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3.	  The	  ALICE	  experiment
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pp	  min.	  bias	  trigger:
V0-‐A	  |	  SPD	  |	  V0-‐C

i.e.,	  at	  least	  one	  charged	  par2cle	  
within	  8	  units	  of	  η
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Inner	  Tracking	  System	  (ITS)

• 6	  layers	  silicon
‣ 2	  pixel	  detectors	  (SPD)
‣ 2	  driW	  detectors	  (SDD)
‣ 2	  strip	  detector	  (SSD)

• Reconstruc*on	  of	  primary	  
vertex	  (σ	  <	  100	  μm	  )

• Secondary	  vertex,	  e.g.,	  for	  
heavy-‐quark	  measurements
(see	  next	  slide)

SPD
SSD

SDD
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Reconstruc0on	  of	  Par0cles	  with	  c	  and	  b	  Quarks	  via
Displaced	  Ver0ces

6

D0:	  cτ	  	  =	  122.9	  μm,	  D+/-‐:	  cτ	  	  =	  311.8	  μm
B0:	  cτ	  	  =	  455.4	  μm,	  B+/-‐:	  cτ	  	  =	  492.0	  μm



TPC	  and	  TRD
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Installa-on	  of	  the	  
first	  TRD	  supermodule
(October	  2006)

Time	  Projec-on	  Chamber	  (TPC)
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Inside	  the	  TPC
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The	  ALICE-‐TPC:	  
The	  World‘s	  Largest	  Time	  Projec0on	  Chamber	  (TPC)

9

E E
Radius:	  85	  cm	  –	  247	  cm

length:	  2	  ×	  2.5	  m

~	  90	  m3	  gas:	  Ne/CO2/N2driS	  field:	  E	  =	  400	  V/cm

driS	  -me:	  92	  μs	  (500	  bins)

Readout	  via	  Mul--‐Wire	  
Propor-onal	  Chambers,
in	  total	  560	  000	  Channels

■ Track	  posi*on	  and	  momentum	  
(pT	  =	  0.3⋅B⋅r,
B	  in	  T,	  r	  in	  m,	  pT	  in	  GeV/c)

■ Par*cle	  iden*fica*on	  via	  
specific	  energy	  loss	  (dE/dx)
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The	  Transi0on	  Radia0on	  Detector	  (TRD)

11

• 540	  chambers	  /18	  supermodules
• total	  area:	  	  	   	   	  694	  m2	  
• gas	  volume:	  	   	  25.8	  m3	  	  (Xe-‐CO2,	  85:15)
• resolu*on	  (rφ):	  	  400	  μm
• 1.15	  M	  readout	  channels

90%	  funded	  by	  Germany:	  GSI,	  Univ.	  DA,	  HD,	  FRA,	  MS,	  FH	  Cologne,	  Worms

task:	  electron	  id	  by	  TR:
J/ψ,	  ϒ	  →	  e+	  e-‐

D,	  B	  →	  e	  +	  anything	  (semi-‐leptonic)
trigger	  on	  high	  pt	  electrons
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Transi0on	  Radia0on	  (TR)

• Charged	  par*cles	  emit	  transi*on	  radia*on	  
when	  they	  cross	  boundaries	  of	  media	  with	  
different	  dielectric	  constants	  ε

• Small	  probability	  for	  emission	  at	  single	  
surface	  (~	  α	  =	  1/137)	  ⇒	  many	  boundaries

• 	  Significant	  TR	  photon	  produc*on	  only	  for	  
charged	  par*cles	  with	  Lorentz	  factor	  
γ	  >	  1000
⇒only	  electrons	  emit	  TR	  in	  the	  relevant	  

momentum	  range	  1	  <	  p	  <	  100	  GeV/c

12

Typical	  TR	  radiators:
Foams Fibers

Drawing:	  PhD	  thesis	  S.	  Fopp

EΥ	  a	  few	  keV
for	  Υ	  >>	  1

θ	  ≈	  1/Υ

A.	  Andronic,	  J.	  Wessel,
Transi-on	  Radia-on	  Detectors,	  2011

http://arxiv.org/abs/1111.4188v1
http://arxiv.org/abs/1111.4188v1
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TRD	  −	  Signal	  Genera0on	  

•	  Charged	  par*cles	  induce	  a	  signal	  in	  the	  detector
•	  Electrons:	  transi*on	  radia*on	  +	  higher	  dE/dx
•	  Goal	  of	  Electron	  ID	  in	  ALICE:	  misiden*fied	  pions	  1	  %	  or	  less

13
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First TRD supermodule in ALICE − Oct 2006
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TRD	  in	  the	  ALICE	  Cavern

TOF        TRD	  

15
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• dE/dx	  in	  TPC
‣ Up to 159 samples
‣ Resolution ~ 5%

• dE/dx	  in	  ITS
‣ Low momentum reach

• Time	  of	  Flight	  by	  TOF
‣ 3σ  separation:
‣ π/K up to 2.5 GeV/c
‣ p/K up to 4.0 GeV/c

	  Par0cle	  iden0fica0on	  via	  dE/dx	  and	  Time-‐of-‐Flight

46
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Summary	  on	  ALICE:	  Excellent	  Momentum	  Reconstruc0on	  
and	  Par0cle	  ID	  Capabili0es	  at	  Low	  pT
• ALICE	  designed	  for	  Heavy-‐Ion	  collisions

• Robust	  tracking	  over	  larger	  pT	  range	  (~0.1	  GeV	  <	  pT	  <	  100	  GeV)
‣ many space points per track
‣ low material budget (~ 11.4% X0 for R < 2.5 m and |η| < 0.9)
‣ moderate magnetic field (0.5 T)

• Excellent	  vertexing	  (6	  layers	  of	  Si)	  for	  charm	  &	  beauty

• PID	  over	  large	  pT	  range
‣ ‘Stable’ hadrons (π, K, p): 100 MeV < p < (few 10 GeV):

dE/dx in silicon (ITS) and gas (TPC) + time-of-flight (TOF) + Cherenkov 
(RICH)

‣ Decay topologies:  Kinks (K+, K-) [e.g., K →µ+ν] and 
invariant mass analysis of decay products (KS0, Λ, φ, D, ...):
Secondary vertex reconstruction

‣ Leptons (e, µ), photons, η, π0:
Electrons TRD: p > 1 GeV, muons: p > 5 GeV, π0 in PHOS/EMCal 
and via conversions

17
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4.	  Basics	  of	  Heavy-‐Ion	  Collisions
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Ultra-‐Rela0vis0c	  Nucleus-‐Nucleus	  Collisions:	  Many	  
Aspects	  Controlled	  by	  Nuclear	  Geometry

19
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Stopping	  in	  Nucleon-‐Nucleon	  Collisions

20
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Two	  Extreme	  Pictures:	  Landau	  and	  Bjorken	  Model

21
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Stopping	  in	  A+A	  Collisions

22

Brahms,	  PRL	  93:102301,	  2004

〈δy〉 ≈	  2



Advanced Topics in Particle Physics: LHC Physics - Heavy-Ion Physics                                                Klaus Reygers

Par0cle	  Mul0plici0es	  in	  p+A	  Collisions

23
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Npart	  and	  Ncoll	  in	  Nucleus-‐Nucleus	  Collisions

24
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√sNN	  Dependence	  of	  the	  Charged	  Par0cle	  Mul0plicity	  
in	  p+p	  and	  Central	  A+A	  Collisions

25

•From	  √sNN	  =	  200	  GeV	  (Au+Au,	  RHIC)	  to	  √sNN	  =	  2760	  GeV	  (Pb+Pb,	  LHC)	  the	  charged	  
par*cle	  mul*plicity	  increases	  by	  about	  a	  factor	  2.2.

•Stronger	  increase	  with	  √s	  in	  central	  A+A	  	  than	  in	  p+p
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Charged	  Par0cle	  Pseudorapidity	  Distribu0ons	  
in	  Au+Au	  Collisions	  at	  19.4	  and	  200	  GeV

26
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Npart	  Dependence	  of	  dNch/dη	  at	  RHIC	  and	  LHC

27

ALICE:	  hnp://link.aps.org/doi/10.1103/PhysRevLen.106.032301

Same	  shape	  of	  yield/par*cipant	  at	  RHIC	  and	  LHC

http://link.aps.org/doi/10.1103/PhysRevLett.106.032301
http://link.aps.org/doi/10.1103/PhysRevLett.106.032301
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Transverse	  Energy	  (I)

• Theore*cally	  defined	  as

28

ET = mT ,i
i=1

Nparticles

∑ , mT ,i = mi
2 + pT ,i

2

• OWen	  calculated	  as

where	  Ei	  is	  by	  conven*on	  taken	  as	  
the	  kine*c	  energy	  for	  nucleons	  and	  
the	  total	  energy	  for	  all	  other	  
par*cles

ET = Ei ⋅ sinϑ i
i=1

Nparticles

∑
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Transverse	  Energy	  at	  RHIC	  and	  LHC

• ALICE:	  Hadronic	  transverse	  energy	  
measured	  with	  barrel	  tracking	  
detectors

‣ Model	  dependent	  correc*on
‣ (f	  ~	  0.55)	  to	  convert	  into	  total	  

transverse	  energy

• From	  RHIC	  to	  LHC

‣ Similar	  centrality	  dependence
‣ 2.5	  increase	  in	  dET/dη/Npart

‣ ~2.7	  increase	  in	  dET/dη

‣ Consistent	  with	  increase	  of	  <pT>

29
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Space-‐Time	  Evolu0on:	  Bjorken	  Model

30
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Bjorken‘s	  Es0mate	  of	  the	  Ini0al	  Energy	  Density

31
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Energy	  Densi0es	  in	  Central	  A+A	  Collisions
at	  RHIC	  and	  LHC

32

εcentral
LHC =

1
A ⋅τ

dE
dy

≈
1
A ⋅τ

dE
dη

, A ≈ π ⋅ RPb
2 ≈ 140 fm2, dET

dη
≈ 1600 GeV

→  εcentral
LHC = 11 GeV / fm3  for τ = 1 fm / c

→ ε LHC ⋅τ LHC ≈ (2.0 to 2.5) ⋅ εRHIC ⋅τ RHIC

→ εRHIC ⋅τ RHIC ≈ (2.0 to 2.5) ⋅ εSPS ⋅τ SPS

In	  central	  A+A	  collisions	  at	  SPS,	  RHIC	  
and	  LHC	  energies	  the	  es*mated	  ini*al	  
energy	  density	  is	  above	  the	  cri*cal	  
value	  of	  about	  0.7	  GeV/fm3	  for	  the	  
QGP↔HG	  transi*on
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Glauber	  Model:	  Basic	  Assump0ons

33
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Glauber	  Model:	  Nuclear	  Geometry

34
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Glauber	  Model:	  
Number	  of	  Nucleon-‐Nucleon	  Collisions

35
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Glauber	  Model:	  Number	  of	  Par0cipants

36
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Glauber	  Model:	  Monte	  Carlo	  Approach

37
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<Npart(b)>	  and	  <Ncoll(b)>	  from	  Glauber	  MC

38
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ALICE:	  <Npart>	  and	  <Ncoll>	  for	  Experimentally	  Defined	  
Centrality	  Classes

39
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Cons0tuent	  Quark	  Par0cipants

• Par*cle	  mul*plicity	  scales	  linearly	  with	  number	  of	  quark	  
par*cipants

40

Sketch:	  K.	  Reygers
S.	  Eremin,	  S.	  Voloshin,
Phys.Rev.	  C67	  (2003)	  064905
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Basics	  of	  Heavy-‐Ion	  Collisions:	  Points	  to	  Take	  Home	  

• Stopping:	  The	  par*cipa*ng	  nucleons	  lose	  on	  average	  two	  units	  of	  
rapidity	  in	  central	  Au+Au	  collisions	  at	  RHIC

• Centrality	  in	  A+A	  collisions	  oWen	  characterized	  by	  Npart	  and	  Ncoll	  
(from	  Glauber	  calcula*ons)

• Bjorken's	  es*mate	  for	  the	  ini*al	  energy	  density	  of	  the	  fireball

41

• Already	  in	  central	  A+A	  collisions	  at	  CERN	  SPS	  energies	  this	  
es*mate	  yields	  energy	  densi*es	  above	  the	  cri*cal	  energy	  density	  
of	  εc	  ≈	  0.7	  GeV/fm3	  expected	  for	  the	  QGP	  transi*on
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5.	  Hadron	  Abundances	  and	  the	  Sta0s0cal	  Model	  
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The	  Concept	  of	  Hadrochemical	  Freeze-‐out

43

• “chemical”	  or	  “hadrochemical	  
freeze-‐out”:	  
‣ abundancies	  of	  hadrons	  are	  

frozen	  in	  –	  no	  more	  inelas*c	  
sca�ering

‣ RHIC:	  Tch	  ≈	  160	  -‐	  170	  MeV	  

• “kine*c”	  or	  “thermal	  freeze-‐out”:
‣ happens	  when	  mean	  free	  path	  

becomes	  large	  as	  compared	  to	  
inter-‐par*cle	  distance

‣ Elas*c	  interac*ons	  cease	  and	  
momentum	  distribu*ons	  are	  
frozen

‣ RHIC:	  Tfo	  ≈	  110	  -‐	  130	  MeV
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Chemical	  Freeze-‐out	  Temperatures	  and	  Hadron	  Yields

44

Yield ∝ m3/2exp(−m /T )

Assume	  phase	  space	  is	  	  filled	  thermally	  (Boltzmann)	  at	  
hadroniza*on.	  Abundance	  of	  hadrons	  then	  given	  by:

I.e.,	  yield	  determined	  by	  temperature	  (and	  density)	  at	  *me	  of	  
produc*on	  of	  hadrons	  =	  hadroniza*on
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Strangeness	  Suppression	  in	  pp	  and	  e+e-‐

• Par*cle	  yields	  fall	  exponen*ally	  
with	  par*cle	  mass

• Clear	  separa*on	  between	  
strange	  and	  non-‐strange	  mesons

• Line	  that	  connects	  strange	  
mesons	  about	  a	  factor	  3	  below	  
the	  one	  for	  non-‐strange	  mesons
➞	  strangeness	  suppression

• „double	  strangeness	  
suppression“	  for	  

45

p+p	  at	  √s	  =	  52.5	  GeV

φ = (ss )
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Enhanced	  Strangeness	  Produc0on	  as	  a	  QGP	  Signal	  in	  
Heavy-‐Ion	  Collisions

• In	  a	  QGP	  strangeness	  gets	  
into	  equilibrium	  on	  a	  fast	  
*me	  scale
(J.	  Rafelski,	  B.	  Mueller,	  Phys.	  
Rev.	  Le�.	  48	  (1982)	  1066)

• There	  should	  be	  more	  
strangeness	  in	  heavy-‐ion	  
collisions	  than	  in	  
elementary	  collisions	  if	  a	  
QGP	  is	  formed

• Enhanced	  produc*on	  of	  
strange	  hadrons	  one	  of	  
the	  earliest	  predicted	  
signature	  of	  QGP

46

Ra*o	  of	  strange	  quark	  to	  baryon	  number	  abundance	  
in	  a	  QGP	  for	  various	  temperatures
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Strangeness	  Produc0on	  in	  Pb+Pb	  at	  2.76	  TeV

• Strangeness	  produc*on	  in	  A+A	  indeed	  enhanced	  with	  respect	  to	  p+p

• Let‘s	  see	  if	  this	  can	  be	  described	  with	  sta*s*cal	  par*cle	  produc*on	  ...

47
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Grand	  canonical	  ensemble	  and	  applica0on	  to	  data	  from	  
high	  energy	  heavy	  ion	  collisions

48

ni = N /V =
gi
2π 2

p2 dp
exp((Ei − µi ) /T ) ±10

∞

∫

µi = µBBi + µSSi + µI3
Ii
3

V ni
i
∑ Bi = Z + N  →V

V ni
i
∑ Si = 0 → µS

V ni
i
∑ Ii

3 =
Z − N

2
 → µI3

For	  every	  conserved	  quantum	  number	  there	  is	  a	  chemical	  poten*al:

Par*cle	  densi*es:

baryon	  number strangeness third	  component	  of	  isospin	  I

Conserva*on	  laws	  constrain	  V,	  μS,	  μI3:

Fit	  at	  each	  energy
provides	  values	  for	  
the	  free	  parameters
T	  and	  μb	  
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• All	  yields,	  except	  protons,	  follow	  thermal	  model	  predic*on	  for	  grand-‐canonical	  
ensemble	  and	  Tch	  =	  164	  MeV

• Measured	  proton/pion	  ra*o	  below	  thermal	  model	  expecta*on

• Strange	  par*cles	  perfectly	  agree	  with	  thermal	  model	  expecta*on
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T	  and	  μB	  vs.	  √sNN

• Freeze-‐out	  temperatures	  saturate	  at	  a	  
value	  T	  ≈	  160	  MeV

• Chemical	  equilibrium	  likely	  related	  to	  
rapid	  density	  change	  due	  to	  the	  phase	  
transi*on	  
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