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Soft and hard physics????

2

Monday, June 28, 2010



Helen Caines - NNPSS-TSI - June 2010

Soft and hard physics????

2

pT (GeV/c)0 ~3-4

Soft Hard

Soft physics - bulk of particles produced sit below 3-4 GeV/c
phenomenology needed to describe data

Hard physics - calculable via pQCD
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1973: Gross, Wilczek and Politzer: Asymptotic freedom of 
QCD

1974: Workshop on “BeV/nucleon collisions of heavy ions” at 
Bear Mountain, NY - turning point in bringing HI physics to 
the forefront as a research tool

Driving Question: “Is the vacuum a medium whose properties 
one can change?”

“We should investigate.... phenomena by distributing energy 
of high nucleon density of a relatively large volume” T.D.Lee

Note: At this point the idea of quarks as the ultimate state of 
matter at high energy density has not yet taken hold

A brief history of RHI

Monday, June 28, 2010
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1975: Collins and Perry - EoS of matter needed to set upper limit 
on the maximum mass of a neutron star

Crucial realization: ultra-high T & baryon density corresponds to 
QCD asymptotic regime, no longer hadronic. State would be a 
weakly interacting “Quark Soup”

1978: Shuryak coined the term “Quark Gluon Plasma”

1984: SPS starts, Pb-Pb  at !sNN = 9-17.3 GeV (end 2003)

1986: AGS starts, S-S up to at !sNN = 7.6 GeV (end 2000)

2000: RHIC starts, Au-Au at !sNN = 200 GeV

2010: LHC starts, Pb-Pb at !sNN = 5.5 TeV

A brief history of RHI - II

Monday, June 28, 2010
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The standard model

6

Quantum field theory that unifies our understanding of 3 out of 
the 4 fundamental forces:

electromagnetic, weak, strong
gravity  understood classically but no QFT to date

Describes interactions of quarks and leptons through exchange 
of force particles - gauge bosons

So far all experiments have been consistent with Standard 
model predictions

Does not describe:
 All fundamental interactions - gravitation missing (+dark matter 
and dark energy)
Mass of the neutrinos (but simple extensions do)
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QCD - Gross, Politzer, Wilczek - 1973

7

Quantum Chromodynamics:
- theory of strong force
- quarks and gluons fundamental constituents
- gluons force carriers - self interacting 
  (unlike photons in QED)

Quarks in the human body represent only ~2% of total mass. 
Rest from strong interaction via chiral symmetry breaking

Monday, June 28, 2010
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Comparing theories

8

QCD QED

Vs(r) = −4
3

αs

r
+ kr Vem(r) = − q1q2

4πε0r
= −αem

r

Force = const
3 colour charges:
                red, blue, green
Gauge boson: g (8)
Charged?: Yes  

Force = 1/r2 

2 charges: 
+ , -

Gauge boson: " (1)
Charged?: No

#em = e2/4$ % 1/137#s % 1

self interaction no self interaction

Monday, June 28, 2010
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“white” proton

quark

Confinement: fundamental & crucial feature of strong interaction
force = const has significant consequences

Confinement - QCD
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Strong color field
Force grows with 
separation !!!

Confinement: fundamental & crucial feature of strong interaction
force = const has significant consequences

Confinement - QCD
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quark-antiquark pair
created from vacuum

Confinement: fundamental & crucial feature of strong interaction
force = const has significant consequences

Confinement - QCD

Monday, June 28, 2010



Helen Caines - NNPSS-TSI - June 2010 9

“white” proton
(confined quarks)

“white” !0

(confined quarks)

Confinement: fundamental & crucial feature of strong interaction
force = const has significant consequences

Confinement - QCD
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“white” proton
(confined quarks)

“white” !0

(confined quarks)

Confinement: fundamental & crucial feature of strong interaction
force = const has significant consequences

To understand the strong force and confinement: Create and 

study a system of deconfined colored quarks and gluons 

Confinement - QCD

Monday, June 28, 2010
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quark quark
gluons

Strong force becomes a 
constant at ~size of a hadron 
which is ~1 fm (10-15 m)

10

We don’t see free quarks
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Compare to gravitational force at Earth’s surface

Quarks exert 16 metric tons of force on each other!

quark quark
gluons

Strong force becomes a 
constant at ~size of a hadron 
which is ~1 fm (10-15 m)

10

We don’t see free quarks
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Runs with Q2 (mtm transfer) 
accounts for vacuum polarisation
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Asymptotic freedom

11

Stated Coupling Constants are “constant” 1 - not true

αs(Q2) =
αs(µ2)

[1 + (αs(µ2) (33−2nf )
12π )ln(Q2/µ2)]

#s(µ2) ~ 1 !!
µ2: renormalization scale
33: gluon contribution
nf: # quark flavours

Monday, June 28, 2010



Runs with Q2 (mtm transfer) 
accounts for vacuum polarisation

0.2 fm            0.02 fm         0.002 fm

Running measured 
experimentally 
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Asymptotic freedom

11

Stated Coupling Constants are “constant” 1 - not true

#s(Q2) & 0, as Q & ', r &0

Coupling very weak 
 & partons are essentially free

αs(Q2) =
αs(µ2)

[1 + (αs(µ2) (33−2nf )
12π )ln(Q2/µ2)]
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10-44 sec Quantum Gravity Unification of all 4 

forces 

1032 K

10-35 sec Grand Unification E-M/Weak = Strong 

forces

1027 K

10-35 sec ? Inflation universe exponentially 

expands by 1026

1027 K

2 10-10 sec Electroweak 

unification

E-M = weak force 1015 K

2·10-6 sec Proton-

Antiproton pairs

creation of nucleons 1013 K

6 sec Electron-Positron 

pairs

creation of electrons 6x109 K

3 min Nucleosynthesis light elements formed 109 K

106 yrs Microwave 

Background

recombination - 

transparent to photons

3000 K

109 yrs ? Galaxy formation bulges and halos of 

normal galaxies form

20 K

12

Evolution of the universe

Monday, June 28, 2010
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The universe gets cooler !

12

Evolution of the universe

Monday, June 28, 2010
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Reheating Matter ?

12

Evolution of the universe
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Reheating Matter ?

?
Need  temperatures 

around
1.5(1012 K
(200 MeV) 

far hotter than center of 
the sun (~2.107K)

12

Evolution of the universe

Monday, June 28, 2010
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Asymptotic freedom vs Debye screening

13

Asymptotic freedom occurs at very high Q2 

Problem: Q2 much higher than available in the lab.

So how to create and study this new phase of matter?
Solution: Use effects of Debye screening

In the presence of many colour charges (charge density n), the 
short range term of the strong potential is modified: 

Charges at long range (r > rD) are screened

Monday, June 28, 2010



Helen Caines - NNPSS-TSI - June 2010

Asymptotic freedom vs Debye screening

13

Asymptotic freedom occurs at very high Q2 

Problem: Q2 much higher than available in the lab.

So how to create and study this new phase of matter?
Solution: Use effects of Debye screening

In the presence of many colour charges (charge density n), the 
short range term of the strong potential is modified: 

rD =
1

3
√

n

Vs(r) ∝
1
r

=⇒ 1
r
exp[

−r

rD
]

where is the Debye radius

Charges at long range (r > rD) are screened
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QED and Debye screening

14

V(r) V(r)

r

V(r)! "
1

r

d

r > rD

r < rD

In condensed matter this leads to 
an interesting transition

 e- separation > e - binding radius   
          &  insulator

Monday, June 28, 2010
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QED and Debye screening

14

V(r) V(r)

r

V(r)! "
1

r

d

r > rD

V(r) V(r)

r

V(r)! "
1

r
exp

"r

rD

# 

$ % 
& 

' ( 

d
unbound

r < rD

This is the Mott Transition

In condensed matter this leads to 
an interesting transition

 e- separation > e - binding radius   
          &  insulator

 e- separation < e - binding radius   
         &  conductor
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QCD and Debye screening

At low colour densities:

quarks and gluons confined into 
colour singlets
 & hadrons (baryons and mesons)   
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QCD and Debye screening

At low colour densities:

quarks and gluons confined into 
colour singlets
 & hadrons (baryons and mesons)   

 
At high colour densities:

   quarks and gluons unbound 
Debye screening of colour charge &  QGP - colour conductor 
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Can create high colour density by heating or compressing

15

QCD and Debye screening

At low colour densities:

quarks and gluons confined into 
colour singlets
 & hadrons (baryons and mesons)   

 
At high colour densities:

   quarks and gluons unbound 
Debye screening of colour charge &  QGP - colour conductor 

&  QGP creation via accelerators or in neutron stars
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First Estimation: Phenomenological calculation

The MIT bag model (Bogolioubov (1967)) :
• Hadrons are non-interacting quarks confined within a bag
• Quarks are massless inside “bag”, infinite mass outside
• Quarks confined within the “bag” but free to move outside
• Confinement modeled by Dirac equation. 
(minside~0, Moutside~infinity, "

V
 = 1 inside the bag and zero outside the bag)

Wave function vanishes outside of bag, satisfying boundary 
conditions at bag surface

With bag radius = R

Helen Caines - NNPSS-TSI - June 2010

What are the necessary conditions?

16

iγµ∂µψ −Mψ + (M −m)θV ψ = 0

Ei = ωi
!c

R

Monday, June 28, 2010



To create this pressure the vacuum 
attributed with energy density B

Boundary condition now:
 Energy minimized with respect to R

Helen Caines - NNPSS-TSI - June 2010

MIT bag model

17

Ei = ωi
!c

R
+

4π

3
R3B

MIT group realized E-p conservation violated 

e.g. nucleon ground state is

3 quarks in 1s1/2 level

B

Included an external “bag pressure” balances internal pressure 
from quarks.

B
1
4 = (Σiωi

!c

4π
)

1
4

1
R

R=0.8 fm, 3 quarks

B1/4 = 206 MeV/fm3

Monday, June 28, 2010
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Critical temperature from MIT bag 

18

If µ (chemical potential) = 0 (true for massless quarks):

Eq =
gqV

2π2

∫ ∞

0

p3dp

1 + ep/T Eg =
ggV

2π2

∫ ∞

0
p3dp{ 1

ep/T − 1
}

Eg = ggV
π2

30
T 4

Eq =
7
8
gqV

π2

30
T 4

gg = 8x2 = 16gq = gq = NcNsNf = 3x2x2 = 12

Fermi-Dirac distribution
Bose-Einstein distribution

degeneracy factor

Monday, June 28, 2010
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Critical temperature from MIT bag 

18

If µ (chemical potential) = 0 (true for massless quarks):

Eq =
gqV

2π2

∫ ∞

0

p3dp

1 + ep/T Eg =
ggV

2π2

∫ ∞

0
p3dp{ 1

ep/T − 1
}

Eg = ggV
π2

30
T 4

Eq =
7
8
gqV

π2

30
T 4

Total energy density is: εTOT = εq + εq + εg = 37
π2

30
T 4

Tc = (
90

37π2
)

1
4 B

1
4 ,B1/4 = 206 MeV/fm3

i.e. T > Tc, the pressure in the bag overcomes the bag pressure

gg = 8x2 = 16gq = gq = NcNsNf = 3x2x2 = 12

Fermi-Dirac distribution
Bose-Einstein distribution

degeneracy factor

P = 1/3 ),

T>Tc=144 MeV & de-confinement and QGP
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What are the necessary conditions? - II 

19

At large Q2: coupling small, perturbation theory applicable
At low   Q2 : coupling large, analytic solutions not possible,  
                   solve numerically & Lattice QCD

   
a

a

N
s

3
! N"

Better solutions:
higher number sites
smaller lattice spacing

quarks and gluons can only be placed 
on lattice sites 

Can only travel along connectors

Cost:
 CPU time

Second estimation: Lattice QCD

Monday, June 28, 2010
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What are the necessary conditions? - II 

19

At large Q2: coupling small, perturbation theory applicable
At low   Q2 : coupling large, analytic solutions not possible,  
                   solve numerically & Lattice QCD

   
a

a

N
s

3
! N"

Better solutions:
higher number sites
smaller lattice spacing

quarks and gluons can only be placed 
on lattice sites 

Can only travel along connectors

Lattice QCD making contact with experiments: 

Proton mass calculated to within 2%

Cost:
 CPU time

Second estimation: Lattice QCD

Monday, June 28, 2010
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TC ! 170 MeV

Lattice QCD at finite temperature

Action density in 3 quark system in full QCD
H. Ichie et al., hep-lat/0212036

Monday, June 28, 2010
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TC ! 170 MeV

Lattice QCD at finite temperature

• Coincident transitions: deconfinement and chiral symmetry restoration 

• Recently extended to µB> 0, order still unclear (1st, 2nd, crossover ?)

F. Karsch, 
hep-ph/0103314

Action density in 3 quark system in full QCD
H. Ichie et al., hep-lat/0212036

Monday, June 28, 2010
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TC ! 170 MeV

Lattice QCD at finite temperature

Action density in 3 quark system in full QCD
H. Ichie et al., hep-lat/0212036

G. Schierholz et al., 

Confinement 2003

Monday, June 28, 2010
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Plasma * ionized gas which is 
macroscopically neutral & exhibits 
collective effects
Usually plasmas are e.m., here color forces

QCD phase diagram of hadronic matter

Monday, June 28, 2010
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Plasma * ionized gas which is 
macroscopically neutral & exhibits 
collective effects
Usually plasmas are e.m., here color forces

QCD phase diagram of hadronic matter
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RHIC
BRAHMSPHOBOS

PHENIX
STAR

AGS

TANDEMS

Helen Caines - NNPSS-TSI - June 2010 22

1 km

v = 0.99995#c

counter-rotating 
beams of ions 
from p to Au @ 
!sNN=5-500 GeV

RHIC - a collider

Monday, June 28, 2010
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1 km

v = 0.99995#c

counter-rotating 
beams of ions 
from p to Au @ 
!sNN=5-500 GeV

RHIC - a collider

Monday, June 28, 2010
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RHIC and the LHC

23

Start date

Ion

Max !s

Circumference

Depth

HI Exp.

Located

RHIC

2001

Au-Au & p-p

200 GeV

2.4 miles

On surface

BRAHMS,PHENIX,
PHOBOS, STAR

BNL, New York, USA 

LHC

2009

Pb-Pb & p-p

5.5 TeV

17 miles

175 m below ground

ALICE, ATLAS, CMS

CERN, Geneva, Switzerland

Monday, June 28, 2010



• Baseline (majority of produced particles)

- K±, !±, !0, p, $p 

• Strangeness

- K0
s, K*, %, &, ', (, )

• Real and Virtual Photons  

- *
- **+µ+µ-, **+e+e-

• Heavy Flavor

- D0, D*, D±
, B

- +c

• Quarkonia

- J/,, ,-, .c, /, /-, /0

• Jets  1 high-pT hadrons in cone

• Decay channels matters too: 2+e+e-   versus 2+!+!-

Helen Caines - NNPSS-TSI - June 2010

What we want to measure ...

24
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What we want to measure ...

24

• And all that over all pT ?

• Acceptance (ideal 4!) ?

• All centralities, multiplicities ?
• Recording every collision ?

Monday, June 28, 2010
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The perfect detector?

25

• Momentum p

- magnetic field 3 length: B3dl

- high-pt 1 large B3dl 1 small pT tracks curl up

- low-pt 1 small B3dl 1 high pT tracks care straight (pT res. lost)   

• Particle ID

- *, e 1 hadron blind, little material

- hadrons 1 PID through interaction with material 

• Acceptance

- large acceptance 1 lots of data 1 slow

- small acceptance 1 few data 1 fast

• Energy

- *, e ⇒ E.M. Calorimeter

- hadrons ⇒ Hadronic Calorimeter

• Heavy flavor ID

- secondary vertices 1 high precision Si detectors = material

- semileptonic decays (c, b + e + X,  B + J/, (+ e e) + X) 1 hadron blind, 

little material

Monday, June 28, 2010
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Mission impossible

26

Question: How to proceed with experimental design when 

Monday, June 28, 2010
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Hermeticity

27

• A key factor in collider detectors

- Goal of essentially complete event reconstruction

- Discovery potential of missing momentum/energy now 
well established

- Of course this due to manifestation of new physics via 
electroweak decays

• In heavy ion physics

- dNch/dy ~ 1000  

! exclusive event reconstruction “unfeasible”

- But

! Seeking to characterize a state of  matter

! Large numbers  ! statistical sampling of phase space a valid 
approach

Monday, June 28, 2010
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R1 

R2

+

-

n

energy                        3-momentum                 velocity

calorimetry                           tracking        time-of-flight + pathlength
                                                                      or Cherenkov-effect

Fully stop the particle
Convert its energy to
   - light, charge…
Collect and read out

Follow path of charged
particles in magnetic
field – get momentum
from curvature 

pT = (q/c)3B3R 

s

t0

t1

Time of flight

v = s/(t1-t0)

Cherenkov

cos(4) = 1/5n

Examples: !, K, *, p, n, … 

Charge (if any!) and 4-momentum needed for PID
4-momentum from at least two of these quantities:

PID – long lifetime (>5 ns)
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Why do I emphasize long lifetime? Because the detectors are 
fairly large, and the particle produced at the vertex has to 
survive until it reaches the detector!

Example:
hadron identification with
momentum and time-of-flight
measurement

y axis: inverse of the momentum
x axis: time-of-flight

There are many more methods to identify long-lived particles

PID – long lifetime (>5 ns)

Monday, June 28, 2010
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Examples: !0, %, &, … 

Have to be reconstructed from 
their more stable decay products 

Assume you want to measure
the , meson via its ,&KK decay
by measuring both kaons and
reconstructing its invariant mass 

But what if there are more than 2 kaons
in the event?  Or you take a pion for a 
kaon? Which two go  together?

S = Total - Background
Background could be like-sign pairs or 
pairs from different events

m2 = (p1+ p2)
2 

K-K+

Decay Vertex

p1 p2

PID – short lifetime (<5 ns)

Monday, June 28, 2010
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PID -  very short lifetime in <1 mm

31

Here D0+ K ! (c6 = 123 µm)

• Brute force method 
– select K and " tracks 

– combine all pairs from same events 1 signal+background

– combine all pairs from different events 1 background 

– subtract background from signal+background 1 signal

)
2

 Inv. Mass (GeV/c!K

0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

0

1000

2000

3000

4000

5000

3
10!

*0K

0D

Monday, June 28, 2010



Helen Caines - NNPSS-TSI - June 2010

PID -  very short lifetime in <1 mm

31

Here D0+ K ! (c6 = 123 µm)

• Brute force method 
– select K and " tracks 

– combine all pairs from same events 1 signal+background

– combine all pairs from different events 1 background 

– subtract background from signal+background 1 signal

Residual 
background
not 
eliminated.
Needs 
further work 
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Design guidelines for QGP detection

32

Big Plan:

• Consistent framework for describing most of the observed 
phenomena

• Avoid single-signal detectors

• “Specialized” detectors but keep considerable overlap for 
comparison and cross-checks

• Expect the unexpected

! Preserve high-rate and triggering capabilities

! Maintain flexibility as long as $’s allow

Design Questions (years of sweat, discussion, and simulations)

• What measuring techniques do you want to use?

• What technologies (detectors) fit your goals, constraints?

• Figure out how to combine them
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RHIC experiments in a nutshell

33

small experiment - “tabletop”
(i) huge acceptance 7%, 78, no pT info,  no PID

(ii) small acceptance 1 very low - low pT, moderate PID

large experiment - 2 central arms + 2 muon arms
moderate acceptance central arms: 7% = !, 78 = ± 0.35

leptons (muons in forward arms), photons, hadrons

large experiment 
large acceptance (barrel): 7% = 2!, 78 = ± 1 + forward

hadrons, jets, leptons, photons

small experiment - 2 spectrometer arms
tiny acceptance 7%, 78, measures pT, has PID

movable arms 1 large 78 coverage
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BRAHMS
2 “Conventional” Spectrometers 

Magnets, Tracking Chambers, TOF, 
RICH, ~40 Participants

• Inclusive Particle Production Over Large 
  Rapidity Range

PHOBOS
     “Table-top” 2 Arm Spectrometer 
Magnet, Si µ-Strips, Si Multiplicity 

Rings, TOF, ~80 Participants

• Charged Hadrons in Select Solid Angle
• Multiplicity in 4!
• Particle Correlations

Ring Counters

Paddle Trigger Counter

Spectrometer

TOF

Octagon+Vertex

RHIC - the two “small” experiments
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STAR
 Solenoidal field

 Large-) Tracking

TPC’s, Si-Vertex Tracking

RICH, EM Cal, TOF

~420 Participants

•  Measurements of Hadronic Observables 
   using a Large Acceptance
•  Event-by-Event Analyses of Hadrons and 
   Jets, Forward physics, Leptons, Photons

PHENIX
Axial Field

High Resolution & Rates

2 Central Arms, 2 Forward Arms

 TEC, RICH, EM Cal, Si, TOF, µ-ID

~450 Participants

• Leptons, Photons, and Hadrons in Selected
  Solid Angles
• Simultaneous Detection of Various Phase 
  Transition Phenomena

RHIC - the two “large” experiments
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Points to think about today

36

Both RHIC and the LHC are colliders (beams pass through the 
middle of the experiments) whereas the previous generations 
where fixed target (one beam hit a target at the entrance of the 
experiment). Why are colliders preferred nowadays?

The STAR experiment’s main detector is the Time Projection 
Chamber. It’s inner radius is 0.5m and it sits in a 0.5T field. 
What is the minimum pT that a particle needs to have such that 
it just enters the TPC to be detected?

The hadrons we detect are colorless. The are predominantly 
baryons (3quarks) and mesons (quark-anti-quark) pair are 
these the only colorless objects possible?
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