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A	  selecZon	  of	  results	  from	  ALICE	  
!  The	  ALICE	  (A	  Large	  Ion	  Collider	  Experiment)	  detector	  

!  ParZcle	  idenZficaZon	  performance	  

!  AnZ-‐maAer	  producZon	  
!  Results	  from	  pp,	  p-‐Pb	  and	  Pb-‐Pb	  collisions	  
!  comparison	  with	  thermal	  model	  and	  coalescence	  approach	  

!  CollecZvity	  
!  ParZcle	  spectra	  and	  radial	  flow	  
!  Baryon-‐to-‐meson	  raZo	  

!  Resonances	  
!  Resonance	  suppression	  	  
!  Nuclear	  modificaZon	  factors	  
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The	  ALICE	  detector	  
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ITS	  "vertexing,	  
tracking,	  |η|<0.9	  

TPC"	  tracking,	  PID	  
via	  dE/dx,	  |η|<0.9	  

TOF	  "	  PID	  w/	  Time	  
Of	  Flight,	  |η|<0.9	  

VZERO"	  trigger	  
and	  centrality	  

HMPID	  "	  PID	  (ring	  
imaging	  Cherenkov)	  



ParZcle	  idenZficaZon	  
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Int.	  J.	  Mod.	  Phys.	  A	  29	  (2014)	  1430044	  

ITS	  

TOF	  
TPC	  

Excellent	  parZcle	  	  idenZficaZon	  
and	  separaZon	  power	  over	  a	  
wide	  momentum	  range	  (~100	  
MeV/c	  –	  20	  GeV/c	  for	  π,	  K,	  p)	  

HMPID	  



Centrality	  of	  the	  collisions	  
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• 	  Central	  collisions	  
# small	  impact	  parameter	  b	  
# high	  number	  of	  parZcipant	  nucleons	  "	  high	  mulZplicity	  

• 	  Peripheral	  collisions	  
# large	  impact	  parameter	  b	  
# low	  number	  of	  parZcipant	  nucleons	  "	  low	  mulZplicity	  

In	  pp	  centrality	  can’t	  be	  defined	  
Midrapidity	  mul0plicity	  can	  be	  used	  

for	  differen0al	  studies	  



The	  anZ-‐maAer	  producZon	  
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Deuteron	  in	  pp	  and	  Pb-‐Pb	  collisions	  

S.	  Bufalino	  -‐	  SIF	  2015	   16	  

ALICE	  Coll.	  arXiv:1506.08951	  [nucl-‐ex]	  
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(AnZ-‐)deuterons	  in	  p-‐Pb	  
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Deuteron	  and	  anZ-‐deuteron	  spectra	  become	  harder	  
with	  increasing	  mulZplicity	  also	  in	  p-‐Pb	  collisions	  

deuterons	   anZ-‐deuterons	  
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3He	  producZon	  in	  Pb-‐Pb	  collisions	  
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•  	   Spectra	   fiAed	   well	   with	  	  	  
Blast-‐Wave	   funcZons	   in	  
different	  centrality	  bins	  

•  	   As	   for	   the	   deuteron	  
spectra	   the	   3He	   spectra	  
show	  radial	  flow	  

Roma-‐	  21-‐25	  SeAembre	  2015	  

ALICE	  Coll.	  arXiv:1506.08951	  [nucl-‐ex]	  



d/p	  raZo	  vs	  mulZplicity	  
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• 	  Rise	  with	  mulZplicity	  or	  	  
parZcle	  density	  
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The	  d/p	  raZo	  increases	  with	  the	  charged	  parZcle	  mulZplicity:	  this	  is	  
consistent	  with	  the	  coalescence	  picture	  
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• 	  Rise	  with	  mulZplicity	  or	  	  
parZcle	  density	  

• 	   saturaZon	   in	   heavy-‐ion	  
collisions	   within	   the	  
errors	  
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• 	  Rise	  with	  mulZplicity	  or	  	  
parZcle	  density	  

• 	   saturaZon	   in	   heavy-‐ion	  
collisions	   within	   the	  
errors	  

• 	  raZo	  in	  pp	  collisions	  is	  a	  
factor	   2.5	   lower	   than	   in	  
Pb-‐Pb	  collisions	  
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consistent	  with	  the	  coalescence	  picture	  
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(AnZ-‐)nuclei/nuclei	  raZo	  
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22	  

SystemaZc	  uncertainZes	  
	  dominated	  by	  the	  limited	  knowledge	  of	  the	  
cross	  secZons	  of	  anZ-‐nuclei	  interacZng	  with	  

the	  material	  of	  the	  detector	  
	  	  	  	  	  	  	  	  	  	  	  spectra	  for	  nuclei	  and	  anZ-‐nuclei	  are	  	  

	  consistent	  within	  the	  current	  uncertainZes	  

ALICE	  Coll.	  arXiv:1506.08951	  [nucl-‐ex]	  

The	  raZo	  nuclei/anZ-‐nuclei	  is	  
compaZble	  with	  unity	  

Roma-‐	  21-‐25	  SeAembre	  2015	  



Deuterons	  B2	  
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The	  formaZon	  	  probability	  of	  	  deuterons	  	  can	  be	  
quanZfied	  	  through	  the	  coalescence	  parameter	  B2	  	  
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The	  formaZon	  	  probability	  of	  	  deuterons	  	  can	  be	  
quanZfied	  	  through	  the	  coalescence	  parameter	  B2	  	  
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First	  order	  predicZon	  of	  
coalescence	  model:	  
B2	  independent	  of	  pT	  
➜	  Observed	  in	  p-‐Pb	  and	  

peripheral	  Pb-‐Pb	  	  

ALICE	  Coll.	  arXiv:1506.08951	  [nucl-‐ex]	  
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The	  formaZon	  	  probability	  of	  	  deuterons	  	  can	  be	  
quanZfied	  	  through	  the	  coalescence	  parameter	  B2	  	  
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First	  order	  predicZon	  of	  
coalescence	  model:	  
B2	  independent	  of	  pT	  
➜	  Observed	  in	  p-‐Pb	  and	  

peripheral	  Pb-‐Pb	  	  

R.	  Scheibl	  and	  U.	  Heinz,	  	  	  

Phys.Rev.	  C59,	  1585	  (1999)	  € 

B2 =
3π 3 / 2 Cd

2mTR⊥
2(mT )R|| (mT )

ALICE	  Coll.	  arXiv:1506.08951	  [nucl-‐ex]	  
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Second	   order	   predicZon	   of	   coalescence	  
model:	  

B2	  scales	  like	  HBT	  radii	  	  
➢decrease	   with	   centrality	   in	   Pb-‐Pb	   is	  
explained	   as	   an	   increase	   in	   the	   source	  
volume	  
➢increasing	   with	   pT	   in	   central	   Pb-‐Pb	  
reflects	  the	  kT-‐dependence	  
	  	  	  of	  the	  homogeneity	  volume	  in	  HBT	  



Nuclei/anZ-‐nuclei	  mass	  difference	  
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ANT71:	  Nucl.	  Phys.	  B31	  (1971)	  235	  
Dor65:	  Phys.Rev.LeG14	  (1965)	  1003	  
MAS65:	  Nuovo	  Cim.39	  (1965)	  10	  
DEN71:	  Nucl.	  Phys.	  B31	  (1971)	  253	  
KES99:	  Phys.LeG.	  A255	  (1999)	  221	  

Test	  of	  the	  CPT	  invariance	  looking	  at	  the	  mass	  difference	  between	  nuclei	  and	  anZ-‐nuclei	  

This	   test	  shows	  that	  the	  mass	  
of	   nuclei	   and	   an--‐nuclei	   are	  
compa-ble	  within	  the	  
uncertainZes.	  	  
The	   binding	   energies	   are	  
compaZble	   in	  nuclei	  and	  anZ-‐
nuclei	  as	  well.	  



ObservaZon	  of	  the	  anZ-‐α	
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In	  the	  2011	  run	  data,	  10	  anZ-‐α	

combining	  the	  PID	  from	  TPC	  
and	  TOF	  were	  idenZfied	  

•	  An	  offline	  trigger	  selects	  
events	  with	  at	  least	  one	  3He	  
or	  4He	  candidate.	  

•	  The	  staZsZcs	  corresponds	  	  
to	  about	  23	  million	  events	  of	  
trigger	  mix	  (central,	  semicentral,	  
min.	  bias)	  

S.	  Bufalino	  -‐	  SIF	  2015	  
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Nuclei	  mass	  ordering	  in	  Pb-‐Pb	  
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# TheoreZcal	  models	  
predicZon	  verified	  with	  nuclei!	  

# Each	   nucleon	   added	   gives	   a	  
penalty	  factor	  of	  ~300	  in	  the	  
integrated	  yield	  
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! 	  Describes	  hadron	  producZon	  
assuming	  chemical	  equilibrium	  over	  
seven	  order	  of	  magnitude	  

! 	  Measured	  absolute	  yields	  (dN/dy)	  in	  
Pb-‐Pb	  collisions	  are	  well	  described	  by	  
a	  thermal	  model	  with	  a	  temperature	  
T=156	  ±	  2	  MeV	  

! 	  DeviaZons	  for	  
-‐	  Protons:	  incomplete	  hadron	  
spectrum,	  baryon	  annihilaZon	  in	  
hadronic	  phase,	  ...?	  	  

-‐	  K*0	  resonance:	  re-‐scaAering	  in	  the	  
late	  hadronic	  phase?	  	  
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THERMUS:	  Wheaton	  et	  al,	  Comput.Phys.Commun,	  180	  84	  
GSI-‐Heidelberg:	  Andronic	  et	  al,	  Phys.	  LeG.	  B	  673	  142	  
SHARE:	  Petran	  et	  al,	  arXiv:1310.5108	  
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Hardening	  of	  the	  spectrum	  with	  increasing	  centrality.	  	  
Mass	  ordering	  as	  expected	  from	  hydrodynamics.	  
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Hardening	  of	  the	  spectrum	  with	  increasing	  centrality.	  	  
Mass	  ordering	  as	  expected	  from	  hydrodynamics.	  

mp	  ~	  938	  MeV/c2	  

mΦ	  ~1018	  MeV/c2	  

! 	  ParZcles	  with	  similar	  mass	  have	  similar	  mean	  pT	  in	  central	  Pb-‐Pb	  
! 	  Expected	  in	  presence	  of	  collec-ve	  hydrodynamic	  expansion	  
	  	  	  	  	  	  	  "	  Clear	  signature	  of	  radial	  flow	  
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Phys.	  Rev.	  C88	  (2013)	  044910	  

x	  

y	  
In	   a	   thermalized	   system	   the	  
radial	   expansion	   is	   driven	   by	  
the	   pressure	   gradient	   from	  
inside	   to	  outside.	  ResulZng	   in	  
boosted	  pT	  spectra	  

$ 	  Hydro	  models	  describe	  spectra	  fairly	  well	  

Simultaneous	  Blast-‐Wave	  model	  fit	  to	  
the	  π,	  K,	  p	  spectra	  in	  central	  Pb-‐Pb	  collisions:	  
-‐	  radial	  flow	  <βT>	  ≈	  0.65	  ~10%	  larger	  than	  at	  RHIC	  
-‐	  kineZc	  freeze-‐out	  temperature	  Tkin	  ≈	  95	  MeV	  
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In	  Pb-‐Pb:	  
-‐ Clear	  evoluZon	  with	  centrality	  

In	  p-‐Pb:	  
-‐	  qualitaZvely	  similar	  trend	  of	  
the	  parameters	  
-‐	  Larger	  <βT>	  in	  p-‐Pb	  for	  similar	  
parZcle	  mulZplicity	  density	  

In	  pp:	  
-‐	  Measurements	  versus	  
mulZplicity	  follow	  

QualitaZvely	  PYTHIA-‐CR	  shows	  a	  similar	  
trend	  as	  the	  data	  

	  "	  other	  final	  state	  mechanisms	  can	  
mimic	  the	  effects	  of	  radial	  flow!	  

ALICE,	  Phys.	  LeG.	  B	  728	  (2014)	  25-‐38	  



Baryon-‐to-‐meson	  raZo	  
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ALICE,	  Phys.	  LeG.	  B	  728	  (2014)	  25-‐38	  
ALICE,	  Phys.	  Rev.	  C	  91	  (2015)	  024609	  

RaZo	  enhancement	  at	  intermediate	  pT	  
-‐	  Hydro	  describes	  only	  the	  rise	  <	  2	  GeV/c	  
-‐	  Recombina-on	  overesZmates	  the	  effect	  	  
-‐	  EPOS	  gives	  good	  descripZon	  of	  the	  data	  (with	  flow)	  

Flat	  p/φ raZo	  
"	  Mass	  dependence	  of	  the	  
spectral	  shapes	  (hydro)	




Resonances	  
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Hadronic	  phase	  
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-‐	  ReconstrucZble	  resonance	  yields	  may	  be	  changed	  by	  hadronic	  processes	  a}er	  
chemical	  freeze-‐out:	  

! RegeneraZon:	  pseudo-‐elasZc	  scaAering	  of	  decay	  products	  (e.g.	  πk"K*	  "πk)	  
! 	  Re-‐scaAering:	  

! 	  Resonance	  decay	  products	  undergo	  elasZc	  scaAering	  
! 	  Or	  pseudo-‐elasZc	  scaAering	  through	  a	  difference	  resonance	  
! 	  Resonance	  not	  reconstructed	  through	  invariant	  mass	  



RaZos	  of	  Yields	  

•  K*0/K	  
-‐  Central	  Pb–Pb:	  significantly	  suppressed	  	  
w.r.t.	  peripheral,	  pp,	  p–Pb,	  or	  thermal	  model	  
-‐	  Consistent	  with	  the	  hypothesis	  that	  
	  re-‐scaAering	  is	  dominant	  over	  regeneraZon	  

•  φ/K	  
	  	  -‐	  No	  strong	  dependence	  on	  centrality	  	  

	  	  	  	  	  	  	  	  	  or	  collision	  system	  
	  	  	  	  	  	  	  	  -‐	  φ	  lifeZme	  ~10	  xlonger	  than	  K*0,	  re-‐scaAering	  	  
	  	  	  	  	  	  	  	  effects	  not	  significant	  
	  	  	  	  	  	  	  -‐	  RaZo	  for	  central	  Pb–Pb	  consistent	  with	  	  
	  	  	  	  	  	  	  	  thermal	  model	  
•  	  RaZos	  in	  p–Pb	  consistent	  with	  trend	  
from	  pp	  to	  peripheral	  Pb–Pb	  
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pp:	  ALICE,	  Eur.	  Phys.	  J.	  C	  72	  2183	  (2012)	  
Pb–Pb:	  ALICE,	  Phys.	  Rev.	  C	  91	  024609	  (2015)	  
Thermal	  Model:	  J.	  Stachel	  et	  al.,	  SQM	  2013	  
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In	  Pb–Pb:	  
–	  Shape	  differences	  between	  p	  and	  φ	  due	  to	  
differences	  in	  reference	  (pp)	  spectra	  
–	  Strong	  suppression	  of	  all	  hadrons	  at	  high	  pT	  

In	  p–Pb:	  
–	  No	  suppression	  of	  φ	  w.r.t.	  pp	  for	  pT	  >	  1.5	  GeV/c	  
–	  Intermediate	  pT:	  Cronin	  peak	  for	  p,	  smaller	  peak	  
for	  φ	  
–	  Possible	  mass	  dependence	  or	  baryon/meson	  
differences	  in	  RpPb	  



Summary	  
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An--‐ma`er	  measurements:	  
-‐  Both	  coalescence	  and	  thermal	  model	  are	  successful	  in	  the	  descripZon	  of	  	  

	  	  	  	  	  	  parZcular	  aspects	  of	  the	  measurements:	  
# Integrated	  yields	  well	  described	  by	  the	  thermal	  model	  
# ParZcle	  raZos	  and	  coalescence	  parameter	  trends	  in	  agreement	  with	  the	  coalescence	  
model	  predicZons	  

Signatures	  of	  collec-vity	  
-‐ 	  Hydrodynamic	  models	  successfully	  describe	  the	  evoluZon	  in	  Pb-‐Pb	  
-‐ 	  SuggesZons	  for	  collecZve	  behaviour	  in	  small	  systems	  "	  more	  invesZgaZon	  

Resonance	  Suppression:	  
–	  Central	  Pb–Pb:	  K*0	  suppressed	  (re-‐scaAering)	  φ	  not	  suppressed	  (longer	  lifeZme)	  
	  	  	  	  	  •	  From	  K*0/K–	  raZo:	  lower	  limit	  on	  lifeZme	  of	  hadronic	  phase:	  2	  fm/c	  
–	  p–Pb:	  K*0/K	  and	  φ/K	  raZos	  follow	  trend	  from	  pp	  to	  peripheral	  Pb–Pb	  

Nuclear	  Modifica-on	  Factors:	  
–	  High-‐pT	  suppression	  observed	  in	  central	  Pb–Pb	  (RAA)	  but	  not	  in	  p–Pb	  
–	  High-‐pT	  behavior	  of	  resonances	  similar	  to	  stable	  hadrons	  



What’s	  next?	  	  
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