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Ultimate goal of high-energy heavy-ion physics

@ Produce hot & dense QCD matter: probe the phase diagram of QCD.
@ Confirm the existence of deconfined quark-gluon matter (QGP).
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Only plot that would

unambigously prove
QGP at RHIC:

(i) rise of degs. of
freedom at T_

(ii) “plateau” at high €

(if one could produce it
using exp. observables).

Q: Are there any exp. observables that provide unambiguous info on the
thermodynamical properties & the EoS of the produced matter ?

A: Combine thermal photons (slope = direct measure of T) w/ hadron

multiplicities (~ entropy density) for diff. AuAu centralities. Plot:
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Overview

1. Photon production mechanisms in high-energy A+A collisions:

@ Prompt photon (pQCD): T,,-scaled p+p (or NLO) reference
@ Thermal photon (Hydro) - Connection to QCD thermodynamics

2. Hydrodynamical model evolution of A+A reactions:

@ Description: 2D+1 ideal fluid, longitud. boost-invariant, cylindrical symm.
EoS: QGP (ideal gas w/ MIT bag) + HRG + 1°' order phase transition.
Initial conditions: €, T,, 4 (& centrality dependence)

End of evolution: Cooper-Frye freeze-out conditions at T

&
]
]
@ Comparison to data: Hydro (+ quenched pQCD) vs hadron dN/dp,. AuAu @ RHIC

3. Thermal photon production in hydro:

@ Photon rates parametrizations: QGP, HRG.
@ Comparison to data: Hydro (+ pQCD) vs dN /dpT in AuAu @ RHIC-200 GeV

4. Thermal y (exponential inverse) slopes - initial QGP Temperature
5. Thermal y slopes, hadron dN/dn - T, entropy -~ QCD “EoS”
6. Outlook: RHIC(-II) light A+A at lower sqrt(s) ?
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Photon production mechanisms in A+A collisions

@ Three sources: (i) Hadron decay y - Background

E::; 'T'Loerprrﬁg?/y } — Direct photon signal

log scale
A
Hadron decays e Direct measure of the medium T.

b “ . . ”
O / (uninteresting’) * Need hydro model to relate
o _ tial slope to temperature.
- | E,IT exponen

Thermal:
— e
O
e ~10 GeV/c * Pre-equilibrium component
c | * Needs to be measured in
am p+p reference collisions

pPX (or calculated via pQCD),
scaled by T, & subtracted

from total direct y spectrum.
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Hydrodynamical evolution

@ Relativistic hydro equations (local conservation of energy-momentum & any charge)

BT

|
o

8Nt =0, i=B,S,...

@ (Usual) approximations:

- Ideal (non-viscous) fluid:

™ = (e+ P)u*u” — Pgt”
N¥ = nut

- Lorentz boost invariant in longitudinal dir. (Bjorken scaling).

- Cylindrical symmetry in transverse direction.

t
ut =y, (—, ., O, E) = ~;(coshn, v., 0, sinhn)
T T

J

Hydro results independent of rapidity: valid at RHIC for |y|< 2
@ Equation-of-State (relation between thermodynamical vars. of system):

@ [Numerical solution via MacCormack method]

TH is energy-momentum tensor (10 independ. vars)
N is charge 4-current (4 independ. vars)

(5 equations with 14 unknowns)

(6 unknowns)
g, P, n, u

- 2D+1: (z,r,1)

P =P(e,n) “closes” the system of egs. (given initial conditions)

Details: Peressounko & Pokrovsky, hep-ph/9704386, hep-ph/9906325, hep-ph/0009025
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Hydrodynamical model: EoS

@ 2 EoS (QGP, HRG) and 1* order phase transition:

2O o 1 T T 1 T 1 @ QGP:Ideal (massless, relativ.) parton gas
- %‘g 5 + MIT bag
20 | < - Aa0en, ) [2+1 flavors, 16 gluons]
- ¥ e 2 1Hra gQGP=42'5
. s s HRGom 1
“'[‘_| Lo B | - _ Q P: PQGP = —(EQGP—4B) B =0.38 GeV/fm?
- | e —— 3
M ’
“10 | % —‘
N | 1 @ HRG: Hadron resonance gas including ~400
N . X hadrons & resonances up to ~2 GeV/c?
5 - =
B il *k K
Z_:f__é_l__|___+|ﬂ_; Folhy 5 qu ?TSSEefE—P”Tj:I
O l | l | | | l | l | | | |
n+1 :
100 150 200 250 300 = g*a- *m; Fl{ K, (n
T (MEIV) EZETI'- ; - ( T)

@ QGP + HRG connected via Maxwell construction for 1% order phase transition:

2 1
Poap(Ty) =B (T) = TC( @ ) Bt | B=0.38 GeVifm?
9QGP — Gn
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Hydrodynamical model: Initial conditions

@ For head-on (b=0 fm) AuAu @ 200 GeV, fix:

T, = 2R/y = 0.15 fm/c (transit time AuAu). Take into account secondary (“cascading”) y
s, ~ 900 fm~ (reproduce exp. dN_/dn) = € o * =220 GeV/fm® (max. €, source center)
U, = 25 MeV (as given by experimental hadron ratios at y=0)

@ For other centralities, use Kolb et al. Glauber prescription:

5,(b) = 8,(b=0)- [0.75 N, (b)+ 0.25 N_(b)]

Bl g =
E fermi ,ZD_4_
40 |~ eWN =
&> R — — eBC 5 3
E 30 — N WN _5
:;“ i & __\‘ N s H( = ol o #  Phenix |
o = X " ¢ ¢ Phobos
w20 eWN
= e = e sWNMN
i - \ 1 -=--- eBC
10 — s sBC
L : sat.
N N 0 . . .
0 T T Loooa g eS| 4y 0 100 200 300 N 400
part
0 2 4 6 8 10
r (fm) Kolb et al. NPA696,197 (2001)

@ End of evolution: Cooper-Frye freeze-out prescriptionat T, = 120 MeV
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Hadron spectra: Hydro+pQCD vs AuAu - 200 GeV data

@ 1t¢, K¥, p(p) spectra very well reproduced by hydro + (quenched) NLO pQCD:
Au+Au 0-10% central (<b> = 3.2 fm) Au+Au 60-70% periph. (<b>=11.2 fm)

4

o 105 AutAu [central) calculations: | AutAu {central) data: 10" = rusau(peripheni cakulations: Au+Au (peripheral) data:
e . ®  PHENIX = [0-5%) e ko o [50-70%]
1) 104 o K- [0:5%] 10" ®  PHENIX x° [0-10%] 103 L e ® PHENIX 1 [60-70%]
— T T Hydwo - O STAR z* [5-10%] = T R PR ;
> 3 = === Hydop[D-5%] 107 fh  PHOBOS & [0-15%] o Hydro p [80-70%] x10°* 9 PoRhie 0w
Q10 | [NLO pQCD] < T, [0-5%]"0 2, n" ¢ BRAHMS r [0-5%) 1 02 S [NLO pQCD] X T, [60-70%] 20 O STAR® [6D-70%]
O e O [ Lo paco) < T, oswroz kool W PHENIX K (0-5%)] x 107 i~V (S AT 4y [F0:70%], K 1072 . |
~— 102 E [MLO pQCO] = T, [0-5%]'0.2, p = 107 i STAR K [5-10%] 10 10 E MO Tl 7L € 104 e
— 2 W R o - 2.p ¥ STAR Ka [0-5%] x 107 = R [NLO pQCD] X T, [B0-70%], px 10 % STARK [60-70%]x 102
P 10L dh  PHOBOS K [0-15%] 10 i C : 3
© = /A BRAHMS K [0-5%] x 107 = %  STARK [60-80%]x 10
= - —
Nd: - PHENIX p [0-5%] » 10 Ar PHENIX p [60-70%] x 10*
1= STAR p [0-5%] » 10 10 =
T 1 - PHOBOS p [0-15%] = 107 2 — STAR p [60-70%)]x 107
- BRAHMS p [0-10%] = 107 i
§ 10 = |0 2
- — -3 —
'U 3 = .\ = “
10 T 10 ;“ﬁm }
104L | 105 g |
= = ",
5[ 6 Sy
10° 0 Thw e 10°= ae”
6 I o
10°L e , 107 ;
F \ ., = \ ie,
7L 8
107L- ; 10°C |
8L T 9 s,
107 107 = \
- F-Iydro (quenched) pq = Hydro | pQCD T
10-9|||| L 11 L1 |||‘~' 10-10|||||||||||||||||||[Lt.||
0 1 2 3 5 0 1 2 3 4 b

pT (GeVl/c) p; (GeVic)
@ Quenched pQCD: [NLO (W. Vogelsang), CTEQ6 PDFs, KKP FFs] xR,, = 0.2(0.7)
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Photon production in hydro

@ QGP thermal photon rates by Arnold et al.:
[Complete Leading Log, includes LPM suppression]

ar, T L (K
A3k _A\‘I‘:I l:]-ll(}”x) —+ Cliot (11>:[ .

) EYy 1 2k ) ke ) ke ) k
(—mt (T) = _Ehl (T) T C'Z-—-;Z (T) T I(L:ur{_‘m (T) T C':'l!]!]i]! (T)

@ HRG thermal photon rates by Turbide et al.:
[Most recent parametrization, includes channels not accounted for before]

ve(k) = (2m)° Arnold, Moore, Yaffe

JHEP 0112 (2001) 009

o ar (L4617 0727) e o of B35 i
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FUE) is the form factor, ef. Sec. 11 B.

PRC 69, 014903 (2004)

@ All rates propto a_. T-dependent strong coupling parametrization from lattice

[Kaczmarek et al.]:

Kaczmarek, Karsch, Zantow, Petercky
PRD 70, 074505 (2004)

ay(T) = 2.095/{In (Q/As75) + = In[2In(Q/A375)]} with @ = 27T
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Photon spectra: Hydro+pQCD vs AuAu - 200 GeV data

@ Photon spectra very well reproduced for all centralities by hydro + N_ -scaled
NLO pQCD [W. Vogelsang]:

Au+Au 0-10% central (<b> = 3.2 fm) Au+Au 60-70% periph. (<b> = 11.2 fm)
Y. 10° AutAu — 1+X_[0-10% central] 10
Qo Totalv: Prompt + Thermal O Au+Au _ y+X [60-70% peripheral]
% 10° & mms Prompt: NLO pQCD x T, [0-10%] % 1 3 Total v: Prompt + Thermal
m— Th I: QGP+HRG = mmmsm Prompt: NLO pQCD = T, , [60-70%]
Q 10 Q(-:?Fr,ma 210-1 L s Thermal: QGP+HRG
= 1N\ | HRG = = QGP
2F R |aaan HRG
T . ® PHENIX data 210 - RS
~E-10 g o F
£ ~an4l
> 10° g0r
o 10%L C10°L
10° 10°F
1% -, 1070
1075 “ af
- ., 1081
10-8 = ] ur," o E
10°E 107
'1n§|||||||||||||||||||||||||||||||.|..||||||||| 10-10_I||||lllllllllllll'l-Fll|llllllll'lllllll
0% "1 2 3 a4 5 6 7 8 o 1 2 3 4 5 6 7 8
p; (GeV/c) pPr (GeVic)

@ Experimental upper limits only in the region p. = 1 — 4 GeV/c of interest for
the thermal signal.
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Thermal photon spectra (zoom & ratio)

@ Current upper limits in p_. = 1 — 4 GeV/c consistent w/ possible thermal y comp.

t.\":-p-.. a Au+Au — y+X [0-10% central] a
0 1 Totaly: Prompt + Thermal 8
> F — oo open T on | X AuvAs (107 @ & =200 Gov
© r ach 8 10— @  Directy (PHENIX)
= N e u
%., 10 = PHENIX data g B e Hydro+pQCD ¥
NS - © B
o - i
B 107 N
— -
4 -
o -
ﬁ -
107
- 10
107} .
E i | 1 | | | 1 | | | 1 | | | 1 1 | 1 1 | | | 1 1 | 1 1 1 | | | 1
5| . 0 2 4 6 8 10 12 14 16
10 E_I L | | | L L L L | L L L | | | L | | | L L L L | pT (GEVIC)
1 1.5 2 2.5 3 3.5 ([i)hdp;lfé 55 E;-tf’oir)essounko
p; (GeV/c)

@ Caveat 1: Upper limits only as of now (data could be lower).
@ Caveat 2: Prompt y reference used is NOT real p+p data but NLO pQCD:

Large uncertainties below p, ~ 4 GeV/c (unknown contribution of dominant
jet bremsstralung component). Need direct p+p measurement for p.< 4 GeV/c
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Thermal photon slopes vs. initial temperature

% 0-55 Local thermal y slopes {QGP+HRG EoS): a PhOton exponential inverse
- 45 «p «50GeVe .
9;5 0451 3_5(2;4_0283? slopes are proportional to the
To04c 1Zs<§1<eioge$c initial (maximal) temperature of
_ 05«p; «1.0GeVic H
QGP ) the system produced at diff.
| 0.3 centralities.
HRG| 25
-] _ @ For QGP+HRG Eo0S, the
EoS | o1st R L A“:”:m:; hlgher. the p, range wh.ere the
o5, 8 2§ & & 4 &35 slope is measured (= fitted),
015 0.2 025 03 035 04 045 05 055 0.6 the closer is the “apparent” T
, , & o the initial QGP T~ 500 MeV
Increasing AuAu centrality (T,) -
% 0-35 Local thermal y slopes (HRG EoS): v e
S 0.28]-| ——45<pr<s0Cell @ HRG EoS alone (w/ lower initial
O islh lzoceve T.):
024 | —— 05 <p. < 1.0 GeVic . . .
0.0k (i) results in systematically smaller
HRJE ook photon slopes compared to QGP
Fos| o8 + HRG (T . < 250 MeV)
0.16] . .
oraE . C e e e (if) All p; ranges yield the sarr?e
o2 & R 8 & & 4§ &23 apparent temperature (specified
I OIS TRAGT OF RERCIORE O O, by expo pre-factors in HRG rates).
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QGP “EoS” from thermal y & hadron multiplicities (l)

@ Access underlying EoS of the initial medium correlating thermal y slopes
(temperature) & hadron multiplicities (dN_/dn «entropy density in isentropic

expansion) measured in different AuAu centralities.

8N36_d_NN 43 dNa
T dv T (A m dn

@ Evolution of the effective # of degrees of freedom, g(s,T), with centrality:

@ 9,0, T) ~ 42 (QGP) for all

centralities: AuAu-200 GeV
medium too “hot” (even periph.)

~ 80
T = & B
L3 S s Re | O 9.(dN_/dn,T ) not equal
5 eob 5 8RS to abs. value of degs. of
;ﬁ 505 freedom. But, ideal-gas
I T A /A N . QGP “plateau” should be
5 40c observable in the data.
30F
20 f_ JEIE/E’BE g, (dN /dn,T ). Local thermal yslope T . :
C 18 «p, <« 2.0GeVic
10__ Ej':_-; ............. T T e e e e R IR AR RN R R R R 25 «pr«3.0GeVc
"I L | | s 35 < . < 4.0 GeV/C
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QGP “EoS” from thermal y & hadron multiplicities (ll)

@ Different medium EoS (e.g. HRG-like) should result in significantly
different g_(dN_/dn,T_) evolution with AuAu centrality

180, 5
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016 018 02 022 024 026 028 03
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0-10 %

geﬁ(d Nc hfdn’ Teﬂ )

r
L)
o*
Lk
e

CONCLUSIONS:

@ Concurrent reproduction of hydro models of experimental data on:

(i) thermal y, and (ii) hadron spectra imposes severe constraints in the
initial thermodynamical conditions of the system.

@ Combined measurement of (i) thermal y inverse slopes, and (ii) dN_/dn in

diff. AuAu centralities provides direct information on the evolution (with T)
of the # of degrees of freedom (EoS) of the produced medium
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Outlook: RHIC(-ll) light A+A at lower sqgrt(s) ?

@ (If one believes hydro) AuAu @ 200 GeV produces “too hot” medium (QGP
for all centralities). Not sensitive to any centrality-dependent (strong) change
due to QCD phase transition. Alternative: Try lighter nuclei and/or lower +/s.

@ Preliminary hydro calculations for AuAu @ 62 GeV :

80 -
= = & = = = =
70 s 8 2 g g £ B
o 3 g 2 e o
60 D.d'E. & D.Peressounko

(in preparation)

e
=

Goq(dN,, /dn, T ;)
~
=

2
o o

-2
o

@ Apparent phase transition change in g_(dN_/dn,T_) for centrality 50-60%

@ Should show up in more central collisions for lighter/lower-y/s:
Ongoing CuCu @ 62 GeV (data, calcs.). AuAu @ 30-40 GeV for RHIC-II ?
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backup slides ...
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Prompt photons: p+p, Au+Au @ 200 GeV

@ AuAu and (reference) pp photon production above p.~4 GeV/c well
described by NLO pQCD : ——
PH-<ENIX

m 200 GeV Au+Au Direct Photon
— <N_,,> scaled NLO pQCD

I

® PHENIX Preliminary
3 Bande reprecanie eyetematic error. 1 0_1

" NLO pQCD (bv W.Vogelsang)
CTEQ6M PDF

» -4

- =1/2 i 10

= ¥ e B MinBias x 103
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10 |- .
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50-60% x 107'°

' 19
Kx 0

\' -
Y 10%?
‘x\#\
x\ \
,
2 -25
<y 10 80-92% x 107'°

FII]III‘\ IIIIIII|III|III|IIIIIII|III|III|III|I

‘ F, ¥
. 60-70% x 107'2
/ |

I —_
nax. 70-80% x10™"*

-—h —
Qo O
o
I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| I| 1

T ITT]Hl

II1I|IJI[III|!IJ[JIF

4 6 § 10 12 14 16 1§ 0O 2 4 6 8 10 12 14 16 18
pr{(GeV/c)
pr (GeV/c)
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“NN scaling” in Au+Au @ 200 GeV: Direct Photons

@ Direct photon production in Au+Au (all centralities) consistent w/
p+p incoherent scattering ("NN-scaled” pQCD) predictions:

m 200 GeV Au+Au Direct Photon “hot/dense QCD medium”

) — <N_,,> scaled NLO pQCD . = =
107 ! Raa(pr;y;b) “QCD vacuum”
_ d? Naa/dydpr
MinBias x 10 (TAA (b)) . dZUpp/dyde’

0-10% x10°

10-20% x 1072

N

® 200 GeV Au+Au Direct Photon
O 200 GeV Au+Au

o ::::::+::::::::a]gz::::::::::%:::::::::::::::_‘l' -

20-30% x 107

30-40% x 10°

40-50% x 10®

—h

R,a(p; > 6.0 GeV/c)
[4]

50-60% x 1071°

60-70% x 1072 0.5 O o
O O
70-80% x 10714
0 oy 1999 Jdy g9 dy g gdagg s d i daaaagalaay
v 80.92% x 1071 0 50 100 150 200 250 300 350
|||||||I|||I|||I|||I|||I|||I|||I||||| Npart

0 2 4 6 8 10 12 14 16 18 | o
b, (Gevic) 2 Direct photon production in Au+Au

PHUENIX Submited o PRL unmodified by QCD medium.

7w nucl-ex/0503003
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Disentangling “thermal” y from quenched prompt y

Step 1: Measure p+p — y(isolated) + X
down to p, =1 GeV/c
with uncertainties ~10%

Handle on y from gg-Compton, ggbar annihilation

Step 2: Measure p+p — y(total) + X
down to p, =1 GeV/c

with uncertainties ~10%

Handle on fragmentation y production

Step 3: Measure Au+Au — y(total) + X
down to p, =1 GeV/c

with uncertainties ~10%

Step 4: (AuAu Y, ) — T,o*(PP V. ues)

Upper limit on thermal spectrum.

Step 5: (AuAuy, ) — T,(PP Y.)

Lower limit on thermal spectrum.
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Photons from quark jets in the medium ?

@ Duke group predictions for Compton & annih. of fast quark in medium
@ LO for photons (& not most recent thermal photon rates)
@ But NLO (K = 2.5) for jets, no energy loss taken into account ...

Effect probably overestimated

10_4 ' ' ' ' ' ' 1/2 ' ' ' Fries, Muller, Srivastava
. | Photons for Au+Au at S/ "=Ax200 GeV PRL 90 132301 (2003)
P 10 -
B 6| )
O, 10 Qhara TAdocr > Y T8
g 7
£ 10" ¢
o 1 % Qpara T80cr — Y T4
~ 10 ;
v-.;zj ""-__. —— ~from jets through QGP
10"9 - ps — — Direct photons ;
--- Bremsstrahlung
10 | L Thermal photons
10 | ' — | '
4 6 8 10 12 14
pr [GeV]
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Thermal photons from other hydros

@ Qur predictions are very similar to those of Jyvaskyla group :

Ph%Eons - ﬁ = 200 GeV - Au + Au Collisions (0-10 % Central)
-"‘h1 IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

DPMJET : J. Ranft et al.

© Al decay photons
Hydro : H. Niemi et al.

-------- Decay Photons T, = 150 MeV

-« %= Chem. Eq.
=« u:= Off Chem. Eg.

NLO pQCD : CTEQSM, EK398 + ELoss
-------- % Decay Photons : KKP
Prompt Photons - BFG set ll

In Arleo et al.
CERN Yellow Report
Hl @ LHC Photon Physics

hep-ph/0311131

All scales : 1 x p;

g, 2.5
1 0-6 .".::"f'.-,.. T
10_? u"‘*".“;n . ‘:'h
108
10°® o
10'10 | | | .| | | | | | I | | 1111 | | .| | I

0 1 2 3 4 5 B 7 8 9 10
p; (GeVic)
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Energy loss in AutAu— y+ X @ Vs = 200 GeV ?

However, (part of the) prompt photons can be distorted by the dense
QCD medium (esp. in the region p.< 4 GeV/c).

Photon production in p+p @ 200 GeV:

71090000000 4——>——17 4 ! Below p. = 4. GeV/c dominated by
1 y from collinear q,g fragmentation
q — ey g i

Figure 2.1: Compton diagrams.
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Figure 2.2: Annihilation diagrams.
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Figure 2.3: Bremsstrahlung diagrams.
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R,, for photons @ Vs = 200 GeV (I)

Back-of-the-envelope ansatz for y suppression: R (y frag.) = R,(q,9) = 0.25
R,..= Ratio of y(tot — 0.75*frag)/y(tot):
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involved calculations:

F.Arleo: hep-ph/0406291
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~50% depleted prompt photon yield could mask the expected (enhanced)
thermal emission around p. = 2 GeV/c
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R,, for photons @ Vs = 200 GeV (1)

Zakharov does NOT predict any suppression (but enhancement):

Zakharov, hep-ph/0405101
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Ratios of particle yields

» Ratios of hadron yields consistent w/ system at chemical equilibrium at

hadronization (T ~T )
chem.freeze-out crit
Tw= 157 MeV s :
200 GeV Au+Au, <N >= 322 n-94mev |2 Assume all distrib. described
- b= 31123 MVl phy one T and one .
1 ewos L * | 1=103:0.04 T 3
- - ¥ /dof=19.9710 dN ~ e -E-wW)T d o)
L W i i . - .
© 10 } - ox 3 -4 ° 1 ratio (e.g. p/p) determines /T
e - =
~ C A ] — — —(E-
g - : 0/p ~ € ~ E#ITjg ~E-wyT
10 — — model calculation = - e i 2“ a
: e
f 1 e 2" ratio (e.g. K/pi) provides T, 1.
10 = _ A PHENIX data *
S A StARdaa | | | | 3 eThen predict all other hadronic
T K p p T OOKHK b p AMA G T Q yields and ratios
K p p E L Eyw =« ® = ® =® =
‘ % T T T T T T T T T Tar T T ]
G0 (kA ﬁ*"#'"*-'"'"g;{,—-15;'“‘?‘““;"“}““#‘"‘*_
= 2 - EFE b5 b gy Ty . 4 1 | i 7] PBM,Redich, Stachel
4 nucl-th/0304013

1#1]: feed-down effect iz corvected in data
1*2) : feed-down effect in included  Kaneta, Xu

nucl-th/0405068

» Hadron composition (even for strange had., y =1) "fixed” at hadronization

RHIC-Il Sci. Workshop, April 29th, 2005 25/15 David d'Enterria (Columbia Univ.)



