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SoU	
  QCD	
  and	
  pQCD	
  
	
  and	
  jet	
  fragmenta$on	
  
in	
  vacuum.	
  Reference	
  
for	
  p-­‐Pb	
  and	
  Pb-­‐Pb.	
  
	
   Ini$al	
  state	
  effects	
  (shadowing/

gluon	
  satura$on).	
  Collec$ve	
  
effects.	
  Reference	
  for	
  Pb-­‐Pb.	
   Thermal	
  par$cle	
  produc$on,	
  

collec$vity,	
  recombina$on,	
  jet	
  
quenching	
  and	
  fragmenta$on	
  in	
  
the	
  quark-­‐gluon	
  plasma	
  (QGP).	
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Today	
  correla$on	
  measurements	
  with	
  
main	
  focus	
  on	
  p-­‐Pb	
  



A	
  Large	
  Ion	
  Collider	
  Experiment	
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•  Excellent	
  par$cle	
  iden$fica$on	
  capabili$es	
  in	
  a	
  large	
  pT	
  range	
  0.1-­‐20	
  GeV/c	
  
•  Good	
  momentum	
  resolu$on	
  ~1-­‐5%	
  at	
  pT	
  =	
  0.1-­‐50	
  GeV/c	
  

Central	
  barrel	
  tracking	
  
and	
  PID	
  |η|<	
  0.9	
  	
  

MUON	
  arm	
  
-­‐4.0	
  <	
  η	
  <	
  -­‐2.5	
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  centrality/mul$plicity	
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  p-­‐Pb	
  

17/01/2015	
  

At	
  the	
  LHC,	
  the	
  correla$on	
  between	
  geometry	
  and	
  track	
  mul$plicity	
  (Glauber	
  
model)	
  in	
  p-­‐Pb	
  is	
  not	
  as	
  straighjorward	
  as	
  in	
  Pb-­‐Pb	
  (ALICE,	
  arXiv:1412.6828)	
  

à  Event	
  centrality	
  selec$on	
  based	
  on	
  track	
  mul$plicity	
  in	
  VZERO-­‐A	
  
detector	
  (2.8<η<5.1)	
  –	
  Pb-­‐side	
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Pb	
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VZERO-­‐A	
  amplitude	
  ~	
  track	
  
mul$plicity	
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  ridge	
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  collisions	
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ALICE:	
  Phys.	
  Lep.	
  B719	
  (2013)	
  29	
  

Also	
  seen	
  in	
  Pb-­‐Pb	
  and	
  high	
  mul$plicity	
  pp	
  
collisions	
  by	
  CMS	
  and	
  ATLAS.	
  
	
  
Collec$ve	
  flow:	
  Bożek	
  &	
  Broniowski	
  	
  
(Phys.	
  Lep.	
  B718	
  (2012)	
  4)	
  

Double	
  ridge	
  

Qualita$vely	
  similar	
  to	
  Pb-­‐Pb:	
  	
  
à	
  Indica$on	
  of	
  collec$ve	
  flow	
  in	
  high	
  mul$plicity	
  p-­‐Pb	
  

Double	
  ridge:	
  Long	
  range	
  h-­‐h	
  angular	
  correla$ons.	
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Projec$on	
  on	
  Δφ.	
  	
  

v2	
  and	
  v3	
  flow	
  components.	
  	
  



v2	
  of	
  iden$fied	
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  ridge	
  in	
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ALICE,	
  Phys.	
  Lep.	
  B726	
  (2013)	
  164	
  

Flow	
  coefficient	
  v2	
  vs.	
  pT	
  for	
  iden$fied	
  hadrons	
  from	
  the	
  
ridge	
  shows	
  hierarchy	
  in	
  mass	
  at	
  low	
  pT.	
  

h-­‐π,	
  h-­‐p,	
  h-­‐K	
  correla$ons	
  in	
  p-­‐Pb	
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  B726	
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  164	
  

Flow	
  coefficient	
  v2	
  vs.	
  pT	
  for	
  iden$fied	
  hadrons	
  from	
  the	
  
ridge	
  shows	
  hierarchy	
  in	
  mass	
  at	
  low	
  pT.	
  

Qualita$vely	
  similar	
  to	
  Pb-­‐Pb:	
  	
  
à	
  Indica$on	
  of	
  collec$ve	
  flow	
  in	
  high	
  mul$plicity	
  p-­‐Pb	
  

h-­‐π,	
  h-­‐p,	
  h-­‐K	
  correla$ons	
  in	
  p-­‐Pb	
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Jet-­‐like	
  two	
  par$cle	
  correla$ons	
  in	
  p-­‐Pb	
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ALICE,	
  arXiv:1303.0737v1	
  

8	
  

Double	
  ridge	
  projec$on	
  on	
  the	
  Δφ.	
  	
  
	
  	
  

Long	
  range	
  
correla$ons	
  
subtracted!	
  	
  

0-­‐5%	
   95-­‐100%	
  

ALICE,	
  Phys.	
  Lep.	
  B	
  741	
  (2015)	
  38	
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  Yields	
  in	
  the	
  jet-­‐like	
  peaks	
  are	
  invariant	
  with	
  event	
  mul$plicity	
  (except	
  small	
  mul$plicity)	
  
à  Jet	
  produc$on	
  via	
  incoherent	
  fragmenta$on	
  of	
  mul$ple	
  par$cle-­‐par$cle	
  interac$ons	
  	
  
à Ridge	
  structure	
  is	
  not	
  jet-­‐related	
  

ALICE,	
  Phys.	
  Lep.	
  B	
  741	
  (2015)	
  38	
  

Near	
  side	
   Away	
  side	
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Mul$par$cle	
  azimuthal	
  correla$ons	
  in	
  p-­‐Pb	
  and	
  Pb-­‐Pb	
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Mul$par$cle	
  par$cle	
  correla$on	
  (cumulants)	
  cn	
  	
  
(different	
  sensi$vity	
  to	
  fluctua$ons	
  and	
  nonflow	
  contribu$on)	
  
cn{2}	
  =	
  cn(4)	
  =	
  cn{6},	
  if	
  no	
  fluctua$ons	
  and	
  nonflow	
  contribu$on	
  

ALICE,	
  Phys.	
  Rev.	
  C	
  90,	
  054901	
  (2014)	
  	
  

C2(6)	
  	
  
| < 1)

lab
d(|chN

10 210 310

| >
 1

.4
}

d
6

{2
, |

3v

0

0.01

0.02

0.03

0.04

 = 5.02 TeVNNsp-Pb 

 = 2.76 TeVNNsPb-Pb 

c < 3.0 GeV/
T
p0.2 < 

ALICE

ALI−PUB−85368

v3{2,	
  |Δη|>1.4}	
  	
  	
  
| < 1)

lab
d(|chN

0 50 100 150 200

2v

0

0.02

0.04

0.06

0.08

0.1

0.12

c < 3.0 GeV/
T
p0.2 < 

| > 1.4}d6{2, |2v

{4}2v

 = 5.02 TeVNNsALICE p-Pb 

| < 1)
lab

d(|chN
10 210 310

2v

0

0.02

0.04

0.06

0.08

0.1

0.12
| > 1.4}d6{2, |2v

{4}2v
{6}2v

82 65 52 43 31 17 7
Centrality (%)

c < 3.0 GeV/
T
p0.2 < 

 = 2.76 TeVNNsALICE Pb-Pb 

ALI−PUB−85356

•  Second	
  harmonic	
  cumulants	
  are	
  larger	
  in	
  Pb-­‐Pb	
  than	
  in	
  p-­‐Pb	
  at	
  high	
  mul$plici$es	
  
àlarger	
  eccentricity	
  of	
  Pb-­‐Pb	
  ini$al	
  state	
  	
  

•  v2{2,	
  Δη|>1.4}	
  rises	
  with	
  mul$plicity	
  à	
  indica$on	
  of	
  collec$ve	
  flow	
  rather	
  than	
  few-­‐
par$cle	
  correla$ons	
  	
  	
  

•  Third	
  harmonic	
  two-­‐par$cle	
  cumulants	
  are	
  similar	
  in	
  p-­‐Pb	
  and	
  Pb-­‐Pb	
  for	
  overlapping	
  	
  
mul$plici$es	
  for	
  |Δη|>1.4	
  à	
  similar	
  third	
  harmonic	
  eccentrici$es	
  

Pb-­‐Pb	
  	
  	
  p-­‐Pb	
  	
  	
  



Freeze-­‐out	
  radii	
  measured	
  in	
  pp,	
  p-­‐Pb	
  and	
  Pb-­‐Pb	
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Comparison	
  for	
  similar	
  mul$plicity	
  events	
  in	
  pp,	
  p-­‐Pb	
  and	
  Pb-­‐Pb.	
  	
  

From	
  comparison	
  of	
  radii	
  extracted	
  from	
  Edgeworth	
  fit:	
  
•  Rinv	
  (pp)	
  <	
  Rinv	
  (pPb)	
  	
  ~	
  5-­‐15%	
  (disfavor	
  models	
  with	
  stronger	
  collec$ve	
  expansion	
  in	
  p-­‐Pb,	
  

consistent	
  with	
  CGC	
  (Bzdak	
  et	
  al.	
  Phys.	
  Rev.	
  C	
  87	
  (2013)	
  064906))	
  
•  Rinv	
  (pPb)	
  <	
  Rinv	
  (PbPb)	
  ~	
  35-­‐55%	
  (stronger	
  expansion	
  or	
  different	
  ini$al	
  condi$ons	
  in	
  Pb-­‐Pb	
  

compared	
  to	
  p-­‐Pb)	
  

ALICE:	
  Phys.	
  Lep.	
  B	
  739	
  (2014)	
  139	
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Three	
  pion	
  Bose-­‐Einstein	
  correla$ons	
  (small	
  non-­‐femtoscopic	
  background)	
  



Low-­‐pT	
  hadron	
  produc$on	
  in	
  p-­‐Pb	
  vs.	
  models	
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Blast-­‐wave	
  
•  Hydro	
  inspired	
  model	
  
EPOS	
  LHC	
  	
  
•  hard/soU	
  scapering	
  contribute	
  to	
  jet/bulk	
  
•  bulk	
  maper	
  described	
  with	
  hydro	
  
Kraków	
  
•  ini$al	
  condi$ons	
  from	
  Glauber	
  MC	
  
•  viscous	
  hydrodynamic	
  expansion	
  
•  sta$s$cal	
  hadroniza$on	
  at	
  freeze-­‐out	
  
DPMJET	
  
•  QCD-­‐inspired	
  model	
  based	
  on	
  Gribov-­‐

Glauber	
  approach	
  	
  
•  reproduces	
  dNch/dη	
  in	
  NSD	
  p-­‐Pb	
  

Hydro	
  models	
  reasonably	
  well	
  describe	
  
data	
  in	
  p-­‐Pb	
  à	
  indica$on	
  of	
  flow	
  
	
  

	
  ALICE,	
  Phys.	
  Lep.	
  B	
  728	
  (2014)	
  25	
  

5-­‐10%	
  
p-­‐Pb	
  high	
  mul$plicity	
  events	
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  hadrons	
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  low	
  pT	
  vs.	
  mul$plicity	
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Blast-­‐wave	
  model	
  fit	
  (thermal	
  +	
  collec$ve)	
  
Schnedermann	
  et	
  al.	
  
Phys.	
  Rev.	
  C48	
  (1993)	
  2462	
  	
  	
  

Tkin	
  –	
  kine$c	
  freeze-­‐out	
  
βT	
  –	
  transverse	
  velocity	
  

ALICE,	
  Phys.	
  Lep.	
  B	
  728	
  (2014)	
  25	
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Increasing	
  mul$plicity	
  

Blast-­‐wave	
  comparison	
  of	
  pp,	
  p-­‐Pb	
  and	
  Pb-­‐Pb	
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Published	
  p-­‐Pb	
  and	
  Pb-­‐Pb	
  results:	
  	
  
ALICE,	
  Phys.	
  Lep.	
  B	
  728	
  (2014)	
  25	
  

Blast-­‐wave	
  fit	
  parameters:	
  
Tkin	
  –	
  kine$c	
  freeze-­‐out	
  temperature	
  
<βT>	
  -­‐	
  average	
  transverse	
  velocity	
  
•  Similar	
  evolu$on	
  of	
  the	
  blast-­‐wave	
  

parameters	
  with	
  increasing	
  
mul$plicity	
  

	
  
PYTHIA8	
  pp	
  events	
  (no	
  hydrodynamic	
  
evolu$on)	
  also	
  show	
  the	
  same	
  trend	
  
•  Color	
  reconnec$on	
  causes	
  similar	
  

effect	
  as	
  flow	
  	
  

•  pp,	
  p-­‐Pb	
  and	
  Pb-­‐Pb	
  data	
  in	
  mul$plicity	
  bins	
  
•  pp	
  PYTHIA8	
  in	
  mul$plicity	
  bins	
  

NB:	
  Mul$plicity	
  selec$on	
  introduces	
  bias	
  on	
  pT	
  spectra	
  in	
  pp	
  and	
  p-­‐Pb.	
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  11-­‐th	
  Polish	
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  Rela$vis$c	
  Heavy-­‐Ion	
  Collisions	
  	
  



)c (GeV/
T

p        

 )-
π

 +
 

+
π

 )
/(

 
p

  
( 

p
 +

 

2 4 6 8 10 12 14

0.2

0.4

0.6

0.8

1  = 5.02 TeV
NN

sp-Pb, 

0-5%

60-80%
c < 3.0 GeV/

T
p

PLB 728, 25-38 (2014)

V0A Multiplicity Classes (Pb-side)

ALICE
Preliminary

2 4 6 8 10 12 14

0.2

0.4

0.6

0.8

1  = 2.76 TeV
NN

sPb-Pb, 

0-5%

60-80%
PLB 736, 196-207 (2014)
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Baryon	
  to	
  meson	
  ra$os	
  

17/01/2015	
  

Baryon	
  to	
  meson	
  ra$o	
  increases	
  with	
  mul$plicity	
  
•  p-­‐Pb:	
  flow	
  like	
  effect?	
  
•  Pb-­‐Pb:	
  flow	
  and	
  coalescence	
  

ALICE,	
  Phys.	
  Lep.	
  B728	
  (2014)	
  25	
  
ALICE,	
  Phys.	
  Lep.	
  B736	
  (2014)	
  196	
  

p/π	
  

p-­‐Pb	
  
Pb-­‐Pb	
  

Pb-­‐Pb	
  
p-­‐Pb	
  

Λ	
  /K0S	
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RpPb	
  for	
  iden$fied	
  hadrons	
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ALICE,	
  arXiv:1303.0737v1	
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 = 5.02 TeVNNsNSD, p-Pb 
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p-­‐Pb	
  (minimum	
  bias,	
  NSD)	
  
	
  
•  Low	
  pT	
  <	
  2	
  GeV/c:	
  deple$on	
  

similar	
  for	
  all	
  par$cle	
  species	
  
	
  
•  Intermediate	
  2	
  <	
  pT	
  <	
  7	
  GeV/c:	
  

enhancement	
  for	
  protons	
  and	
  Xi	
  
(mass	
  hierarchy)	
  	
  
	
  à	
  flow	
  like	
  effect	
  

	
  
•  High	
  pT	
  >	
  7	
  GeV/c:	
  RpPb	
  ~	
  1	
  (no	
  

modifica$on)	
  

RpPb =
1
Ncoll

dNpPb / dpT
dNpp / dpT

J.	
  Otwinowski,	
  11-­‐th	
  Polish	
  Workshop	
  on	
  Rela$vis$c	
  Heavy-­‐Ion	
  Collisions	
  	
  



Summary	
  and	
  Outlook	
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•  Flow	
  like	
  effects	
  observed	
  in	
  high	
  mul$plicity	
  p-­‐Pb	
  collisions	
  
•  Double	
  ridge	
  from	
  bulk	
  of	
  the	
  maper	
  	
  
•  Mass	
  hierarchy	
  in	
  v2	
  
•  Second	
  and	
  third	
  harmonic	
  cumulants	
  
•  pT	
  spectra	
  reasonable	
  described	
  within	
  hydro	
  models	
  
•  Baryon	
  to	
  meson	
  ra$os	
  

	
  
However	
  	
  

•  Color	
  reconnec$on	
  also	
  introduces	
  flow	
  like	
  effects	
  in	
  pp	
  collisions	
  	
  
•  Freeze-­‐out	
  radii	
  	
  of	
  p-­‐Pb	
  system	
  only	
  15%	
  larger	
  than	
  of	
  pp	
  system	
  
•  No	
  suppression	
  of	
  high-­‐pT	
  hadron	
  produc$on	
  in	
  p-­‐Pb	
  

	
  
What	
  is	
  the	
  nature	
  of	
  collec$vity	
  in	
  pp	
  and	
  p-­‐Pb	
  collision	
  compared	
  to	
  Pb-­‐Pb?	
  

J.	
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  Rela$vis$c	
  Heavy-­‐Ion	
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Charged	
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  spectra	
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ALICE,	
  Eur.	
  Phys.	
  J.	
  C74	
  (2014)	
  3054	
  	
  

	
  
•  pT	
  range:	
  0.15	
  –	
  50	
  GeV/c	
  
•  3	
  pseudorapidity	
  ranges	
  	
  
	
  
•  ηcms	
  	
  =	
  	
  η	
  -­‐	
  0.465	
  using	
  Jacobian	
  (dy/dη)	
  

with	
  measured	
  iden$fied	
  hadrons	
  (π,	
  K,	
  
p)	
  by	
  ALICE	
  

	
  
	
  
•  pp	
  reference	
  at	
  √sNN	
  =	
  5.02	
  TeV	
  

constructed	
  from	
  pp	
  at	
  2.76	
  and	
  7	
  TeV	
  
(no	
  pp	
  measurement	
  available	
  at	
  this	
  
energy)	
  

	
  

19	
  

p-­‐Pb	
  min.	
  bias,	
  non-­‐single	
  diffrac$ve	
  (NSD)	
  	
  



RpPb	
  at	
  very	
  high	
  pT	
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•  Surprising	
  enhancement	
  at	
  very	
  high-­‐pT	
  measured	
  by	
  CMS	
  and	
  ATLAS	
  
•  ALICE	
  data	
  shows	
  different	
  trend	
  –	
  difference	
  mostly	
  in	
  pp	
  reference	
  

à	
  Necessity	
  to	
  measure	
  pp	
  
reference	
  at	
  √sNN	
  =	
  5.02	
  TeV!	
  

Yen-­‐Jie	
  Lee	
  (Quark	
  Maper	
  2014)	
  

ALICE,	
  Eur.	
  Phys.	
  J.	
  C74	
  (2014)	
  3054	
  	
  
CMS-­‐PAS-­‐HIN-­‐12017	
  
ATLAS-­‐CONF-­‐2014-­‐029	
  	
  

Enhancement	
  at	
  very	
  high	
  pT	
  not	
  
seen	
  for	
  jets	
  
à	
  Modifica$on	
  of	
  fragmenta$on	
  
func$on?	
  
	
  

Smaller	
  Q2	
  and	
  x	
   Larger	
  Q2	
  and	
  x	
  



Pions,	
  kaons	
  and	
  protons	
  in	
  p-­‐Pb	
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•  Harder	
  spectra	
  with	
  increasing	
  mul$plicity	
  and	
  with	
  increasing	
  par$cle	
  mass	
  
•  Flapening	
  of	
  proton	
  spectra	
  at	
  low	
  pT	
  	
  with	
  increasing	
  mul$plicity	
  à	
  indica$on	
  of	
  flow	
  

Results	
  for	
  low	
  pT:	
  ALICE,	
  Phys.	
  Lep.	
  B728	
  (2014)	
  25	
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Comparison	
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  hydro	
  models	
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ALICE,	
  arXiv:1303.0737v1	
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p/π	
  ra$o	
  in	
  pp	
  collisions	
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Maximum	
  in	
  proton	
  to	
  pion	
  ra$o	
  ~3	
  GeV/c	
  in	
  PYTHIA	
  related	
  to	
  color	
  reconnec$on	
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NLO, Phys. Rev. D 82, 074011 (2010)

Or$z	
  et	
  al.	
  Phys.	
  Rev.	
  Lep.	
  111	
  (2013)	
  042001	
  	
  



Baryon-­‐meson	
  “anomaly”	
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•  Baryon	
  to	
  meson	
  ra$o	
  increasing	
  with	
  centrality	
  for	
  pT	
  <	
  8	
  GeV/c	
  
•  Similar	
  baryon	
  to	
  meson	
  ra$o	
  in	
  peripheral	
  Pb-­‐Pb	
  and	
  pp	
  collisions	
  
•  For	
  pT	
  >	
  8	
  GeV/c	
  no	
  dependence	
  on	
  centrality	
  and	
  collision	
  system	
  

Ra$os	
  of	
  hadrons	
  with	
  different	
  mass	
  

p/π	
   Λ	
  /K0S	
  

ALICE,	
  Phys.	
  Rev.	
  Lep.	
  111,	
  222301	
  (2013)	
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Baryon-­‐meson	
  “anomaly”	
  vs.	
  models	
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ALICE,	
  arXiv:1303.0737v1	
  

ALICE,	
  Phys.	
  Rev.	
  Lep.	
  111,	
  222301	
  (2013)	
  
	
  •  Hydro	
  models	
  (Kraków,	
  HKM,	
  VISH2+1):	
  	
  good	
  agreement	
  at	
  low	
  pT	
  <	
  2	
  GeV/c	
  

•  Recombina$on	
  models	
  (Fries	
  et	
  al.):	
  work	
  for	
  pT	
  >	
  3-­‐5	
  GeV/c	
  
	
  
EPOS	
  best	
  agreement	
  with	
  data	
  at	
  whole	
  pT	
  range:	
  
•  Hydro	
  at	
  low	
  pT	
  
•  Medium	
  modified	
  jet	
  fragmenta$on	
  at	
  intermediate	
  pT	
  	
  
•  Vacuum	
  jet	
  fragmenta$on	
  at	
  high	
  pT	
  

p/π	
   Λ	
  /K0S	
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  Satura$on	
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•  Nuclear	
  modifica$on	
  of	
  the	
  parton	
  distribu$on	
  
func$ons	
  	
  	
  	
  
–  Parton	
  distribu$on	
  in	
  nucleus	
  differs	
  from	
  that	
  

in	
  hadron	
  

Pb	
  

p	
  

Salgado	
  et	
  al.	
  JHEP	
  0904:065,2009	
  

Ri
A x,Q2( ) ≡ fiA x1,Q

2( ) / fi p x,Q2( )

LHC:	
  x	
  ~10-­‐1-­‐10-­‐5	
  
•  shadowing	
  	
  
•  an$shdowing	
  
	
  	
  



Nuclear	
  Parton	
  Distribu$on	
  Func$ons	
  –	
  EPS09	
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Valence	
  quarks	
  	
   See	
  quarks	
   Gluons	
  

NLO	
  fits	
  to	
  measured	
  data	
  Ri
Pb x,Q2( ) ≡ fiPb x1,Q

2( ) / fi p x,Q2( )

LHC:	
  x	
  ~10-­‐1-­‐10-­‐5	
  
Possibility	
  to	
  reach	
  gluon	
  satura$on	
  at	
  small	
  x	
  (Color	
  Glass	
  Condensate)	
  	
  

Salgado	
  et	
  al.	
  JHEP	
  0904:065,2009	
  



	
  Central	
  rapidity:	
  
	
  x	
  ~	
  10-­‐2–10-­‐3	
  

Nuclear	
  modifica$on	
  factors	
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à Par$cle	
  suppression	
  in	
  Pb-­‐Pb	
  related	
  
to	
  final	
  state	
  effects	
  

Pb-­‐Pb	
  (central	
  collisions)	
  
•  No	
  modifica$on	
  of	
  W,	
  Z	
  and	
  γ	
  boson	
  

produc$on	
  
•  Strong	
  hadron	
  suppression	
  at	
  high	
  pT	
  

(RPbPb~	
  0.2-­‐0.5)	
  
p-­‐Pb	
  (minimum	
  bias,	
  NSD):	
  
•  Deple$on	
  at	
  low	
  pT	
  
•  No	
  modifica$on	
  at	
  high	
  pT	
  (RpPb	
  ~	
  1)	
  
	
  

Confirmed	
  with	
  jet	
  
measurements	
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<pT>	
  vs.	
  Nch:	
  data	
  vs.	
  MC	
  models	
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•  PYTHIA8	
  with	
  color	
  reconnec$on	
  (CR)	
  
consistent	
  with	
  pp	
  data	
  à	
  coherent	
  MPIs
	
  	
  

•  EPOS	
  (collec$ve	
  effects)	
  describes	
  pp	
  and	
  is	
  
consistent	
  with	
  p-­‐Pb	
  
•  	
  Is	
  it	
  related	
  to	
  color	
  reconnec$on?	
  
	
  

•  Glauber	
  MC	
  (incoherent	
  superposi$on	
  of	
  
nucleon-­‐nucleon	
  collisions)	
  does	
  not	
  
describe	
  p-­‐Pb	
  and	
  Pb-­‐Pb	
  data	
  

Comparison	
  with	
  model	
  predic$ons	
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Scaling	
  with	
  transverse	
  area	
  ST	
  based	
  on	
  Color	
  Glass	
  
Condensate	
  (CGC)	
  model	
  [McLerran	
  et	
  al.,	
  Nucl.	
  
Phys.	
  A916	
  210	
  (2013)]	
  
Works	
  but	
  with	
  tension	
  for	
  pp	
  and	
  p-­‐Pb	
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Double	
  ridge	
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  high	
  mul$plicity	
  p-­‐Pb	
  collisions	
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  (2013)	
  29	
  

Also	
  seen	
  in	
  Pb-­‐Pb	
  and	
  high	
  mul$plicity	
  pp	
  
collisions	
  by	
  CMS	
  and	
  ATLAS.	
  
	
  
Collec$ve	
  flow:	
  Bożek	
  &	
  Broniowski	
  	
  
(e.g.	
  Phys.	
  Lep.	
  B718	
  (2012)	
  4)	
  

Double	
  ridge	
  

Qualita$vely	
  similar	
  to	
  Pb-­‐Pb:	
  	
  
à	
  Indica$on	
  of	
  collec$ve	
  flow	
  in	
  high	
  mul$plicity	
  p-­‐Pb	
  

Double	
  ridge:	
  Long	
  range	
  h-­‐h	
  angular	
  correla$ons.	
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Freeze-­‐out	
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Gaussian	
  fit	
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Edgeworth	
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Exponen$al	
  fit	
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  (2014)	
  139	
  

2

4

6

8

10

c<0.3 GeV/T,3K0.16<

c<0.3 GeV/Tk0.2<

=7 TeVspp 
=5.02 TeVNNsp-Pb 

=2.76 TeVNNsPb-Pb 

Two-Pions

Three-Pions

�chN�10 210 310
0

2

4

 (f
m

)
/

) /
 

in
v,

3
Ex

p
R

 o
r 

in
v

Ex
p

R(
e,

3
Ex

p
h

 o
r 

eEx
p

h

ALI−PUB−90517

2

4

6

8

10

c<1.0 GeV/T,3K0.3<

c<1.0 GeV/Tk0.3<

=7 TeVspp 
=5.02 TeVNNsp-Pb 

=2.76 TeVNNsPb-Pb 

Two-Pions

Three-Pions

�chN�10 210 310
0

2

4
 (f

m
)

/
) /

 
in

v,
3

Ex
p

R
 o

r 
in

v
Ex

p
R(

e,
3

Ex
p

h
 o

r 
eEx

p
h

ALI−PUB−90521



Freeze-­‐out	
  radii	
  measured	
  in	
  pp,	
  p-­‐Pb	
  and	
  Pb-­‐Pb	
  

17/01/2015	
   36	
  J.	
  Otwinowski,	
  11-­‐th	
  Polish	
  Workshop	
  on	
  Rela$vis$c	
  Heavy-­‐Ion	
  Collisions	
  	
  

Comparison	
  to	
  CGC	
  (IP	
  Glasma)	
   ALICE:	
  Phys.	
  Lep.	
  B	
  739	
  (2014)	
  139	
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Three	
  pion	
  Bose-­‐Einstein	
  correla$ons	
  (signal	
  less	
  
suscep$ble	
  to	
  non-­‐femtoscopic	
  background)	
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Mul$par$cle	
  azimuthal	
  correla$ons	
  in	
  p-­‐Pb	
  and	
  Pb-­‐Pb	
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Mul$par$cle	
  par$cle	
  correla$on	
  (cumulants)	
  cn	
  	
  have	
  different	
  
sensi$vity	
  to	
  fluctua$ons	
  and	
  nonflow	
  contribu$on.	
  
cn{2}	
  =	
  cn(4)	
  =	
  cn{6}	
  (if	
  no	
  fluctua$ons	
  and	
  nonflow	
  contribu$on)	
  

ALICE,	
  Phys.	
  Rev.	
  C	
  90,	
  054901	
  (2014)	
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c2{4}	
  	
   c2{6}	
  	
  

•  Second	
  harmonic	
  cumulants	
  are	
  larger	
  in	
  Pb-­‐Pb	
  than	
  in	
  p-­‐Pb	
  at	
  high	
  mul$plici$es.	
  
•  For	
  very	
  high	
  mul$plicity	
  Pb-­‐Pb	
  collisions	
  c2(4)	
  and	
  c2(6)	
  consistent	
  with	
  zero.	
  	
  	
  	
  

Second	
  harmonic	
  cumulants	
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p-­‐Pb	
  
c3{2}	
  	
  	
  

C2(6)	
  	
  

Third	
  harmonic	
  two-­‐par$cle	
  cumulants	
  are	
  similar	
  in	
  p-­‐Pb	
  and	
  Pb-­‐Pb	
  for	
  overlapping	
  	
  
mul$plici$es	
  for	
  |Δη|>1.4.	
  

Third	
  harmonic	
  two-­‐par$cle	
  cumulants	
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