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What are E.M. probesgood for ?

Photon rates are larger in hotter matter

> probe early stages of the system evolution

> very sensitive to the initial temperature

> How early ? Photons are produced after quarks
have been produced

Photons have a very large mean free path
> they escape without reinteractions

Note: some other relevant talks:

> |. Sarcevic: v and 7° from initial partons

> F. Karsch: lattice calculations

> Panel discussion on photons:

V. Ruuskanen, A. Dumitru, H. Zaraket, S. Rasanen
> K. Reygers, I. Johnson, R. Averbeck: experiments
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Sketch of a heavy ion collision

hadronic gas

: |, described
mixed phase by hydro
QGP
pre-equilibrium stage
initial prompt photons

> Separate description of prompt photons and thermal photons
> Usual assumption: very few quarks in the pre-equilibrium
phase + short duration — almost no photon production
> One needs:

> prompt photon cross-section

> rates from QGP

> rates from hadronic gas
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How to computearate ?

Pedestrian approach:
W

2
dN, / ; |
W X : :
dthdgq) unobserved ' !

particles

X n(wy) -+ n(wn)
X (1 T n(wi)) A (1 T n(wz’j))

Using Thermal Field Theory:
Weldon (1983) - Gale, Kapusta (1991)

AN, 1

W - X
dtdVddg ~— ew/T — 1
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History (1/3)

» Pre-HTL calculations
McLerran, Toimela (1985) - Baler, Pire, Schiff (1988)

Altherr, Aurenche, Becherrawy (1989)
Altherr, Ruuskanen (1992)

Q —>—— > —>—Tn>
>“NM% —<— 00000 - 000000 A—>—
> For real photons (Q? = 0), infrared divergence
when the quark exchanged in the t-channel is

massless:

Im Hret (w7 6) X Qs 1I1(CUT/Q2)
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History (2/3)

» The Hard Thermal Loop revolution (1990)
Braaten, Pisarski (1990) - Frenkel, Taylor (1990)

>—0—>

° Medium effects give a
mass to quasi-particles:

Tin \/CVST

> myy, Screens the infrared divergence:

Kapusta, Lichard, Seibert (1991)
Baier, Nakkagawa, Niegawa, Redlich (1992)

In (“’Z) - 0.027}
ey
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History (3/3)

» Collinear enhancement

Aurenche, F.G., Kobes, Petitgirard (1996)
Aurenche, F.G., Kobes, Zaraket (1998)

7 singularity when a real
% T %W photon is emitted
> > > forward Oé2T—2 ~ (Xg

My

Y

Y

Mohanty (2000) - Steffen, Thoma (2001)
Aurenche, F.G., Zaraket (2002) For 3 colors and 2 flavors:

. 32 T3
Im 1L, (w, ) = 3_7'('@&8 {77 ” —HuT}
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Notes
For 3 colors and 3 flavors:

o3 5 V2\ 55
Ieret“M(w, q) — 3_7T 1+ % + In (7) — T 1I12<2)

+ 1_30111(2) In(3) — ng G) - ng (_%H

T3
X VO g [7‘(’2— + wT]
W

More generally, the prefactor is a function of
M /Mdenye. > 1IN the HTL framework, this ratio
IS Independent on T'.
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L PM effect (1/6)

Photon formation time

WQ (ro = po +w)
P P? =m,
t;l ~O0E =1y — \/F2+mt2h
1 W =, 9
e = o [P1 ]

Quark-Matter 2002, Nantes — p.10



L PM effect (2/6)

Other scales

> Mean free path: A ~ (o, T In(1/ay)) !
> Electric screening: . ~ (v/asT) ™!
> Magnetic screening: £y, ~ (o, T)

LPM effect: multiple scatterings are important if
t, 2= A

IS

<>

A
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L PM effect (3/6)

How bad could it be?
Short ranged interactions: ¢ < A

TEE RS A

suppressed

Long ranged interactions: ¢ > A

\\\\\\\

- /, \ ¥
\\\\\\\
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L PM effect (4/6)

Arnold, Moore, Yaffe (2001,2002)

» A cancellation between vertex and self-energy
topologies prevents long ranged interactions
> Only ladder topologies contribute to II,;:

N= P Pzt P~

Iml_[retu—ozIm/dpod2 - - ]QPJ_'f(pJ_>

f(B)
t

=2p, @ iOésT/CpiL C@D[f(ﬁﬁ — f(ﬁL + ZL)]

F
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L PM effect (5/6)

The collision integral is given by:

> 1 1
Cll) == — =

=32
2
Lo b +mbg.

Notes:
> all ladder diagrams contribute to O(av,):

each extra gluon brings o, T'poro/wm?,
> the LPM-resummed result depends only on

M and 1m0 genye
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L PM effect
Summary: photon production at O(a)

a=0.3, 3 colors, 2 flavors

0,18 T T T T T T T T T
LPM —
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0.14 P Single scattering ,,,,,,,,,,,,,,,,,, s
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ImM, /T
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w/T
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L PM effect (6/6)

Physical photon rate at O(aa)

a=0.3, 3 colors, 2 flavors, T=1 GeV
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Dilepton production (1/2)
Whacg ]% different? |
[T~ 4
Im I,
> Giavaio = or e = e (@)
> For Q* > 4m?,, there is a contribution at
O(a?) from the process qq — " — [T~
> The longitudinal mode of the ~* contributes
Aurenche, F.G., Moore, Zaraket (preliminary)

IeretM &Im/dpod%}l -] {QﬁL'f(ﬁL)@Q29<ﬁL>

—

Q<ZL) =16 iozST/dQZl C(ll)[g(fh) — 9P, +11)]

> Note: these equations contain the Born term (qg — ~*)
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Dilepton production

Summary: all terms up to O (o) (preliminary)
a.=0.3, 3 colors, 2 flavors, w/T=50

threshold
10 g ! T T T T E
"q:_) / :
- i -
£ 0.1 prossmssmssmssssssesse
0.01 -
1 10
Q/T
Bornteem - LPM +Born ——
2->2

Quark-Matter 2002, Nantes — p.18



Dilepton production (2/2)

Physical dilepton rate at O(a?ay) (preliminary)
a.=0.3, 3 colors, 2 flavors, T=1GeV, w=5GeV

Threshold = 2.3 GeV

<~ 0.0001

£ |
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2->2 Total
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Quasiparticle models (1/2)

Photon/dilepton rates depend on miy, /Mebye

HTL prediction: myy, /mdebye 1S & CcoNnstant
On physical grounds, this cannot be exact:

V(r):exp(-rr:debve I’)

9%e
S ®

Heavy quasiparticles (large myy,)
> medium difficult to polarize
> small mgebye
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Quasiparticle models (2/2)

Quasiparticle fits of the lattice entropy (or
pressure) require a large my;, near 7.
> Mmgebye COMpuUted In this model is small near 7-,

s/T3

1.0

0.75

0.5

0.25

0.0

Peshier, Kampfer, Soff (1996,2001,2002)
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L attice approach: method (1/4)

Karsch, Laermann, Petreczky, Stickan, Wetzorke (2001,2002)

How to calculate photon rates on the lattice?
> Measure the Euclidean vector-vector correlator
I1(7, ) on the lattice

> Invert the following dispersion relation:

II(7,q) = /Ooodw Im II(w, q) COS};E:}EZU_/;]{?T))

(7 € [0,1/T] is the Euclidean time)

Main difficulty:
> I1(7, q) is known at discrete points

> Maximum Entropy Method (F. Karsch’s talk):
extra constraint on Im I1
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L attice approach: result (2/4)

L attice calculation for static lepton pairs

1e-07 ¢ ; . . :
| attice s e '
o, ice- [=1. —
1le-08 I |attice - T:3Tg ----------- y

1e-09 |

1e-10

Rate at g=0

le-11 |

......

1le-12 |

1613 | /f S

1e-14 LL ™

0 2 4 6 8 10 12 14 16

Most striking features:

> rather close to the Born term

> fast drop of the rate for w < 3T

> scales like a universal function of w /T
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L attice approach: remarks (3/4)
qq — v* — 1~ with massive quarks

Comparison with a simple quasi particle model

1e-07 ¢ . . . :
L Born term ........................... 1

1608 ......................

1e-09 |
1e-10 |

Rate at =0

le-11 |
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. SN
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Quark thermal mass: m? oc as(T)1T?

> The running of a,(7") induces scaling
violations
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L attice approach: remarks (4/4)
Setting 7 = 1/27T', we have

> ImIl(w,q) L
d — TI(1/2T
/0 Y Snh(wyar) ~ BU/2TG) <o

> perturbative results break down at small w
From the electric conductivity

1.. ImI(w,0)
O = — lim
0 w—0 W

> Im IT(w, 0) o w when w — 0

> 04 # 0inaQGP > Im II(w, 0) /w? — oc
> the lattice calculation breaks down at small w
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Non-equilibrium effects (1/3)

Can we use the equilibrium rates in hydro ?
> non equilibrium is not a problem if the

distributions n(w) are constant over scales = ¢,
>g=2T=05GeV,w=2GeV: t, ~ 0.3fm

> Caveat: If there is no chemical equilibrium,
one cannot use TFT simplifications

> simple model: n(w) = \/(exp(w/T) + 1)
()\ # 1 ) )\quark 7& )\gluon)
Traxler, Thoma (1996)

Baier, Dirks, Redlich, Schiff (1997)
Dutta, Sastry, Mohanty, Kumar, Choudhury (2001)
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Non-equilibrium effects (2/3)

Transient effects ?
Wang, Boyanovsky (2000)

o e qq— visforbidden by E

0 A _ape‘*h'bmd conservation
g " e does not hold if the
) O system exists only during
Q 10 \ some finite window In time
o .| & Model: switch on the

OO el . Interations in [t;, ]

O Coeew > power law spectrum

g = 2,1 =200 MeV (instead of exp(—w/T))
tr—t; =10fm
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Non-equilibrium effects (3/3)

What’s wrong with this?

> total radiated energy Is infinite !!

> This Is due to the ‘abrupt’ switching of the
Interactions Moore (private communication)

coupling

0.01 & f | N
‘E 0.001 NN E s A
30.0001 \\\:\"' * i ; i \
% \\\ ] E /' E \\

10-5 AN e o = o ——
S t L time
S 107 \ E
2 1o 1ty —t;=10fm 7 =11fm
T . : i .
> o eading thermal | > the asymptotic behavior
o) F ———----'smooth’ nontherma N 7
= 1077 g brupt’ nonthermal \\\\ E becomes eXp(—Tu})

10-1 L L L x AN

1 2 3 4 1 _ I
B (GeV) > with 7 = 1fm, this

contribution is negligible
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Conclusions (1/2)

Mostly under control:

> all thermal rates are known at O(«), and the
LPM suppression iIs rather small in the relevant
energy range

> Lattice calculations of dilepton rates are now
doable in principle

Necessary improvements:

> better description of the quasiparticles

> extension to chemical non-equilibrium

> extend the lattice calculation to real photons
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Conclusions (2/2)

 Puzzling issue:
> Can we go smoothly from initial prompt photon
production to later thermal production ?

hadronic gas

: |, well described
mixedphase = Y5 Vit Le 222
QGP

77?

initial prompt photons

> This includes the following questions:
> How does the quark population build up?

> How does it equilibrate? How fast?
> How are photons produced in a fast changing system?
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