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QCD in the Heat Bath:
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Thomas K Hemmick
for the PHENIX Collaboration
University at Stony Brook

~ Overheard at APS ~1992:
During a plenary RHI talk at APS, T wound
up seated among “real” plasma physicists
who made numerous comments about us:
’ stupid
« Always a possibility.

« Visible light laser...bad idea.
« Calibrated probe through QGP...good idea...
« ...but not new. (Wang, Gyulassy, Satz ...)
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~ The “Calibrated” Plasma Probe _

"Hard scattering processes and products:
» Occur at short time scales.

» Are “calculable” (even by experimentalists) in
simple models (e.g. Pythia) with appropriate
fudging:

« Intrinsic k.

« K scaling factor.
» Find themselves enveloped by the medium
» Are “visible” at high p; despite the medium

» Promise to be our laser shining (or not) through
the dense medium created at RHIC.

PHENIX Thomas K Hemmick
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- QCD and the Heat Bath

~ I will make the following artificial divisions:
» QCD
+ Charged Hadron + Neutral pion spectra at high p.
+ Heavy quark production measured via electrons at high py.
* J/W, Virecr LTI COMINg in the future...

» Heat Bath
* Multiplicity, E;
+ Identified hadrons
s Singles, pairs
s Flow, Hadro-chemistry
+ Caveat:

s Short mean free path means that the view of the heat bath is
heavily influenced by the latest stage prior to breakup.

s Yet, initial state information (azimuthal anisotropy) is apparent.
» Controlling parameter
« Nature’s variation of the “centrality” controls the heat bath.
« Size/Energy variation is better, but not yet available.
PHENIX Thomas K Hemmick
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~_ PHENIX Setup During Year 2001 Run -

PHENIX Detector - First Year Physics Run

West Arm . = Installed East Arm
» tracking: 3 I
« DCPCL, PC2, 1 /O

" Adtive » tracking:
! « DC, PC1, TEC, PC3

» electron ID: ”"5° » hadron& electron ID:
« RICH, m— \ « RICH,TEC, TOF, EMC
« EMCal i e BB > phOtOnS:
» Photons ‘ « EMCal
« EMCal
Other Detectors
- West Beam View East - — » Vertex
W~ e YN o
South Arm *The main 2001 dita production « 7DC, BEC,
» tracking:  passhas begun. h « MVD
e MuTr " . ) i
* muon ID .PhyS|CS re&JltS SI” from 2000 accumul ated
- vup  Oataset. ~200 105 Au-Au

WL soun ™ sigoview o~ LN

full heavy ion program and fir st spin physicsincluding electron & muon pairs
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~ Centrality Determination

‘ BBC vs ZDC analog response

ZDC measures neutral energy
(principally free spectator
neutrons) along collision axis.
BBC measures produced charged
particles within n=+/-(3.0-3.9).
Their joint response is divided
into centrality slices :

» Each colored band is 5%.

5100 —*
0-5% > &

» Central is at lower right. T ¥ R ST MY !
The PHENIX trigger accepts 92%
of minimum bias events. crosssection  Npart Nbinary
A Glauber calculation was used fraction
to deduce the numbers of 0-5 348+ 10 1009+ 91
participants (N,,) and binary 5-15 271+9 712+65
collisions (Ny;,,ry) for each 15-30 180+7 406+ 42
centrality. 30-60 79+5  131+22

60-92 14+3 14+5
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~ Transverse Energy Production .

E i " Minimum bias E, distribution at mid-rapidity _f Tra nsverse Ene rgy
M production yields
"E ., Bjorken Estimate for
central 2% i Energy Density as:
] o Sl EEST
1 0 1I0 2‘0 3‘0 4‘0 ‘ SJO 5 7-R2 CT an E
‘ . ‘ ‘ E, (GeV)
0 200 400 600 dEJdT] |“=‘J

For 1=1.0 fm/c, this
yields ~4.6 GeV/fm3!

e well above estimated
critical value €.~0.6-1.2
GeV/fm3

€ ~ 1.5X higher than at CERN

PHENIX Thomas K Hemmick

~ Multiplicity and Evs. N,

. [ Mutiplicity _| . [Transverse energy |
Multiplicity and E; both z [ ] [T 1 3 i T T
S 4 e — T e b A O | | |
rise faster than linearly A 9 e
with the number of Ll 2 LU
participants. 25F 1] et -
This has been 15f
parameterlzed as: i S I O PHENIX T @ PHENIX |
wft hard a2 O UA;S i ‘ j { ‘
“0 50 100 150 200 250 300 350 ':‘IOD uﬂ 50 100 150 200 250 300 350 ':00
L l e~ 12— 771 T 1 771 7T 1 T [ T
0N % | [Transverse energy per charged particle |1
4 5 = A|:|Npaft + B|:|Nbinary g‘ 1:_‘ |_:
n z I §
e SRR ER T
0.6 ]
The “Binary Scaling” contribution varies , 0.4 B
~25% in peripheral collisions ]
~50% in central collisions 02~ : e =
<E;>/<N.,> ~ constant with centrality oL ‘ ‘ . ‘ - —
0 50 100 150 200 250 300 350 400
P
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F &
‘Multiplicity and E; VS. \/S =
i
% a[- Transverse energy densny per partlapanl A g = wi‘thqu‘mc‘hi‘ "
S ¢ R £ UAS5 ]
= F s 1 7F Z ::;milab A
" . q B O 4
fg Eln A - 6 = NA49
e r : [ e PHOBOS ]
= [ 1 ~ g [ — HIINGL3S 1
3,_2? % ] E S F ---- Saturation Model B
: e PHENIX [5%] ] & 4t ]
1 = NA4O[2%] . S e "
r © WA98[5%] ] 5 3l 2
C o+ EB14/877[0.2%] ] el ]
ol ! . L 1 % [ ]
10 10 2F ]
5w (GEV) E 1
;“5: Cﬁarged barticledensity pér parti‘cipant %i 1 : ?
S 4k AT 4 0 S iy e
- ] 10 ,10 10
SIS ; 3 2 (Gev)
3 f 2 1 N, and E; evolution very well
o ’ o RHENX[e%] 3| described by /n(Vs)
2t = 4 PHOBOS [6%] €sc y
N oo . %“9%?,%] E Saturation model also quite
B o E802[3% O WA97 [-6% ] i
: S e 2%l s Mo ] re_asonable here (and especially
0——5 7 with the PHOBOS result...).
N5 (GeV) ———
PHENTX Thomas K Hemmick
Comp05|t|on of the Heat Bath: PID |

e

Au+Au @ 200 GeV
LA AusAus =130 AGev 1L = 1
1/ * o '

3.5

I‘_Lh:l.lll|II'I|'I-|||_|_|IIl

3
pr * Charge [GeV/c]
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~Yield vs. Centrality

5

4.5%—
af
;"' 3.55—
3 o
= s+
Eg 2 7 o PHENIX PRL 86,3500 (2001)
= 1sf dN jdn=aN +«bN,
® B o dN_jd S@Kp)
0.5;
D;I | | | L | L | L | L | 1
0 50 100 150 200 250 300 3aso 400
Np
Yield per participant for all species rises
with Np,p;.

Not surprising since the total N, rises
faster than N,

Integral of m, K, p yields in excellent
agreement with dN,/dn result.

PHENIX Thomas K Hemmick

a2

x1.7

Surprising to me:

¢ Yields of K+, K-, p, p-bar
rise faster with N, than
pion yields.

o The “faster than N,,"
character of N,
production also involves a
change in relative species
abundances favoring K
and nucleon production!

(b—>bbar).

the “total baryon” density:

Here we calculate both densities:

Net and Total Baryon Density .

Typically we have measure and quote “net baryon” density

Some physical processes will more naturally depend upon

s e.g. medium modifications to mesons are predicted to be same for
baryonic and anti-baryonic dense matter (Rapp).

SPS RHIC
(Pb-Pb) | (Au-Au) | Caved:
p-p S5eb 8.6 We don’$ measure
Participating nucleons (p—p ) A/Z | 85 DiniEe o A
dN(_p )/ dy Sy 6.2 20.1 /_A_\(Sr?in;e S
Produced baryons (p, p, n, n ) 24.8 80.4 __npro(rj):parrspmd
Total baryon density 110 102
PHENIX Thomas K Hemmick
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<p,> (GeVic)

<p+>: Energy Distribution in Bath

0sl positive
[ ¢ ¢
0.8~
0.7+ +
0.6
[ L] LI
0.5+ %
0.4
0.3
0.2
()_1-_ n K’
L .p
) Y P Y AP A
0 30 100 150 200 250 300 350
participants
PHENIX

<p,> (GeVic)
s 8 595 s 8 &8 =
’.'A.‘”‘“.-"ﬁﬁ".‘mﬁ“ﬁmﬁm‘

r negatwe {
.
% L]

n K

* Doy
PR I I O A

0 3¢ 100 150 200 250 300 350

participants
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<py> variation with
centrality roughly
the same for all
species:

» ~20% rise.
mtand K close to pp
production for
peripheral collisions.
Proton differs from
pp significantly at
most peripheral bin.

1(2np\N,,) Nidpdy (GeVic)”
3 8 8 . 2 3 3

1/27tp d*N/d)

Hadron Spectra

Hadron spectra stiffen
with increasing hadron
mass.

Well known
consequence of
collective motion in the
final state.

Spectra well fitted by
“flowing thermal Ansatz:

mf(©) KIW 1 ! 08

oo —tanh (B:€)

Bs= SJrfaceVeIouty

> %2
g v
¢ S oon ) %
3 % 5! %
2 Tl T10
= 3 3
T
2 1 T T
s Sl Sl |
~ | Z z
20 o
rd 0L 0L
&4 Z E
10 & | <
= Kol &0k
4 F =
10 w0l w0l
T
0051152253354 0051152253354
" p, (GeVic) p, (GeVic)
10'L s L
wE + E -
10 [ Seo,, p Eoeee,, p
, Sl o]
E DYEE TN E u“+¢
. x, fATEE%
w'L Tve Tel%g0e Eoeey, ¢ =
N » ifiaes X e
|°1 3 LS H H ? i¢r m f; ‘i’
0’ ¥ ? E
w0’ TR T - T T i
0 05 1 15 2 25 3 35 ) 05 1 15 2 25 3 35 5:
p; (GeV/c) p; (GeV/ic)
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7 Thermal Fit Error Contours \.

5% Central m*K*p*
02— EEP For each T, and B,

0185 IX Preliminary a best fit and x? are
B found.

0.161
5 . X2 ./dof = 34/40.
@ 0.14- 118.
S 0 12; 118-126 Contours show
e '015_ 1020730~

r Linear velocity profile S!milar Tto CERN,
0'08; Gaussian density profile! ().71-0.73 hlgher flow VE|OCIty.
0.06-

04 05 08 07 08 09
Lol I
Although the result of such atechnique is only as good asthe

assumed functional form, the differences between experiments
can be quite instructive.

PHENIX Thomas K Hemmick

7 Lambda comes to PHENIX ‘.

PHENIX Preliminary 10

> PHENIX Preliminary

g 3000 T ‘:;G
Not a new 3 ® Aopw s °* o p _
v o & _ _
particle, - AU A
but new to 3
< TE L 3
PHENI X! 1000 vy owe °“, E
'_g = [ ] .
Zq'L X " = LA
; "
10'2....|....|....|....
2 0 0.5 1 15 2
m (GeV/c") P, (GeVic)
Size matters. my~m,

With physically large B-field
volume and physically short ct,
Lambda measurement in PHENIX

Likely more to come...

Should have similar
thermo and does!
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HBT ‘.

HBT correlationsalso  g=: , i
reflect underlying 4 fpéﬁ £ : 3
collective flow i tpaa Pt
velocities via the k; i\ %E866 :
dependence of the - él g I
radius parameter. JET Y Py, b
World systematics of : ¥

HBT nearly universal

trend of Royy Ree??? - f
RefrR s et ;_’ % .
Only R, variation ; :

with vs?7 S |
A real dilemma. k; (GeVic)
PHENIX T e

~~What's the composition of h*+h"? .

Fo Eo
PID for charged 10wED 10D
hadrons run out _ g PHENIX preliminary _ E% PHENIX preliminary
prior to the p S0 [ %D 10% Au-Au. 130 GeV S0k %D 10% Au-Au. 130 Gev
: L o E ¢~|:| positive O . negative
required for hard .= 2§ S .
2 4L 2 gL [
processes. R ?% 3 ' el
C C 4
Plots w/o gw 'L aa gm T “
renormalization = o= ‘ S foon .
q 2; 0 = 2; 0
show the species g1’k == t 210" my =
= LK o EE N
content of I3 T. R .
hadrons leading " *P o =
into our high p; 10 Lo bbb b oo 10 "Lt bbb
i 5 0051152253354 45 0051152253 35445
robe particles
p, (GeVic] p (GeVic]

The tiff slopes (and increased yield) of nucleons cause the high p;
spectrum to be more than 50% nucleons!
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‘Where does hard scattering begin?
¢ 10% central Au-Au @W1 30 GeV 10% central Au-Au@ 130 GeV
51 s p/ 7', PHENIX preliminary S sp /7, PHENIX preliminary
’ e p /7", PHENIX preliminary e p ! 7', PHENIX preliminary
= 4- op/ T, pp @63 GeV, ISR N 4 op /7, pp @63 GeV, ISR
& g
E S af : af
S N PQCD Z H
== 2. .+ z af
measured { ©
soft/hard transition or "t ‘*ﬁ i D ++++
. . *
ow.ﬁﬁ‘.?‘uﬂu?m OMRH‘PMWHOM
0 1 2 a 4 3 0 1 2 a 4 3
pq(GeYic] P4 (GeYic]
Initial state Hard scattering should produce a p/m ratio
which falls with pr.
my scaling (flow) will producing a rising p/m.
ISR: Onset of hard processes noted above 2 GeV/c.
RHIC: No clear onset of hard scattering is found in the
data up to py = 3 GeV/c !l
PHENIX Thomas K Hemmick

. Cha

rged Hadron Spectra to High p; -

L 4
g 10 2 | :.. Au-Au at Vs = 130 GeV
) . e h'+h
€ 10 ™ K 5
= 3
° r
£ 1k ]
k) 1 f
=2 - =l =
Z 10 !
- 2 t
a ., r
=10 F -, ¥ .
- < - -
& -3 . -, .
=10 | I -
3 -4 I  0-5% central "" fvT*
Z 10 [ = minbias + 0 515% + 3
= 5 F 4 15-30% "
10 F L & 30-60% —+]
£ = 60-92% peripheral
1 1 1 1
0 2 4 0 2 4
py (GeVic)

To quantify the shape evolution we can use
either pp data or periphera collisions.

PHENIX Thomas K Hemmick

Charged hadron spectra in
bins of centrality show a
gradual loss in concavity as
they evolve from peripheral
to central collisions.

The loss in concavity is
opposite to the effect one
might expect comes from
the known stiff proton
contribution.

The protons have a
significantly higher slope
than pions and become the
majority contributor in the
range 2-3 GeV/c.

Tom Hemmick, SUNY SB (ITP QCD/RHIC Conference 4/08/02)
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Interpolation of pp Data

Unfortunately, no pp data at Vs=130 P th CDF = s
GeV exist. z %
. : O 10 SALL
We choose to interpolate using ISR, 2 Biemay
UAl, and CDF data. g‘ 1F ISR © 53Gev
The data establish the parameters of 2w}
the “Power Law Fit” as a function of S
=
Vs. S o
1 dZO_ _ A - _47 h
2mp, dndp, @A_ FV %” 0L
P, ;
" 6 power law fit 3
— interpolation to 130 GeW- N

These are smoothly interpolated to (02 Al i) (e e T

produce the solid curve in the figure. BRESS)
PHENIX Thomas K Hemmick
q'f; 102 r Au-Au Vs = 130 GeV Peripheral (60-80%) and central (10%) 7° data
- FE5 =0 . ] 7
Good fit to peri- E i cem]r]al 0%-10% “‘;m Es
collisions using = "° poripheral 60-80%| < [\ TP
interpolated power 2, [ ; E:
law. 2 k- N‘i G
S 1} k. :
Power Law %k i k> s : \
overpredicts the £ 0% !‘!:35 s
central collisions & f o 10 :
e 10 #!5 : S
5 af H Hoow =
z " Er - il | data - !
- 4 ol h2;h ) t 16 i
10 F —scaled p-p reference AN e
c; L 1 ,6—:’.”‘m...umﬁ.mmH..m‘.w‘.m
pT (GeV/C) 6 05 1 15 2z 25 3 35 pfi'leif//cls
The discrepancy between the neutral pions and
the interpolated power law is more severe than
for the charged hadrons.
PHENIX Thomas K Hemmick
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= .
_Difference between hand ® __|
7 - i
-
& E-
v 10 “@? OHENIX oralimi - We subtract the charged
:;: i Foote prefiminary nucleon contribution
- s}
3 F @C@o 10% central Au-Au, 130 GeV from the _aII-_cha_rged
Tl a5 hadron distribution.
=3 E
& F ‘§°§>o " The result is in
“0E § 0300 reasonable agreement
Erm Y o §°°o 3 with the neutral pion
2 E 7 7e 3o, spectrum demonstrating
ot olhehyz s o that the charged part.
§obothomde-Ceep 2 |7, contamination is
o o5 1 15 2z .23 3 35 a5 5  principally nucleons.
PHENIX Thomas K Hemmick

7 Raa

“We defi
modific:

Ru(p) =

By defir
process
with N,
produce

PHENIX

Lo

et

—

PHYSICAL
REVIEW
[_ETTERS

14 January 2002

Volume 88, Number 2

AurAu ¥a= 180 GV
cenral 0-10% R
= (h"+h )2
o

; Pb+Pb{Au) GERN-SPS
e GEANHSR [

S
I R
LT iy

- RHIG

Member Subscription Capy
Library or Other Institutional Use Prohibited Uniil 2007

K@g Published by The American Physical Society

Thomas K Hemmick

Pb(Au) CERN-SPS

4
pr (GeVic)
1 charged hadrons

»elow the charged
10t suffer proton

Tom Hemmick, SUNY SB (ITP QCD/RHIC Conference 4/08/02)
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~Rys--Peripheral

We can also
reference Ry,
using measured
peripheral |
collisions to avoid +- ‘o o
the systematic . %
error in the pp

interpolation. P, (GeV)

Au-Au Vs, = 130 GeV
. (h*4h)2
"O

central/peripheral

binary scaling

Again, the central data drops
below 1.0 and shown no Cronin!

PHENIX Thomas K Hemmick

~R,y—T0 at RHIC and CERN

- L
o L
25 | & AurAub,-130 Gev
C m Pb+PbE,=173Gev |
2_— +
15 -
N .
- - o
1 R
C I
— =
B o mm
05— T e
L rlﬁl‘_._t—'—'J_H * ¢ » ® []
ot
P AT T B ! ! L ! 1

| L A L I A
[} 05 1 1.5 2 25 3 35 4 45
pr (GeVic)

WA98 measurements of R,, for m0 show a
dramatically different behavior than at RHIC.

PHENIX Thomas K Hemmick
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Ry, influences from “ordinary” effects?

sinary > TP+ P Jpara

S(AFB) /<N

CERN - SPS I

X

Ew=158 AGeV Pb+Pb
A 7°10% central (WASE)
B 1 5% cantral {NA43)

soft/hard
transition?

Cronin effed:

Multiple scaters om
projedil e broaden the
incoming py

N\ Ry, exceals 1.0 at

high p; e.g. a CERN.

1
pr (GeV/c)

Shadowing?...Seetalk, B. Jack.

PHENIX

& x

Thomas K Hemmick

HIJING prediction

One explanation
for the Ry,
spectrum comes
from multiple

scattering from a
colored medium.

The HIJING model
using 0.25 GeV/fm

energy loss well
reproduces the
measurement.

PHENIX

for 0

2

E Au+Au e
4 “E=1300ev s,
— dE/dx=0

do/dyd®pr/ <Ngw> (mbGeV2c?)
>
T

3 RN
s a
=== dE/dx=0.25 GeV/fm *~.

; ¥ PHENIX neutral pion spectrum (central)

pr (GeV/¢)

Thomas K Hemmick

Tom Hemmick, SUNY SB (ITP QCD/RHIC Conference 4/08/02)
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- Electron Identification

The Electromagnetic

| 0.8 GeV/c<p< 09 Gevic | Ca|0rlmeter and RICH
5 were used to select single

All charged | - electrons.

ffm Neither device has

winricriring  SUfficient identification
oA /% working alone.

mmﬁ“ ] The combination shows a
" Rindom ba : clear peak of signal
s od b as T T2 1416 i s electrons that both fire

Elprafio the RICH and deposit
energy equal to their
momentum in the EMcal.

PHENIX Thomas K Hemmick

~ Flertron Sinnlec
= .
g B AurAu > (€46)/2+ X (5130 GeV) Identified electron
¢ 1* %, o conval (0100 Ise%(tectra are shown on the
gf 10" & wﬁw‘ & min. bias  (0-92%) .
£ 'L ™ UaVee ¥ Peripheral (6080%) Low p; single electrons
g E ay S dominantly come from 1°
g w0k .!?%;;::* Dalitz decay:
2wl g ->y +eter
i Iﬂ% and other neutral meson
0E decays.
10" S bbbl Qyr measurements of the
Pr(Gevic) T, T, T Spectra
determine this
background level.
Other backgrounds can
also be modeled and
subtracted as an
“electron cocktail”.
PHENIX Thomas K Hemmick
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- Tuning Cocktail Spectra
¥ any
% - , Au+Au @\s,,, = 130 GeV : minimum bias
The pion spectra are fit to an Eps HENIX preliminary
exponential + power law. i
Dalitz decay is an internal photon d

) Eom Al 4 ]
conversion. aEeEE g LT B
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-~ Pythia (after tuning...)
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Akiba will show detail about the
tuning of Pythia to describe
open charm production in pp.
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~ Fit the excess as charm
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- The RHIC medium is certainly intriguing and exciting:

» Particle production scales faster than N, possibly signaling a hard
Npinary COMpoNent.

Kaon and Nucleon contributions grow in percentage with centrality.
Low net baryon density but high total baryon density.
Strong radial flow implied by relative slope constants of hadrons.

Nucleons begin to be dominant contributors to p; spectra above 2
GeV/c.

» HBT RoutNRside???
- Probes of the medium yield exciting results

» R, below 1. Especially dramatic for identified m® which have no
proton background.

s Charm = Pythia within huge errors. Why?
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"PHENIX has produced a wealth of data and
has much more in analysis.

"The RHIC era opens the Hard Scattering or
QCD toolbox (Pandora box?) in RHI physics.
» My wife usually criticises my use of new tools:

LMH: “Don’t you ever read the manual?”

TKH: “Honey, these tools don’t come with manuals!”
"Maybe during this week these months we’'ll
write the manual for QCD in the RHIC era.
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