distribu?on	  

k=1:	  Bose-‐Einstein	  dist.	  
k=∞:	  Poisson	  distribu?on	  

For	  QS
2	  ≈	  1/ST	  	  

close	  to	  a	  Bose-‐dist!	  



Nega?ve	  Binomial	  Distribu?ons	  from	  non-‐
perturba?ve	  Yang-‐Mills	  dynamics	  

Schenke,Tribedy,RV:1202.6646	  



Colliding	  lumpy	  glue	  



Extrac?ng	  lumpy	  glue	  in	  the	  proton	  

Dumitru,Jalilian-‐Marian,Lappi,Schenke,Venugopalan	  (2011)	  

B-‐JIMWLK:	  the	  BBGKY	  hierarchy	  of	  gluodynamics	  

For	  recent	  status,	  see	  Tuomas	  Lappi’s	  talk	  



Extrac?ng	  lumpy	  glue	  in	  the	  proton-‐IPSat	  model	  
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Very	  good	  agreement	  of	  IPSat	  model	  with	  combined	  HERA	  data	  
Rezaiean,Siddikov,Van	  der	  Klundert,RV:1212.2974	  

Inclusive	  DIS	  off	  proton	   Exclusive	  DIS	  off	  proton	  

Bartels,Golec-‐Biernat,Kowalski	  
Kowalski,Teaney	  	  
Kowalski,Motyka,Was	  



Colliding	  lumpy	  glue-‐IPSat	  model	  
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Lumpy	  QS	  (b)	  profile	  from	  fits	  to	  combined	  HERA	  DIS	  data	  	  
Rezaiean,Siddikov,Van	  der	  Klundert,RV:1212.2974	  



Lumpy	  nuclei:	  constrained	  by	  (limited)	  DIS	  data	  
Kowalski,	  Lappi,	  RV,	  PRL	  (2008)	  



Mul?plici?es	  from	  Yang-‐Mills	  dynamics	  
Schenke,Tribedy,RV:1311.3636	  

15%	  (30	  %)	  	  shorvall	  for	  large	  Npart	  (low	  Npart)	  	  
at	  LHC	  possibly	  due	  	  
to	  the	  ~70%	  greater	  η/s	  



Mul?plicity	  distribu?ons	  from	  Yang-‐Mills	  dynamics	  
Schenke,Tribedy,RV:1311.3636	  

Addi?onal	  gluon	  #	  fluctua?ons	  (beyond	  color	  charge	  	  
fluctua?ons)	  appear	  to	  be	  necessary	  to	  describe	  	  
mul?plicity	  distribu?ons	  in	  p+p	  and	  p+A	  
-‐much	  smaller	  role	  in	  A+A	   See	  also,	  Dumitru	  and	  Petreska,	  1209.4105	  



A+A	  eccentricity	  fluctua?ons	  from	  IP-‐Glasma	  
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Beyond	  results	  presented	  in	  Gale	  et	  al	  1209.6330	  



Mission	  accomplished	  ?	  

Far	  from	  it…many	  (possibly	  O(1)	  )	  systema?c	  uncertain?es	  
	  
	  
On	  the	  hydro	  side:	  	  bulk	  viscosity,	  hydrodynamic	  fluctua?ons	  
	  
	  
Non-‐equilibrium	  dynamics:	  big	  source	  of	  uncertainty	  	  
–	  especially	  important	  in	  peripheral	  events/small	  sized	  systems…	  



LHC	  p+A	  vs	  A+A	  collisions	  

Peripheral	  A+A	   Central	  p+A	  



Flow	  in	  p+A?	  	  IP-‐Glasma+MUSIC	  model	  

Bzdak,Schenke,Tribedy,RV:1304.3403	  

CGC	  ini?al	  condi?ons:	  IP-‐Glasma	  model	  with	  Yang-‐Mills	  dynamics	  
	  

Event-‐by-‐event	  viscous	  hydro	  with	  MUSIC	  

Ini?al	  radii	  are	  nearly	  iden?cal	  in	  p+p	  and	  p+A	  un?l	  large	  mul?plicity	  	  
See	  	  McLerran,Praszalowicz,Schenke,1306.2350	  
&	  Rezaiean,Schmidt	  1307.0825	  for	  discussion	  of	  mul?plici?es	  



Flow	  in	  p+A?	  IP-‐Glasma	  vs	  “Glauber”	  
IP-‐Glasma,	  Bzdak,Schenke,Tribedy,RV:1304.3403	  
MC-‐Glauber:	  Bozek,Broniowski:1304.3044	  	  
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Hydro	  results	  VERY	  sensi?ve	  to	  
ini?al	  condi?ons	  	  

Bozek	  &	  Broniowski,	  
	  priv.	  comm.	  



Flow	  in	  p+A:	  IP-‐Glasma+MUSIC	  

IP-‐Glasma	  result	  nearly	  
3	  ?mes	  smaller	  than	  
data	  for	  η/s=0.2	  
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IP-‐Glasma,	  Bzdak,Schenke,Tribedy,RV:1304.3403	  

u 	  Extend	  this	  framework	  to	  JIMWLK+Yang-‐Mills	  to	  include	  	  
BOTH	  ini?al	  state	  AND	  final	  state	  event-‐by-‐event	  hydro	  	  
with	  apples	  to	  apples	  centrality	  selec?on	  in	  p+p,p/d+A	  and	  A+A	  

The	  ridge:	  my	  take,	  see	  1312.0113	  



Classical	  Yang-‐Mills	  in	  IP-‐Glasma	  



Classical	  Yang-‐Mills	  in	  IP-‐Glasma	  



Classical	  Yang-‐Mills	  in	  IP-‐Glasma	  



IP-‐Glasma:	  Boost	  invariant	  Classical	  Yang-‐Mills	  

Compute	  all	  components	  of	  Tμν	  

Ini?al	  longitudinal	  pressure	  is	  nega?ve:	  	  
	  
Goes	  to	  PL	  =0	  from	  below	  with	  ?me	  evolu?on	  



IP-‐Glasma:	  Boost	  invariant	  Classical	  Yang-‐Mills	  

Compute	  all	  components	  of	  Tμν	  

Energy	  density	  and	  (ux,uy)	  from	  



IP-‐Glasma:	  Boost	  invariant	  Classical	  Yang-‐Mills	  

Compute	  all	  components	  of	  Tμν	  

Matching	  to	  viscous	  hydro	  is	  “brutal”	  :	  assume	  very	  	  
rapid	  isotropiza?on	  at	  ini?al	  hydro	  ?me	  



Sturm	  und	  drang	  



3+1-‐D	  classical	  expanding	  Yang-‐Mills	  simula?ons	  

u 	  Epelbaum,	  Gelis;	  Fukushima	  

u 	  Berges,	  Boguslavski,	  Schlich?ng,	  Venugopalan	  

u 	  Asems,	  Rebhan,	  Strickland	  
	  
	  
	  
 
 

v 	  Very	  significant	  progress	  in	  large	  scale	  numerical	  YM	  simula?ons	  	  
of	  strongly	  correlated	  dynamics	  that	  could	  generate	  significant	  flow	  
—and	  in	  kine?c	  descrip?ons	  of	  such	  overoccupied	  systems	  
	  (Blaizot,Liao,McLerran) 



3+1-‐D	  classical	  Yang-‐Mills	  simula?ons	  

t	  

An
is
ot
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py
	  (P

L/
P T
)	  

Q-‐1	  Ln2(1/αS)	   Q-‐1αS
-‐3/2	   Q-‐1αS

-‐5/2	  

Instability	  dominated	  region	  
-‐quantum	  fluctua?ons	  become	  as	  large	  as	  the	  classical	  
background	  –	  can	  lead	  to	  phase	  decoherence	  



3+1-‐D	  classical	  Yang-‐Mills	  simula?ons	  
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Q-‐1	  Ln2(1/αS)	   Q-‐1αS
-‐3/2	   Q-‐1αS

-‐5/2	  

Instability	  dominated	  region	  
-‐quantum	  fluctua?ons	  become	  as	  large	  as	  the	  classical	  
background	  –	  can	  lead	  to	  phase	  decoherence	  



3+1-‐D	  classical	  Yang-‐Mills	  simula?ons	  

t	  

An
is
ot
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py
	  (P

L/
P T
)	  

Q-‐1	  Ln2(1/αS)	   Q-‐1αS
-‐3/2	   Q-‐1αS

-‐5/2	  

Strongly	  correlated	  dynamics	  up	  to	  here	  
-‐-‐	  strongest	  possible	  in	  QCD	  –	  for	  arbitrarily	  small	  αS	  



3+1-‐D	  classical	  Yang-‐Mills	  simula?ons	  

t	  

An
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py
	  (P

L/
P T
)	  

Q-‐1	  Ln2(1/αS)	   Q-‐1αS
-‐3/2	   Q-‐1αS

-‐5/2	  

Open	  ques?on:	  	  	  a)	  what	  happens	  when	  one	  cranks	  up	  the	  coupling	  ?	  
-‐-‐all	  of	  these	  regions	  shrink	  
-‐-‐	  is	  there	  a	  reliable	  weak	  coupling	  regime	  where	  transient	  dynamics	  	  
dominates	  through	  to	  isotropiza?on?	  



3+1-‐D	  classical	  Yang-‐Mills	  simula?ons	  

t	  
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P T
)	  

Q-‐1	  Ln2(1/αS)	   Q-‐1αS
-‐3/2	   Q-‐1αS

-‐5/2	  

This	  can	  be	  sesled	  conclusively	  with	  exis?ng	  “technology”	  +	  
really	  smart	  young	  folks…	  



Quo	  vadis,	  thermaliza?on	  ?	  

Classical	  turbulent	  
asractor	  

t	  

An
is
ot
ro
py
	  (P

L/
P T
)	  

Q-‐1	  Ln2(1/αS)	   Q-‐1αS
-‐3/2	   Q-‐1αS

-‐5/2	  

Quantum	  turbulent	  
asractor	  driven	  
by	  inelas?c	  processes	  

Blaizot,Dominguez,	  
Iancu,Mehtar-‐tani	  

Open	  ques?on:	  can	  we	  compute	  the	  prefactors	  reliably	  ?	  

?



Universal	  non-‐thermal	  asractors	  in	  QCD	  

“Big	  whorls	  have	  lisle	  whorls,	  which	  feed	  on	  their	  velocity,	  
And	  lisle	  whorls	  have	  lesser	  whorls,	  and	  so	  on	  to	  viscosity.”	  



Many	  thanks	  to	  the	  organizers	  for	  this	  very	  enjoyable	  mee?ng! 



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Backup	  slides	  



From	  nuts	  to	  soup:	  I.	  constraining	  ini?al	  condi?ons	  

Global	  analysis	  of	  HERA	  data	  thus	  far	  performed	  only	  in	  the	  IP-‐Sat,	  b-‐CGC	  and	  	  
	  rcBK	  satura?on	  models	  	  -‐	  more	  detailed	  JIMWLK	  analysis	  is	  desirable	  and	  likely	  

First	  understand	  e+p	  and	  p+p:	  
	  

Unintegrated	  proton	  gluon	  dist.	  from	  dipole	  cross-‐sec?on:	  
2

kT	  factoriza?on:	  compute	  inclusive	  dist.	  of	  produced	  gluons	  at	  given	  impact	  par.	  :	  



The	  IP-‐Sat	  model	  

MV	  model	  extended	  to	  small	  x	  +	  impact	  parameter	  dependence	  

Bartels,Golec-‐Biernat,Kowalski	  
Kowalski,Teaney	  	  
Kowalski,Motyka,Was	  
 
 

Χ2	  ~	  1	  fits	  to	  HERA	  inclusive,diffrac?ve	  and	  	  
exclusive	  small	  x	  data	  with	  few	  parameters	  

µ̃2 = µ2
0 +

4

r?

2

Tp(b?) = e�
b2?

2BG
Average	  gluon	  radius	  of	  the	  	  
proton	  extracted	  from	  HERA	  diffrac?ve	  	  
data	  



From	  nuts	  to	  soup:	  II.	  the	  IP-‐Glasma	  model	  
Schenke,Tribedy,RV:1202.6646	  

Ø 	  Posi?ons	  of	  nucleons	  sampled	  from	  the	  Woods-‐Saxon	  distribu?on	  of	  each	  nucleus	  A	  
	  	  	  	  	  and	  B	  
	  
	  
Ø 	  IP-‐Sat	  provides	  QS

2(x,bT)	  for	  each	  nucleon	  –	  propor?onal	  to	  color	  charge	  squared	  	  
per	  unit	  area	  g2μp

2	  	  	  	  	  (details,	  see	  T.	  Lappi,	  arXiv:0711.3039)	  
	  
	  
	  

Ø 	  Add	  all	  g2μp
2	  (xT)	  to	  obtain	  g2μA

2	  (xT)	  and	  	  g2μB
2	  (xT)	  	  

	  
Ø 	  Sample	  ρA,Ba	  	  from	  local	  Gaussian	  distribu?on	  for	  each	  nucleus:	  

	  
	  

A.	  Construct	  color	  charge	  distribu?ons,	  event-‐by-‐event:	  

⌦
⇥ak(x?)⇥

b
l (y?)

↵
= �kl�

ab�(2)(x? � y?)g
2µ2

A,B(x?)

This	  gives	  the	  random	  sta0c	  source	  distribu0on	  for	  event-‐by-‐event	  mul0-‐par0cle	  produc0on	  


