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Multi-particle production in relativistic collisions of  
heavy-ions and proton-proton  

Primary	
  goal	
  –	
  	
  to	
  study	
  Quark-­‐gluon	
  plasma	
  (QGP)	
  –	
  	
  
thermally	
  equilibrated	
  maHer	
  of	
  de-­‐confined	
  quarks	
  and	
  gluons.	
  	
  
	
  
•  Super-­‐dense	
  astrophysical	
  and	
  cosmological	
  situaMons:	
  

	
   	
  A	
  few	
  micro-­‐seconds	
  aPer	
  the	
  Big	
  Bang	
  
	
   	
  Core	
  of	
  the	
  Neutron	
  star	
  	
  

	
  
•  High	
  energy	
  collisions	
  of	
  heavy-­‐ions	
  (HI)	
  in	
  laboratory	
  

	
   	
  CERN	
  declared	
  indicaMon	
  of	
  formaMon	
  of	
  QGP-­‐like	
  new	
  state	
  
	
   	
  RHIC,	
  BNL	
  presented	
  convincing	
  results	
  on	
  formaMon	
  of	
  QGP	
  	
  
	
   	
  in	
  laboratory	
  	
  	
  	
  	
  	
  	
  	
  

	
  
•  High	
  energy	
  proton-­‐proton	
  collisions:	
  consensus	
  view	
  !	
  

	
   	
  Elementary	
  collisions,	
  no	
  medium	
  formaMon	
  	
  
	
   	
  Experimentally,	
  serve	
  the	
  base-­‐line	
  for	
  the	
  	
  
	
   	
  QGP	
  study	
  by	
  HI	
  collisions	
  

	
  	
  

NPA 757 (2005) 

Collins & Perry PRL 34 (1975) 1353 

(2000) 
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pp collisions - there had always been a different 
school of thought ! SPS	
  regime	
  

SPPS	
  events	
  of	
  high	
  	
  
transverse	
  energy	
  …………	
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Tevatron	
  regime	
  

Different school of thought (contd.) 
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LHC	
  regime	
  

Near-­‐side	
  long-­‐range	
  correlaMon	
  in	
  high	
  mulMplicity	
  events.	
  	
  
Resembles	
  effects	
  seen	
  in	
  heavy-­‐ion	
  collisions	
  !	
  

CMS, JHEP 09 (2010) 091 Most	
  striking	
  observa7on,	
  so	
  far	
  !	
  Ridge.	
  

Dependence	
  of	
  HBT	
  radii	
  on	
  mulCplicity	
  and	
  pair	
  transverse	
  momentum	
  –	
  	
  
Similar	
  as	
  observer	
  in	
  heavy-­‐ion	
  collisions	
   CMS, JHEP 05 (2011) 029 

ALICE, PRD 84 (2011) 112004 

Several	
  Hydrodynamics-­‐moCvated	
  models	
  !	
  	
  	
  

Different school of thought (contd.) 
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High	
  mulCplicity	
  pp	
  events	
  comparable	
  to	
  RHIC	
  and	
  SPS	
  HI	
  events	
  



Discussions	
  on	
  some	
  features	
  of	
  mulC-­‐parCcle	
  producCon	
  in	
  
pp	
  collisions	
  at	
  LHC	
  in	
  terms	
  of	
  	
  
	
  
•  MulCplicity	
  	
  
•  Transverse	
  momentum	
  

Don’t	
  intend	
  to	
  conclude	
  on:	
  
	
  
Hydrodynamics,	
  Color	
  Glass	
  Condensate,	
  Color	
  Re-­‐connecCon	
  
……..????	
  

Scope of the talk 
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Charged hadron Multiplicity Distributions  
in pp collisions at LHC 

Prior	
   to	
   LHC,	
   the	
  NegaMve	
  Binomial	
  DistribuMon	
   (NBD)	
   funcMon	
  has	
  
played	
   a	
   major	
   role	
   in	
   describing	
   mulMplicity	
   distribuMons	
   (MD)	
   in	
  
hadronic	
  collisions	
  for	
  a	
  wide	
  range	
  of	
  collision	
  energy.	
  
	
  
We	
   report	
   a	
   detailed	
   analysis	
   of	
   the	
   measured	
   mulMplicity	
  
distribuMons	
   for	
   pp	
   collisions	
   at	
   so	
   far	
   available	
   LHC	
   energies,	
   in	
  
terms	
  of	
  NBD.	
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Multiplicity distributions in pp collisions by ALICE 

ALICE,	
  EPJC68(2010)89	
  
Primary	
  charged	
  parMcles	
  from	
  NSD	
  events	
  for	
  pseudorapidity	
  intervals,	
  ηc	
  <	
  0.5,	
  1.0	
  
and	
  1.3	
  at	
  energies	
  900	
  GeV	
  and	
  2360	
  GeV.	
  
	
  

	
  Matched	
  fairly	
  well	
  with	
  a	
  single	
  NBD	
  funcMon.	
  
	
  Sum	
  of	
  two	
  NBDs	
  	
  did	
  not	
  improve	
  descripMon	
  of	
  data.	
  	
  

	
  
ALICE,	
  EPJC68(2010)345	
  
For	
  7000	
  GeV	
  collisions,	
  mulMplicity	
  distribuMon	
  is	
  measured	
  only	
  in	
  the	
  pseudorapidity	
  	
  
interval,	
  ηc	
  <1.0	
  for	
  the	
  class	
  of	
  events	
  having	
  at	
  least	
  one	
  charged	
  parMcle	
  in	
  the	
  	
  
interval.	
  
	
  

	
  NBD-­‐fit	
  to	
  the	
  distribuMon	
  slightly	
  underesMmates	
  the	
  data	
  at	
  low	
  mulMplicity	
  
	
  (n<5)	
  and	
  slightly	
  overesMmates	
  at	
  high	
  mulMplicity	
  (n	
  >	
  55).	
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MD measured in pp collisions by CMS and LHCb 

CMS	
  has	
  measured	
  MD	
  of	
  charged	
  hadrons	
  from	
  NSD	
  events	
  for	
  pseudorapidity	
  intervals,	
  
ηc	
  <	
  0.5,	
  1.0,	
  1.5,	
  2.0	
  and	
  2.4	
  at	
  all	
  the	
  available	
  LHC	
  energies	
  :	
  900,	
  2360	
  and	
  7000	
  GeV.	
  
	
  
Change	
  in	
  slope	
  in	
  the	
  measured	
  mulMplicity	
  distribuMons	
  for	
  n>20	
  in	
  the	
  pseudorapidity	
  
interval,	
  ηc	
  <2.4.	
  The	
  feature	
  becomes	
  more	
  prominent	
  with	
  increasing	
  centre-­‐of-­‐mass	
  
energy.	
  The	
  paper	
  does	
  not	
  on	
  NBD.	
  

CMS,	
  JHEP1101(2011)079	
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LHCb,	
  EPJC	
  72	
  (2012)	
  1947	
  
LHCb	
  has	
  analyzed	
  mulMplicity	
  distribuMons	
  for	
  hard	
  interacMon	
  events	
  (at	
  least	
  one	
  
long	
  track	
  with	
  pT	
  >	
  1	
  GeV/c)	
  for	
  7000	
  GeV	
  cms	
  energy	
  in	
  non-­‐overlapping	
  
psedorapidity	
  interval	
  of	
  |η| < 0.5  in	
  the	
  pseudorapidity	
  range	
  2.5	
  <	
  |η| <4.5.	
  



 PLB435(1998)453. 
 
     	
  ComparaMve	
  study:	
  charged	
  parMcle	
  

mulMpliciMes	
  arising	
  from	
  NSD	
  events	
  of	
  
hadronic	
  collisions	
  at	
  energies	
  from	
  30	
  
GeV	
  to	
  1800	
  GeV.	
  

	
  
	
  	
  	
  	
  	
  	
  Observed:	
  Data	
  of	
  collider	
  energies	
  (200	
  

to	
  1800	
  GeV)	
  deviate	
  in	
  the	
  form	
  of	
  a	
  
shoulder-­‐like	
  structure,	
  apparently	
  due	
  
to	
  superposiMon	
  of	
  distribuMon	
  of	
  
parMcles	
  from	
  other	
  process,	
  different	
  
from	
  KNO-­‐producing	
  process	
  that	
  is	
  valid	
  
up	
  to	
  ISR	
  energies	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  

Shoulder-like structure in multiplicity distributions  
at pre-LHC energies 
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PRD59 (1999)094020 
 
Model	
  by	
  Giovannini	
  and	
  Ugoccioni	
  	
  
	
  
Sub-­‐structure	
  in	
  mulMplicity	
  distribuMons	
  at	
  collider	
  energies	
  	
  
could	
  be	
  well	
  explained	
  by	
  weighted	
  superposiMon	
  of	
  two	
  NBDs,	
  
represenMng	
  two	
  classes	
  of	
  events:	
  	
  

	
  “semi-­‐hard”	
  –	
  events	
  with	
  mini-­‐jets	
  or	
  jets.	
  
	
  “soP”	
  –	
  events	
  without	
  mini-­‐jets	
  or	
  jets.	
  

 
PRD60(1999)074027 
 
The	
  model	
  for	
  the	
  full	
  phase	
  space	
  was	
  extended	
  to	
  limited	
  η	
  –	
  intervals,	
  
only	
  aPer	
  classificaMon	
  of	
  events	
  into	
  “soP”	
  and	
  “semi-­‐hard”	
  to	
  ensure	
  that	
  
	
  the	
  weight	
  factors	
  for	
  the	
  components	
  are	
  maintained.	
  	
  	
  

Two-NBD model explains shoulder-like structure 
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Negative Binomial Distribution (NBD) Function 
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Weighted superposition of Two-NBDs 

αso/	
  =	
  frac5on	
  of	
  so/	
  events	
  



Measured <n> & corresponding NBD parameter for  
MDs at LHC-energies 

PG PRD 85 (2012)054017 
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NBD parameters for MDs at LHC-energies 
PG PRD 85 (2012)054017 
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Two–NBD explains 7 TeV data better 

n
0 50 100 150 200

P(
n)

-710

-610

-510

-410

-310

-210

-110

1

10

210

310
7 TeV

|<0.5 X 1d|
|<1.0 X 10d|
|<1.5 X 100d|
|<2.0 X 1000d|
|<2.4 X 10000d|

pp	
  collisions	
  @	
  7	
  TeV	
  
ηc	
  <2.4	
  	
  

PG PRD 85 (2012)054017 
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Energy-­‐invariance	
  of	
  “soS”	
  events	
  !	
  



Energy-invariance of “soft” component of events @ LHC 

pp	
  collisions	
  @	
  LHC	
  
ηc	
  <2.4	
  	
  

Indication slide - 1 
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 CDF Collaboration, PRD65 (2002)072005. 
       Analyzed: isolated sub-samples of “soft” and “semihard” 

events   of proton-antiproton collisions at 630 and 1800 GeV. 
 
      Observed: energy-invariance of properties of “soft” sub-

samples. 
         

Energy-invariance ……….. at Tevatron   
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      STAR Collaboration, arXiv:hep-ex/0403038v1 (2004)072005. 
 
       Analyzed:	
  isolated	
  sub-­‐samples	
  of	
  “soP”	
  and	
  “hard”	
  events	
  	
  	
  of	
  

proton-­‐proton	
  collisions	
  at	
  200	
  GeV.	
  
	
  
	
  	
  	
  	
  	
  	
  Observed:	
  energy-­‐invariance	
  of	
  dynamical	
  mechanism	
  of	
  inelasMc	
  

mulMparMcle	
  producMon	
  in	
  “soP”	
  collisions.	
  
         

Energy-invariance ……………… at RHIC 
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7 TeV Hard-QCD pp collisions
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<3.0 X 10d2.5<
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n0 2 4 6 8 10 12 14 16 18 20

P(
n)

-410
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-210

-110

1
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210

310

410

510

610

710

810
7 TeV Min. Bias pp collisions

<2.5d2.0<
<3.0 X 10d2.5<

3<3.5 X 10d3.0<
5<4.0 X 10d3.5<
7|<4.5 X 10d4.0<

NBD in pp collisions in the forward  
pseudorapidity by LHCb 

PG & S. Muhuri PRD 87 (2013) 094020 

Two-­‐NBD	
  fits	
  and	
  single-­‐NBD	
  fits	
  to	
  the	
  minimum-­‐bias	
  and	
  “hard”	
  events	
  respecCvely,	
  	
  
in	
  the	
  small	
  pseudo-­‐rapidity	
  windows	
  appear	
  consistent	
  with	
  the	
  two-­‐component	
  model.	
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n
0 10 20 30 40 50 60

P(
n)

-410

-310

-210

-110

1

10

210

310

410
Hard QCD events * 1000

Min Bias events * 10

PG & S. Muhuri PRD 87 (2013) 094020 

NBD in pp collisions in the forward  
pseudorapidity by LHCb (contd.) 

In	
  the	
  large	
  pseudo-­‐rapidity	
  	
  
window,	
  for	
  both	
  the	
  minimum-­‐bias	
  	
  
and	
  hard	
  events,	
  two-­‐NBD	
  gives	
  	
  
beHer	
  descripMons	
  !	
  

•  The	
  selecCon	
  criterion	
  of	
  “soS”	
  and	
  
“hard”	
  events	
  needs	
  to	
  be	
  reviewed!	
  

	
  
•  Different	
  physics	
  of	
  parCcle	
  producCon	
  

in	
  mid	
  and	
  forward	
  rapidity	
  regions!	
  

CDF	
  –	
  “soS”	
  event	
  :	
  no	
  parCcle	
  of	
  transverse	
  energy,	
  ET	
  >	
  1.1	
  GeV	
  
LHCb	
  –	
  “hard”	
  event	
  :	
  at	
  least	
  one	
  parCcle	
  with	
  transverse	
  momentum	
  pT	
  >	
  1	
  GeV/c	
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The energy-invariance of the two-NBD parameters related to the  
“soft” component of LHC pp events the mid-rapidity is indicative to  
the possibility of validity of the energy-invariance of soft particle  
production in pp collisions at LHC    
 
One needs to look into the global properties of the isolated sub- 
samples of  the “soft” and the “hard” events of pp collisions.  
 
Analysis of LHCb – data indicates the importance of reviewing “soft” 
and “hard” events selection criterion.   Transverse Sphericity!! 
 
The study of properties of exclusive “soft” events will be complementary 
to the study of Underlying Event properties, already addressed by ALICE  
and the other two experiments, CMS and ATLAS.  

Summary – multiplicity distributions at LHC 
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Transverse momentum distributions in pp at LHC 

•  FlaHening	
  of	
  spectra	
  with	
  increasing	
  mass	
  indicates	
  collecMvity	
  
	
  
•  CollecMvity	
  is	
  associated	
  with	
  ‘soP’	
  parMcle	
  producMon	
  –	
  parMcles	
  in	
  

the	
  low	
  pT	
  part	
  of	
  the	
  pT	
  -­‐	
  spectra	
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PRC79	
  (2009)034909	
  

Let’s	
  start	
  with	
  idenMfied	
  hadron	
  spectra	
  at	
  STAR@RHIC	
  



 GeV/c 
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Transverse momentum distributions of identified  
hadrons in heavy-ion & pp collisions at LHC 

ALICE, PRC88 (2013)044910 
CMS, EPJC 72 (2012) 2164 
CMS, JHEP 05 (2011)064 
PG et al. JPG 41 (2014) 035106 
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Mass-dependent inverse slope parameter 

Absence	
  of	
  the	
  mass-­‐ordering	
  with	
  strange	
  and	
  heavy-­‐flavor	
  hadrons	
  is	
  	
  
aHributed	
  to	
  non-­‐effecMve	
  parMcipaMon	
  of	
  these	
  heavy	
  parMcle	
  in	
  hadronic	
  	
  
re-­‐scaHering	
  –	
  due	
  to	
  their	
  heavy	
  mass	
  or	
  early	
  freeze-­‐out	
  of	
  strange	
  parMcles	
  	
  

2

2
1

><+= Ttheff mTT β

Hydrodynamical	
  parameterizaMon	
  results:	
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Mass dependent inverse slope parameter for 
 pp & pPb collisions at LHC 

Mass	
  ordering	
  of	
  inverse	
  slope	
  parameter	
  in	
  high	
  mulMplicity	
  	
  
pp	
  and	
  pPb	
  events	
  –	
  similar	
  feature	
  as	
  observed	
  in	
  HI	
  collisions	
  

2m in GeV/c
0 0.2 0.4 0.6 0.8 1 1.2
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 G
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fe
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> = 86ch<N
> = 98ch<N
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> = 120ch<N
> = 131ch<N

CMS, EPJG 74 (2014) 2847 PG & S. Muhuri arXiv:1406.5811 [hep-ph]  
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IndicaMon	
  of	
  collecMvity	
  in	
  high	
  mulMplicity	
  pp	
  and	
  pPd	
  collisions	
  at	
  LHC	
  



Hydrodynamics-motivated  
Boltzman-Gibbs blast-wave model 

The	
  flow	
  velocity	
  profile	
  is	
  given	
  by	
  

The	
  average	
  transverse	
  flow	
  velocity	
  

Blast-­‐wave	
  model	
  assumes	
  an	
  instantaneous	
  common	
  freeze-­‐out	
  	
  	
  
at	
  kineMc	
  freeze-­‐out	
  temperature	
  Tkin	
  	
  and	
  a	
  common	
  transverse	
  
flow	
  velocity.	
  

where	
  βs	
  is	
  the	
  surface	
  velocity	
  

E.	
  Schnedermann	
  et	
  al.	
  PRC48	
  (1993)	
  2462	
  

R	
  is	
  the	
  transverse	
  radius	
  at	
  freeze-­‐out.	
  Experimentally	
  obtained	
  from	
  HBT	
  radius	
  	
  
for	
  the	
  lowest	
  pair	
  of	
  transverse	
  momentum.	
  The	
  profile	
  parameter	
  n	
  is	
  found	
  to	
  	
  
match	
  hydrodynamic	
  calcula7on	
  with	
  value	
  1	
  or	
  2,	
  though	
  in	
  principle,	
  it	
  can	
  
take	
  any	
  posi7ve	
  value.	
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STAR	
  PRC79	
  (2009)034909	
  

The average transverse flow velocity  
in heavy-ion collisions 

ALICE	
  PRC88	
  (2013)044910	
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Blast-­‐wave	
  model	
  has	
  been	
  very	
  successful	
  in	
  establishing	
  collecCvity	
  by	
  	
  
extracCng	
  transverse	
  flow	
  velocity	
  in	
  heavy-­‐ion	
  collisions	
  in	
  SPS,	
  RHIC	
  and	
  LHC	
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Transverse momentum spectra 
of π±, K± and p(p-bar) from high 
multiplicity pp events at 0.9, 
2.76 and 7 TeV. 

•  Solid	
  lines	
  represent	
  the	
  blast-­‐wave	
  
descripMon.	
  

•  Minimum	
  bias	
  or	
  low	
  mulMplicity	
  events	
  do	
  
not	
  fit	
  blast-­‐wave.	
  	
  

PG et al. JPG 41 (2014) 035106 
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PG et al. JPG 41 (2014) 035106 

Simultaneous blast-wave fit parameters of transverse momentum 
spectra of π±, K± and p(p-bar) from high multiplicity pp events at LHC 
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Comparison with pPb and heavy-ion collisions 
PG et al. JPG 41 (2014) 035106 

Stronger	
  radial	
  flow	
  velocity	
  for	
  
high	
  mulMplicity	
  pp	
  collisions	
  as	
  
compared	
  to	
  pA	
  and	
  AA	
  collisions	
  
is	
  consistent	
  with	
  hydrodynamic	
  	
  
picture	
  :	
  
E. Shuryak and I. Zahed 
PRC 88 (2013) 044915 

IndicaCon	
  of	
  formaCon	
  of	
  collecCve	
  medium	
  in	
  high	
  
mulCplicity	
  proton-­‐proton	
  events	
  at	
  the	
  LHC	
  

A	
  stronger	
  radial	
  flow	
  (than	
  in	
  HI)	
  	
  
in	
  pPb	
  collisions	
  at	
  LHC	
  has	
  been	
  	
  
reported	
  by	
  ALICE	
  

ALICE PLB 728 (2014) 25 
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Transverse momentum spectra of K0
s, Λ and Ξ-   

pp collisions NSD events at 0.9 and 7 TeV. 

The	
  	
  simultaneous	
  BW	
  fit	
  to K0
s, Λ and Ξ-  in	
  contrast	
  to	
  the	
  group	
  of	
  parMcles	
  

	
  π±, K± and p(p-bar) may be due to early freeze-out of strange particles	
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Could there be a change of phase in pp collisions ? 

•  Topical	
  models	
  do	
  not	
  endorse	
  formaMon	
  of	
  any	
  medium,	
  whatsoever,	
  in	
  pp	
  
collisions.	
  But,	
  we	
  see	
  an	
  indicaMon	
  of	
  collecMvity	
  in	
  pp	
  collisions.	
  

	
  
•  One	
  may	
  quesMon	
  if	
  the	
  mean	
  free	
  path	
  of	
  the	
  consMtuent	
  parMcles,	
  the	
  size	
  and	
  

the	
  lifeMme	
  of	
  the	
  produced	
  medium,	
  if	
  any,	
  in	
  pp	
  collisions	
  is	
  conducive	
  to	
  the	
  
formaMon	
  of	
  QGP	
  or	
  not.	
  	
  

	
  
•  What	
  is	
  wrong	
  in	
  following	
  the	
  approach	
  adopted	
  in	
  search	
  for	
  the	
  QGP	
  in	
  heavy-­‐

ion	
  collisions	
  -­‐	
  assume	
  local	
  thermal	
  equilibrium	
  and	
  search	
  for	
  QGP?	
  
	
  
•  We	
  aHempt	
  [PG	
  &	
  Muhuri,	
  S.	
  arXiv:1406.5811	
  [hep-­‐ph]]	
  to	
  search	
  for	
  a	
  signal	
  of	
  

change	
  of	
  phase	
  as	
  predicted	
  by	
  LQCD	
  calculaMons:	
  in	
  terms	
  of	
  change	
  in	
  effecMve	
  
number	
  of	
  degrees	
  of	
  freedom	
  of	
  the	
  system	
  formed	
  in	
  the	
  collision	
  as	
  a	
  funcMon	
  
of	
  temperature.	
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Lattice QCD, µB = 0"

Both	
  staMsMcal	
  and	
  lawce	
  
QCD	
  predict	
  that	
  nuclear	
  
maHer	
  will	
  undergo	
  a	
  phase	
  
transiMon	
  at	
  a	
  temperature	
  
of,	
  T	
  ~	
  170	
  MeV	
  and	
  energy	
  
density,	
  ε	
  ~	
  1	
  GeV/fm3.	
  

Signal for change of phase – LQCD calculations 
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•  Experimental	
  search	
  of	
  LQCD	
  predicMon	
  involves	
  
connecMng	
  thermodynamic	
  variables	
  with	
  measurable	
  
observables.	
  	
  



According	
  to	
  the	
  relaMvisMc	
  hydrodynamics,	
  the	
  rapidity	
  or	
  the	
  pseudo-­‐
rapidity	
  density	
  reflects	
  the	
  entropy-­‐density	
  created	
  early	
  in	
  the	
  collision.	
  
	
  
Bjorken’s	
  formula	
  for	
  IniMal	
  energy	
  density	
  from	
  experimental	
  data	
  :	
  

Measuring energy density or entropy density 
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IniMally	
  produced	
  collision	
  fireball	
  is	
  a	
  cylinder	
  of	
  volume	
  :	
  
	
  
	
  	
  

Where	
  dN	
  is	
  the	
  number	
  of	
  parMcles	
  and	
  <E>	
  is	
  their	
  	
  
average	
  energy	
  near	
  y	
  =	
  0.	
  

τ0dη0	
  is	
  the	
  longitudinal	
  size	
  of	
  the	
  fireball,	
  R	
  is	
  radius	
  of	
  the	
  Lorentz	
  contracted	
  
colliding	
  hadrons	
  or	
  nuclei.	
  τ0	
  	
  is	
  the	
  proper-­‐Mme	
  of	
  thermalizaMon,	
  esMmated	
  
by	
  Bjorken	
  to	
  be	
  τ0	
  	
  ≈	
  1	
  fm	
  

The	
  entropy	
  density	
  :	
   σ	
  =	
  ε	
  /	
  <pT>	
  

<E>	
  	
  ≈	
  	
  <mT>	
  ≈	
  	
  (3/2)	
  .T	
  ≈	
  (3/2)	
  .	
  <pT>	
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Primary charged particles - ALICE

Charged hadrons - CMS

ALICE,	
  EPJC	
  68	
  (2010)	
  345	
  	
  

CMS,	
  PRL	
  105	
  (2010)	
  022002	
  

•  A	
  detailed,	
  conservaMve	
  esMmate	
  of	
  
iniMal	
  energy-­‐density	
  shows	
  that	
  even	
  for	
  
dNch/dη	
  	
  ≈	
  6,	
  the	
  energy	
  density	
  is	
  
sufficient	
  to	
  form	
  a	
  non-­‐hadronic	
  medium	
  
in	
  pp	
  collisions	
  at	
  	
  7	
  TeV.	
  	
  

	
  
•  In	
  agreement	
  with	
  1.8	
  GeV	
  data.	
  

	
  T.	
  Alexopoulos	
  et	
  al.	
  PLB	
  528(2002)	
  43.	
  

Csnad,	
  M.	
  &	
  Csorgo,	
  T	
  	
  
arXiv:	
  1307.2082v2	
  [hep-­‐ph]	
  (2013)	
  

Energy density in pp collisions at LHC 

•  CMS	
  experiment	
  has	
  recorded	
  sufficient	
  
staMsMcs	
  of	
  high	
  mulMplicity	
  pp	
  events	
  
with	
  dNch/dη	
  	
  ≈	
  30.	
  

CMS	
  EPJC	
  72	
  (2012)	
  2164	
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Measuring temperature in high energy collisions 

•  The	
  pT	
  -­‐	
  spectra	
  of	
  produced	
  parMcles	
  from	
  high	
  energy	
  collisions	
  contain	
  
informaMon	
  on	
  temperature	
  as	
  well	
  as	
  on	
  transverse	
  expansion	
  of	
  the	
  
system.	
  

•  No	
  straigh|orward	
  method	
  of	
  disentangling	
  the	
  effect	
  of	
  the	
  temperature	
  
and	
  the	
  contribuMon	
  from	
  the	
  transverse	
  expansion.	
  

•  Besides	
  the	
  inverse	
  slope	
  parameter,	
  the	
  mean	
  transverse	
  momentum,	
  <pT>	
  	
  
as	
  proposed	
  by	
  Van	
  Hove	
  [PLB	
  118	
  (1982)	
  138],	
  can	
  be	
  used	
  for	
  comparing	
  
thermal	
  states	
  of	
  system.	
  

•  Instead	
  of	
  exclusive	
  measure	
  of	
  temperature,	
  experimental	
  analysis	
  deal	
  
with	
  parameters	
  that	
  reflect	
  the	
  temperature	
  of	
  the	
  system.	
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ALICE	
  at	
  √s	
  =	
  0.9	
  TeV,	
  0.5<pT<4	
  GeV/c,	
  	
  
|η|<0.8,	
  Minimum	
  Bias.	
  

R.Campanini & G. Ferri PLB703	
  (2011)	
  237 
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Change of phase in pp collisions  – previous attempt 
Besides	
  the	
  work	
  by	
  T.	
  Alexopoulos	
  et	
  al.	
  PLB	
  528(2002)	
  43	
  at	
  1.8	
  TeV	
  

•  Proposed	
  to	
  study	
  the	
  LQCD	
  predicCon	
  on	
  change	
  of	
  phase	
  in	
  terms	
  ε/<pT>4	
  	
  
or	
  σ/<pT>3	
  (effecCve	
  number	
  of	
  degrees	
  of	
  freedom)	
  as	
  a	
  funcCon	
  of	
  <pT>	
  
(reflecCng	
  temperature).	
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Mass-dependent flow effect 

Change	
  in	
  <pT>	
  	
  due	
  to	
  transverse	
  expansion	
  is	
  mass-­‐dependent	
  –	
  pions	
  lose	
  
some	
  <pT>	
  .	
  
	
  
	
  
Being	
  weekly	
  affected	
  by	
  re-­‐scaHering	
  of	
  hadrons	
  and	
  resonance	
  decay,	
  kaons	
  
are	
  beHer	
  observable	
  than	
  pions.	
  
	
  

S.Bass & A. Dumitru PRC61	
  (2000)	
  064909 

M.I.Gorenstein et al PLB567 (2003) 175 

•  The	
  <pT>	
  	
  of	
  several	
  parMcles	
  together	
  contains	
  cumulaMve	
  effect	
  due	
  to	
  	
  
	
  transverse	
  expansion	
  of	
  varying	
  magnitude.	
  

	
  
•  The	
  <pT>	
  	
  of	
  individual	
  species	
  could	
  be	
  more	
  meaningful	
  in	
  reflecMng	
  	
  

	
  temperature	
  related	
  characterisMcs	
  of	
  the	
  system.	
  
	
  	
  

We	
  consider	
  

and	
  extend	
  the	
  study	
  to	
  the	
  high	
  mulMplicity	
  pp	
  events	
  at	
  the	
  LHC	
  energies.	
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•  Rapid	
  rise	
  in	
  σ/<pT>3	
  ,	
  indicaMng	
  release	
  of	
  new	
  degrees	
  of	
  freedom.	
  
	
  
•  The	
  saturaMon	
  of	
  σ/<pT>3	
  	
  at	
  high	
  <pT>	
  indicates	
  reaching	
  of	
  the	
  highest	
  possible	
  

no.	
  of	
  degrees	
  of	
  freedom	
  at	
  high	
  temperature.	
  
	
  
•  For	
  a	
  given	
  |η|	
  and	
  pT	
  –	
  range,	
  the	
  rise	
  in	
  σ/<pT>3	
  	
  	
  is	
  independent	
  of	
  	
  √s. 	
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proton-proton collisions at √s = 7 TeV : CMS data  
compared with PYTHIA8 Tune 4C generator 
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PYTHIA8	
  Tune	
  4C	
  with	
  (color	
  re-­‐connecMon	
  on)	
  does	
  not	
  match	
  the	
  data	
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The	
  <pT>	
  	
  only	
  reflect	
  T,	
  does	
  not	
  give	
  the	
  absolute	
  measure	
  of	
  T.	
  
	
  
Similarly,	
  σ/<pT>3	
  	
  reflects	
  effecMve	
  number	
  of	
  degrees	
  of	
  freedom	
  and	
  	
  
need	
  not	
  match	
  σ /	
  T	
  3	
  .	
  
	
  
Loss	
  of	
  <pT>	
  	
  by	
  pions	
  could	
  be	
  the	
  reason	
  for	
  the	
  disappearance	
  of	
  the	
  	
  
saturaMon	
  effect	
  of	
  σ/<pT>3	
  	
  at	
  high	
  <pT>	
  .	
  
	
  
Early	
  freeze-­‐out,	
  due	
  to	
  differenMal	
  elasMc	
  cross-­‐secMon	
  of	
  hadrons,	
  the	
  	
  
kaons	
  are	
  likely	
  to	
  be	
  less	
  affected	
  by	
  flow,	
  that	
  develops	
  with	
  Mme.	
  
	
  
Nevertheless,	
  qualitaMve	
  agreement	
  with	
  the	
  LQCD-­‐predicted	
  change	
  of	
  
phase	
  in	
  pp	
  collisions	
  invites	
  further	
  invesMgaMon.	
  	
  	
  	
  
	
  
	
  

Change of phase in pp collisions  – do we see it ? 
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Thank	
  you	
  


