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Pre-‐equilibrium	  and	  IniDal	  State	  Physics	  
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Is	  there	  any	  way	  to	  
get	  a	  handle	  on	  the	  

iniDal	  state?	  
Do	  these	  observables	  care	  
about	  the	  iniDal	  states?	  
Can	  we	  think	  of	  other	  ways	  
like	  p-‐Pb	  collision?	  
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x: the overall proton 
momentum carried by the 
parton 

Parton Distribution Functions"
Deep	  Inelas;c	  ScaJering:	  Probing	  distribu;on	  of	  
partons	  inside	  hadrons	  

•  Gluons	  drive	  a	  significant	  fracDon	  of	  the	  scaNering	  processes	  at	  LHC	  
•  Precise	  determinaDon	  of	  the	  PDFs	  of	  the	  proton	  in	  a	  wide	  range	  of	  x	  
and	  Q2,	  especially	  of	  the	  gluons	  

•  Gluon-‐gluon	  (fusion)	  channel	  is	  a	  dominant	  channel	  for	  the	  
producDon	  of	  SM	  Higgs	  
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x f(x) 
Gluon Distribution: Proton"

•  Small-x gluon density is 
large and continues to 
increase as x→0 

•  Where does the saturation 
set in? 

x 
x < 0.01: virtually unknown and large 
uncertainties in the theoretical 
calculations (non –pertubative). 
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Gluon !
density!
increases!

Gluon saturation at high density"
Increasing 
energy!

Saturation at high density 
QS : Saturation momentum 

Nuclei → Qs
2 ∝ A1/3 

QS larger in A than in p  
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The Color Glass Condensate  
See e.g., F. Gelis, E. Iancu, J. Jalilian- 
Marian,  R. Venugopalan, arXiv:1002.0333 

Central	  

Min-‐bias	  
•  Gluons	  are	  colored	  
•  Glass:	  The	  sources	  of	  gluon	  field	  

are	  sta;c,	  evolving	  over	  much	  
longer	  ;me	  scales	  than	  natural	  
one	  –	  	  resul;ng	  theory	  of	  classical	  
field	  and	  real	  distribu;on	  of	  
stochas;c	  source	  is	  similar	  to	  spin	  
glass	  

•  Condensate:	  Gluon	  occupa;on	  
number	  is	  very	  large.	  	  	  

Parton distributions are replaced by ensemble of coherent classical fields: 

Individual gluons arise from coherent sum of nucleon sources. 
Evolution to small x involve coherent sum of fields from several 
sources. This coherent sum of fields is the CGC 
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Low	  energy	  
Large	  x	  

Gluon	  	  
density	  

increases	  

High	  energy	  
Small	  x	  

Further	  increase	  
in	  Gluon	  Density?	  
Satura;on?	  Mid	  

Rapidity	  
Forward	  Rapidity	  

Smaller	  x	  

! 
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Study of Small-x Parton 
Distributions  
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Accessing	  the	  satura;on	  domain	  
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Low-‐x	  Reach	  of	  RHIC	  and	  LHC	  

	  LHC:	  
	  
	  3	  *	  10-‐6	  in	  pp	  
	  1	  *	  10-‐5	  	  in	  PbPb	  	  



KinemaDc	  Reach	  in	  pA	  
Collisions	  



"h	   STAR	  

Brookhaven National Laboratory, New York 

PHENIX!

PHOBOS!

BRAHMS!

1 km 

STAR!
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Au+Au	  
	  

•  200	  GeV	  
•  62.4	  GeV	  
•  39	  GeV	  
•  27	  GeV	  
•  19.6	  GeV	  
•  11.5	  GeV	  
•  7.7	  TeV	  

p-‐p	  
	  

•  200	  GeV	  
•  500	  GeV	  

d-‐Au	  
	  
•  200	  GeV	  
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ATLAS 

ALICE 

CMS 

LHC-B 

Heavy	  Ions	  at	  the	  LHC	   2009:	  
pp:	  	  √s	  =	  0.9	  and	  2.3	  TeV	  
	  

2010:	  
pp:	  	  √s	  	  	  	  	  =	  7	  TeV	  
PbPb:	  √sNN	  =	  2.76	  TeV	  
	  

2011:	  
pp:	  	  √s	  	  	  	  	  =	  7	  TeV	  
PbPb:	  √sNN	  =	  2.76	  TeV	  
	  

2012:	  
pp:	  	  √s	  	  	  	  	  =	  8	  TeV	  
	  
2013:	  
p-‐Pb	  &	  Pb-‐p	  =	  4	  TeV	  
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•  p-‐p	  collisions	  
–  Test	  of	  pQCD	  and	  saturaDon	  models	  in	  a	  new	  √s	  and	  x	  regime	  
–  Baseline	  for	  Pb-‐Pb	  

•  p-‐Pb	  collisions	  
–  Probe	  nuclear	  PDFs	  
–  Disentangle	  iniDal	  and	  final	  state	  effects	  

•  Pb-‐Pb	  collisions	  
–  Probe	  the	  hot	  and	  dense	  medium	  

Collisions	  at	  the	  LHC	  	  

• 	  Unexplored	  small-‐x	  region	  
• 	  Window	  on	  the	  rich	  phenomenology	  of	  high-‐density	  PDFs:	  
Shadowing,	  Gluon	  satura;on,	  Color	  Glass	  Condensate	  	  

p-‐p:	  	  √s	  	  	  =	  14	  TeV	  
p-‐Pb:	  	  √s	  	  	  =	  8.8	  TeV	  
Pb-‐Pb:	  √sNN	  =	  5.5	  TeV	  
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RdAu =	

    1      d2Nd+Au/dpTdη  
<Ncoll> d2Npp

inel/dpTdη 	


where  < Ncoll> = 7.2±0.3 

BRAHMS: PRL 93, 242303 (2004) 

•  Cronin-like enhancement at η=0 
•  Consistent with PHOBOS at η=1 

 

Clear suppression as η changes 
from 0 to 3.2 

PHOBOS, PHYS. REV. C70 (2004) 061901(R) 

Rd+Au at forward rapidities"
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RCP at forward rapidities"

Hadron production suppressed at 
forward rapidity 

BRAHMS 

NPA 757 (2005) 1 - 27"

d+Au	  collisions	  
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PRL	  94,	  082302	  

•  Charged	  parDcles	  and	  π0	  are	  suppressed	  in	  the	  forward	  direcDon	  
•  pQCD+shadowing	  calculaDons	  overpredict	  RdAu	  at	  η	  =	  4 



Suppression of forward hadron 
production in d+Au collisions by 
BRAHMS."
       NPA 757 (2005) 1 - 27"

•  Saturation / CGC effects appear to 
manifest at x ~ 10-3 and pT up to 3.5 GeV/c 
for Au nuclei at RHIC 

Kharzeev,	  Kovchegov,	  Tuchin	  
	  
Jallian-‐Marian	  
	  
K.	  J.	  Eskola,V.	  J.	  Kolhinen,	  H.	  
Paukkunen,	  C.	  A.	  Salgado	  
	  
Dumitru	  



23	  

Results	  :	  d+Au	  Collisions	  at	  RHIC	  
PRL 97  152302 (2006) 

y=0	


As y grows	


Kharzeev, Kovchegov, and Tuchin, 
Phys. Rev. D 68 , 094013 (2003)	


	
J. Jalilian-Marian, Nucl. Phys. 
A739, 319 (2004) 

Significant rapidity dependence similar to expectations from  RpA 
within the Color Glass Condensate framework. 

STAR!
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SaturaDon	  model	  calculaDon	  
	  (Dumitru,	  Hayashigaki,	  and	  Jalilian-‐Marian,	  NP	  A765,	  464)	  

Good	  descripDon	  of	  the	  pT	  dependence	  for	  
negaDvely	  charged	  hadrons	  at	  η =	  3.2	  and	  
idenDfied	  π0	  at	  η	  =	  4.0,	  but	  the	  data	  prefer	  
different	  K	  factors	  

STAR! PRL	  97,	  152302	  

BRAHMS	  
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Back	  to	  Back	  correlaDons	  

Kharzeev, Levin, McLerran gives 
physics picture (NPA748, 627)	


d+Au:	  	  Mono-‐jet?	  

PT	  is	  balanced	  by	  
many	  gluons	  

Dilute	  parton	  
system	  

(deuteron)	  

Dense	  gluon	  
field	  (Au)	  

Color	  glass	  condensate	  predicts	  that	  the	  back-‐to-‐back	  correla;on	  
should	  be	  suppressed	  in	  d+Au	  

p+p:	  	  Di-‐jet	  
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Back-‐to-‐back	  correlaDons	  with	  the	  color	  glass	  

(Kharzeev,	  Levin,	  and	  McLerran,	  NP	  A748,	  627)	  

The	  evoluDon	  between	  the	  
jets	  makes	  the	  correlaDons	  
disappear.	  
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Forward-‐midrapidity	  correlaDons	  in	  d+Au	  
STAR! PRL	  97,	  152302	  

π0:	  	  	  |<η>|	  =	  4.0	  
h±:	  	  	  |η|	  <	  0.75	  
	  	  	  	  	  	  	  pT	  >	  0.5	  GeV/c	  



Two-‐parDcle	  correlaDons	  

STAR
, Braidot, O

gaw
a et al."

""

associated 
Δϕ	


trigger 

Broadening,	  ‘disappearance’	  of	  di-‐hadron,	  γ-‐hadron	  correlaDons	  	  
are	  a	  compelling	  measurement	  

InterpretaDon:	  quark	  scaNers	  off	  mulDple	  guons	  (gluon	  field)	  

However,	  calculaDons	  in	  CGC	  framework	  difficult	  (4-‐point	  funcDon)	  	  
Some	  progress	  being	  made	  

γ-‐h	  

Jalilian-‐M
arian,	  Rezaeian,	  arXiv:1204.1319	  

Norm	  	  
point	  

Norm	  	  
point	  
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Mul;plicity	  &	  Energy	  Density	  

Charged	  par;cle	  per	  par;cipant	  pair	  is	  seen	  
to	  rise	  like	  s0.15,	  stronger	  than	  pp(s0.11).	  

!Bj (" ) =
1

#R2"
dET

dy

ε.τ~	  16	  GeV/fm2c	  

Energy	  Density	  at	  LHC	  is	  at	  least	  3	  
;mes	  more	  than	  that	  at	  RHIC	  

Phys.	  Rev.	  LeJ.	  105,	  252301	  (2010)	  



Dependence of Multiplicity on Energy"
Levin	  et	  al.	  	  1102.2385	  
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NegaDve	  binomial	  distribuDon	  
parameters	  and	  KNO	  scaling	  
predicted	  by	  CGC	  
	  
Important	  for	  further	  analysis:	  
higher	  order	  vn	  flow	  analysis,	  and	  
inclusive	  ridge	  

Multiplicity distributions"



•  NegaDve	  binomial	  and	  KNO	  
quanDtaDvely	  predicted	  by	  CGC-‐
Glasma	  

	  
•  FluctuaDons	  in	  pp	  collisions	  follow	  

predicDons	  form	  CGC-‐Glasma	  
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Inclusive	  J/Ψ	  

•  ALICE:	  Suppression	  (RAA)	  is	  ~0.5,	  independent	  of	  centrality	  
•  This	  suppression	  is	  about	  factor	  2	  less	  at	  LHC	  than	  at	  RHIC	  
•  Larger	  suppression	  seen	  at	  LHC	  for	  higher	  pT	  cuts	  	  
•  pPb	  collision	  will	  be	  important	  to	  understand	  these	  results.	  



May	  12,	  2010	   CGC	  -‐	  2010:	  Nayak	   34	  

SPS 
Pb-Pb 

17 GeV 

RHIC  
Au-Au 

200 GeV 

LHC 
Pb-Pb 

5.5 TeV 

LHC 
pp 

14 TeV 

c-cbar x  = 10-1 x = 10-2 x = 4x10-4 x = 2x10-4 

b-bbar - - x = 2x10-3 x = 6x10-4 

muon arm 
Central barrel 

down to x~10-4 with 
the charm at y=0 

x-values for charm and beauty at y=0 and pT  ->0  



RAA	  for	  e	  and	  µ	  from	  Heavy	  Quarks	  

RAA	  of	  electrons	  and	  
muons	  are	  consistent	  

within	  errors.	  
	  

From	  FONLL:	  
B-‐decays	  dominate	  
above	  ~	  5-‐6	  GeV/c.	  

	  
Thus:	  

b	  suppression	  appears	  to	  
be	  large	  as	  well!	  



The D meson nuclear modification 
factor	


•  Suppression for charm with respect to binary scaling is a 
factor 3-4 above 5 GeV/c 

•  Compatible among the three species 
•  Less suppression in peripheral collisions 

CERN, 19.06.12                                                       
Andrea Dainese	
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•  Small effect expected from PDFs shadowing above 5 GeV/c 
•  p-Pb run at LHC crucial to measure initial-state effects 

CERN, 19.06.12                                                       
Andrea Dainese	
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p-‐Pb	  Collisions	  at	  LHC:	  Feb	  2013	  
•  proton	  –	  Pb	  collisions	  in	  Feb	  2013	  
•  24	  days	  of	  LHC	  operaDon	  
•  Cross	  secDon	  (p-‐Pb)	  about	  2	  barn	  
•  IniDal	  Luminosity:	  1028	  cm-‐2	  s-‐1	  
•  Rate:	  	  20	  –	  200	  kHz	  Aim:	  

	  

•  p-‐Pb	  as	  reference	  for	  PbPb	  
•  ParDcle	  producDon	  
•  ParDcle	  correlaDon	  
•  Energy	  loss	  
•  Jets	  
•  quarkonia	  
•  Heavy	  flavor	  
•  W,	  Z	  producDon	  

•  Low-‐x	  QCD	  dynamics	  
•  Gamma-‐induced	  processes	  in	  ulraperipheral	  collisions	  

ALICE<	  ATLAS	  and	  CMS	  will	  be	  
ready	  for	  p-‐Pb	  collisions	  
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p-‐Pb	  Collisions	  at	  LHC	   Ferenc	  Sickler,	  CMS	  



ALICE 

Future:	  FoCal	  (350	  to	  450	  cm	  away	  from	  IP)	  

PMD,	  FMD	  

MUON	  arm	  	  
µ-‐pairs	  	  



Coverages of detector subsystems and their functionality in ALICE expt. 



•  Major	  Physics	  of	  FoCal	  
•  InvesDgate	  new	  details	  of	  parton	  Eloss	  in	  Pb+Pb	  with	  
detailed	  fragmentaDon	  informaDon	  (PID)	  about	  coincident	  
jet	  in	  the	  Central	  Barrel.	  

	  
o Gamma	  (FoCal)	  +	  Jet	  (Central	  Barrel)	  coincidence	  cleanly	  
tags	  a	  recoiling	  quark	  jet	  (i.e.	  parton	  ID)	  with	  “known”	  
quark	  momentum.	  

o Jet+Jet	  (or	  π0+X,X=jet	  or	  hadron)	  coincidence	  cleanly	  
tags	  a	  recoiling	  gluon	  jet	  (mostly)	  with	  constrained	  iniDal	  
parton	  kinemaDcs.	  Probes	  iniDal	  state	  PDFs	  over	  a	  much	  
broader	  kinemaDc	  regime	  than	  with	  CB	  alone.	  
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FoCal:	  	  (i)	  	  2.3<η<4,	  	  (ii)	  3.5<η<5.5	  	  	  

A	  new	  detector:	  	  Forward	  Calorimeter	  (FoCal)	  in	  ALICE	  



•  FoCal	  Design	  Criteria:	  (Direct	  γ	  driven)	  
– Rates	  →	  Energy	  range	  	  

•  Yields	  for	  direct	  γ,	  γ+jet	  	  
•  Yields	  for	  jets	  (π0,	  decay	  γ	  background)	  

– Energy	  resoluDon:	  Moderate	  requirements	  due	  to	  
boost	  

– Excellent	  lateral	  segmentaDon	  for	  γ/π0 
discriminaDon	  to	  opDmize	  direct/decay	  γ	  (S/B)	  

•  This	  is	  where	  ALICE	  must	  beat	  other	  LHC	  experiments	  
•  Studies	  with	  realisDc	  geometries	  and	  algorithms	  are	  just	  
ge~ng	  underway	  

– Trigger	  capability	  for	  γ‘s	  and	  jets	  is	  essenDal	  
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Forward	  Calorimeter	  in	  ALICE	  

25	  Layers	  (each	  1m2	  area)	  	  
•  22	  layers	  of	  1cm	  x	  1cm	  

silicon	  pads	  	  
	  

•  3	  layers	  of	  1mmx1mm	  
silicon	  pads	  	  

OR	  
•  MAPS	  

Tungsten – Silicon Calorimetry 

Physics:	  
-‐  Ini;al	  State:	  Low-‐x	  Gluon	  Satura;on	  
-‐  Ini;al	  State:	  Nuclear	  PDFs	  
-‐  Probing	  the	  strongly	  interac;ng	  maJer	  thru	  

the	  study	  of	  jet	  quenching,	  flow	  	  and	  long	  
range	  correla;ons.	  



(A	  possible)	  FoCal	  Geometry	  	  
192 FoCal Module geometry	

	
2200kg; 1.55m2	


	

9x9cm modules@360m gives:	

	

Θmin =2.0o ;  ηmax =4.0 (Full φ) 	

Θmax =11.3o ;  ηmin =2.3 (Full φ) 	


144cm	
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LoI	  Due:	  September	  2012	  

AddiDonal:	  
Hadronic	  Calorimeter	  
behind	  the	  FoCal	  

For	  installaDon	  in	  2017-‐18	  
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Thanks	  to	  ALICE	  Collaborators,	  FoCal	  Collaborators,	  CMS	  
colleagues	  ….	  and	  
Several	  speaker,	  whose	  slides	  I	  have	  borrowed	  from	  pA	  
workshop	  which	  was	  held	  at	  CERN	  recently.	  

•  RHIC	  has	  given	  us	  guidance	  which	  way	  to	  go	  
•  Lots	  of	  new	  results	  to	  come	  at	  LHC	  –	  for	  pp,	  p-‐Pb	  and	  Pb-‐Pb.	  


