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Asymptotic Freedom. o "2 f 3p B ¢
o o QO = 0
# Large r (small Q): g =t -%E_ H ; g E‘
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Infrared Slavery, |
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No Free Quarks or Gluons.

# Different from any other interaction § | |
1 10 100
we have come across. FOUR-MOMENTTRANSFER Q (GeV)

2\ _ 121
Q%)= (33—2n;)In (Q?/ Abep)

Achieved via quarks in 3 colours and 8 type of gluons
all of which carry colour charge.



TEMPERATURE (1010 K)

- Quark Gluon Plasma

F. Karsch, Prog. Theor. Phys. Suppl. 153, 106 (2004)

Early Universe

R ol .
Quark-gluon Plasma : RHIC E";iu'Ti —
14 | E"'Tq ;
® 2% o 12 | 1
10 -
Hadron Gas 3 :_ LH‘:__
: 3 flavour
6 - 2 flavour
4 |
Z T, = ({173 +/- 15}! Mel/f .
2| . ~ 0.7 GeVifm® T [MeV] |
[] L . . L i L i L ]
e e ————————— 100 200 300 400 500  B00

Jt Lattice QCD predicts transition to deconfined
Quark Gluon Plasma phase at ~175MeV.

“* Goal of Relativistic Heavy Ion Collisions - to
produce and characterize QGP.







The Information Content of EM Probes |

Emission rates: quu-
d°R g”” -
- @ = ImH K
Photons: 4K (272) L ) 1
. _ 6 2
Dileptons: 3d F\’3 A M Wl
d*p.d®p.  (27)° k X e’ -1

/

 McLerran & Toimela,

In- medium photon self energy: PRD 31 (1985) 545;
Directly related to the in-medium - Weldon, PRD 42 (1990) 2384;
vector spectral - Gale & Kapusta,

densities! NPB 357 (1991) 65.



Low, Intermediate, & High Mass Dileptons

dN.,. / dM

L

II,I,IJ III|,|,|_|J III|_|,|,|,|_| 1

;ELDW- Intermediate- éHigh-Mass Regimr‘é

G %
M [GeV/c?]

Low-mass:

Medium modified
spectral density

Intermediate mass:
Radiation from QGP
High mass:
Jhy etc., suppression
All masses:

Correlated Charm/
Bottom Decay.

The same model
should explain both:
Single Photons and
Dileptons.




SRR
=S g 3

Single photons are penetrating probes. They are emitted at all stages and
survive unscathed (o, <<a.). They are “historians” of the heavy ion collision!

A jet passing though QGP

Hadronic gas

_y Described by
hydrodynamics

Mixed phase ?

Initial prompt photons

Different processes: different characteristic spectra!



Direct Photons
Different Sources - Different Slopes

Rate

Hadron Gas Thermal T, Photons are result of
convolutions of the
emissions from the
entire history of the
nuclear collision, so
we need rates & a
‘Pre-Equilibrium™? model for evolution.

QGP Thermal T,

(11 New,,
Jet Re-interaction (T.x\'s)

* Hydrodynamics.
« Cascades.
pQCD Prompt x\Vs -« Fire-balls.

Ev « Cascade+Hydro.




Partonic Processes for Production of
Prompt Photons in Hadronic Collisions

@ 7 Q7 ;jﬂ
WAAAAAAAY - -
¥ ! g
2002292000 b—pm— ——=—1000000000, - -
€ 1 Q 8
Compton Annihilation Fragmentation

Calculate using NLO pQCD [with shadowing & scaling with T,A(b) for AA,
partons remain confined to individual nucleons; do not forget the iso-
spin! |

The quarks will lose energy before fragmenting if there is QGP; suppressing the

fragmentation contribution.
See e.g., Jeon, Jalilian-Marian, Sarcevic, NPA 715 (2003) 795, “QM-2002".



In the QGP we also have:

p—
J —
—

Medium induced bremsstrahlung;
First calculated by Zakharov,

Annihilation with scatterring; First JETP Lett. 80 (2004) 1;
calculated by Aurenche et al, Turbide et al, PRC 72 (2005) 014905.
PRD 58 (1998) 085003. Zhang, Kang, & Wang, hep-ph/0609159.

Complete leading order results: Arnold, Moore, Yaffe, JHEP 0112 (2001)
009. NLO is at most 20% and similar in shape (see JHEP 1305 (2013) 010).



Examples of Hadronic Processes Involving
n & p for Production of Photons

- 0 - =
™ m -
———Ip— ———lVVV\A?VVW\. - T P
m* ¥
S e TS e LT
): NI //l\‘-‘—‘-‘ M
P m 0 + P 7Y
p T
v
)/\/‘.ff'ﬁ-" —~ 7" —~

-
—_— R —— VA VA VA VA
7

-
0 ~ 0 0 ~
P ~qg P M\ﬂ— P ~
7

First calculated by Kapusta, Lichard,
& Seibert, PRD 44 (1991) 2774.

+

* Include p2>a,~> my
Xiong et al, PRD 46 (1992) 3798;
Song, PRC 47 (1993) 2861.

 Include baryonic processes.
Alam et al, PRC 68 (2003) 031901.

 Medium modifications; (Series of
valuable papers, T and )
Alam et al, Ann. Phys. 286 (2001)
159.

* Include strange sector, massive
Yang- Mills theory, form-factors,
baryons, t-channel exchange of
® Mmesons etc.
Turbide, Rapp, Gale, PRC 69
(2004) 014903.




Complete Leading Order Rates from QGP &
Exhaustive Reactions in Hadronic Matter

10_1 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1
_ T=200 MeV

10 < B —— QM Rates
ki _ \ — — —— HM
g 10 S \\Arnold et al (Turbide et al) are.
o A 2 similar !!
= 107 > CH+Ann+Brems+AWS
5 s S Complete O(ag); LPM @
> 10 N
z _g We need QGP
o 10 Kapusta et al at higher T, for
~ )
> 10-7 Baier et al CHARRCNL golden photons
E N to clearly

10—8 N -] outshine others.

10_9 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1

0.0 0.5 1.0 1.5 2.0 2.5 3.0
E (GeV)

Arnold, Moore, & Yaffe, JHEP 0112 (2001) 009.
Turbide, Rapp, & Gale, PRC 69 (2004) 014903.



Upper Limit of Single Photons, WASO

IO 2 E I EEREEN ERERFNBL ALV BEEE ;
z 200 A GeV **S + Au -
10 Central (7.4% o 3
<0 (7:4% Ome ) 3
m i -
O g 3 J, -
— -] i l L
o I O E E
oy o
B L
“% 10 %+ waso ll F
W ;[ V¥ 90%C.L Limit -,
10 I
2 - Srivastava and Sinha I :
€ 4[  Biorken Hydro., t=1 fm/c l 1
Mo L T.=160 MeV, T=100 MeV l i
E g Hadron gas, T=408 MeV ™. l 1
— i - QGP, T=203 MeV l :
107} -
£ Dumitru et al. ;
6 - ------- Hadron gas, 3-fluid Hydro. 1 1
IO- PR RN [N T T T M N O T T A S A P .|- PRI B T
0 05 1 15 2 25 3 35
p; (GeV/c)

S. and Sinha, PRL 73 (1994) 2421,
Dumitru et al., PRC 51 (1995) 2166.

Sollfrank et al., Lee & Brown, Arbex et al., .

Ruled out hadronic gas with
limited hadrons: &, p, ®, & 1.

T L ] ] I ] ] 1] | l T 7T 1 I L) 1 L I F T 1 L
I All Hadrons, M < 2.5 GeV
100 — —
3 ) %.No Phase Transition
< 4 Pb+Pb@SPS
» 1079 = - —
N
] ~
~ Phase Transition™-.
B 10—5 L
<
o
N
= 10-9 T,=160 MeV, T,=100 MeV _
ﬁ L L L L | L 1 1 L I L L L L I L 1 L L t L L L L
0 1 2 3 4 5
pr (GeV/c)

Cleymans, Redlich, & S.,

PRC 55 (1997) 1431.

However, n,. 4 >> 2-3 /fm3! For
No Phase Transition.



dN/d*k.dy (1/GeV?)

S

&

WA98: 2-loop > Complete O(as) for QGP

npa, =2 Exhaustive Hadronic Reactions for hadrons

I éN/ dy='?gO
10-1 To=1/3T,=0.20 fm/c |:>
s : § Ty=335 MeV, T=180 MeV R
10 N 3 WA98, Pb+Pb@SPS “%
- ’ o
103 - Single Photons E
- i Thermal+Prompt "?f
1074 | o
F  —-—- Prompt B
(Wong & Wang) ~
-5 |-
O E - qu e
B - —— QM+HM
§ F R LA N | l T N I | l 1 11 VY A I N |
0 1 2 3 4 5

ky (GeV)

. & Sinha, PRC 64 (2001)034902 (R ).

W 1 1 T 1 | 1 1 T T I 1 T T T I 1 T T T _
¢ ¢ Single photons; WA98
-\, —Including M Y — — — QM
R QM+HM
—  298ph(158 AGeV)+2%Pb S L .t
1 1 1 1 | | 1 1 1 1 | 1 ‘ N Il1I$
0 1 2 3 4

k; (GeV)

S., PRC 71 (2005) 034905.

Hydrodynamics, QGP + rich EOS for hadrons
& accounting for the prompt photons



Interaction of hard-scattered
parton with dense matter

Jet Phoion Conversion

“External Probe!!”

Hard scattered parton

Fries, Mueller, & S., PRL 90 (2003) 132301.



Jet-Initiated EM Radiations from QGP

« Annihilation and Compton processes peak in forward and
backward directions:

do t s
Y ~

" P, = Pq
t do t. >
A dt st
u ~ DN-
p7/ pq >
« o0ne parton from hard scattering, one parton from the thermal
medium; cutoff p, ;, > 1 GeV/c.
» photon carries momentum of the hard parton

> Jet-Photon Conversion

» This puts photon production and jet-quenching on the same
page!!

Y

-
-~



Jet-Photon Conversion: Rates

« Annihilation and Compton rates:

dN(A) 16E Nf /
f(p,)

E
" d*xd’p, 2(2 )° ql

quark (-jet) distribution

\/s(s—4m2)

JEE +(q Q)

x[d*p £ (P)IL+ f (p)]o™(s)

dN © 16E,
E
/4 d4Xd3p 2(2 )6 z (p )

2

<Jap T (P~ £, (1o (5)

v

+(q <> Q)

e thermal medium:

dN 0104 ? AE T
E L= 278 d“x—[f (p)+f (p )]Tz(ln 2 +Cj
ydspy 8%2'[ gL arFy g\ Fy m2




Photons from Passage of Jets through QGP

-4 -3 . . . . ‘ ,
10 - 12 10 - MR
Photons for Au+Au at S/ "=Ax200 GeV Photons for Pb+Pb at S =Ax5.5 TeV
v
- J

— 10 . 10'4 EoN .

> >

51070 | R

) <107

BT S

= 10 . -6
NQ C\IQ 10 ]

el -8 o]

=107 | =

% =« from jets through QGP % 10- [ ==~ from jets through QGP

10'9 L — — Direct photons 1 — — Direct photons
---' Bremsstrahlung --- Bremsstrahlung
10_1 0 | | ’l‘herm'{lﬂ photons . 1()_8 P e ’l'lhermal plhotons . . . .
4 6 8 10 12 14 4 6 8 10 12 14 16 18 20
pr [GeV] pr [GeV]

Fries, Mueller, & S., PRL 90 (2003) 132301.

This “bremsstrahlung” contribution will be suppressed due to E-loss and
there will be an additional jet-induced bremsstrahlung, which is also
similarly suppressed, leaving the jet-conversion photons as the largest
source for p; =4-10 GeV.



' FMS Results: Comparison to Data |

100 W R I i A R
: : -1 [\
calibrate pQCD calculation of & ' T BARESEDRR R
. 5 1072 j 0-10%; PHENIX
direct and Bremsstrahlung G . _a
i ~. 10 \ —TuX PP
phOtOﬂS via p+p data: ~ 104 ‘ Jet—Photon Conversion —
= 10~5
100 — A
-6
) 10
_. 1071 . pp; Vs=200 GeV - T
0] -2 e 10—7
> 10 + PHENIX “
S 1073 — pQCD 1078
.
O 104 109 e N iR
B g5t 00 25 50 75 100 125 15.0
2 10-6 Pr (GeV)
kS .
ol 1°‘: > for p,<6 GeV, FMS photons give
i ‘g ; significant contribution to
i
TS JE TN DUUE DUUIE TR T B photon spectrum: 50% @ 4GeV.
00 25 50 75 100 125 15.0

Pr (GeV) ) .
Proper Isospins & Shadowing !!!

Fries, Mueller, & S., PRC 72 (2005) 041902( R).



AMY and One-Stop Treatment of
Jet-Quenching and Jet-Initiated Photons

el
gI
T

dN_ /d’p dy [GeV ]
o
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10~ E, = = jet-QGP (coll) E
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1075 Nl T, — = Thermal QGP 4

E W = PHENIX 3
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I3 Nl 5
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10 F A ~te, E

hY Tt ]

o I s N I s | L=
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Turbide, Gale, Frodermann, & Heinz, hep-ph/0712.732

This supersedes Turbide, Gale, Jeon, & Moore, PRC 72 (2005) 014906;
which used AMY but all the processes were calculated using
hard spheres and ignoring transverse expansion.



Parton Cascade Model

:E;:—%

Embedded in the partonic cascades

‘IE l\ T ™ ‘ ™ T r | r r " | r r r E 1 1 1 T | T 1 T 1 | T 1 1 I
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Renk, Bass, & S., PLB 632 (2006) 632.

. .. Bass, Mueller, & S.,
LPM plays a significant role. PRC 66 (2002) 061902 (R).



&

Ed’N/dp (GeVic?) or Ed’s/dp® (mb GeV e

Initial temperature? Thermal radiation

10°
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Low mass, high p; e*e- —
nearly real photons

Large enhancement above
p+p in the thermal region

Phys.Rev.Lett.104:132301,2010 . PQCD y spectrum: g+g—q+y

(Compton scattering @ NLO)
agrees with p+p data,



Thermal photons from Au+tAu@RHIC
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EPJC 46 (2006) 451.



Elliptic Flow of Thermal Photons:
Measure Evolution of Flow !
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Chatterjee, Frodermann, Heinz, and S., PRL 96 (2006) 202302. FIRST




Impact Parameter Dependence of v,
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Elliptic Flow of Thermal Dileptons:
Measure Evolution of Flow |
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Chatterjee, Heinz, Gale, & S., PRC 75, 054909 (2007).
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Elliptic flow of thermal photons
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Chatterjee et al.



Event-by-event fluctuating initial density distribution

The ‘hotspots’ in the fluctuating events
produce more high p; photons compared
to a smooth initial state averaged profile.
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Triangular flow of thermal photons
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Chatterjee, Holopainen, DKS [in preparation]



Intensity Interferometry of
Thermal Photons
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¢ ﬁ 4 The two-photon correlation
function for average photon
$ momenta 100 < K; < 200 MeV/c
+'.++, I\ (top) and 200 < K; < 300 MeV/c
L % hﬁ (bottom). The solid line shows

|
-
-

the fit result in the fit region

used (excluding the n° peak at

|
——
-
_o_

Qv ® M ) and the dotted line

$ shows the extrapolation into

the low Q,, region where

backgrounds are large.

b
it it it

Q,,, (MeV/c)

M. M. Aggarwal et al., [WA98 collaboration] PRL 93, 022301 (2004)




Intensity Interferometry of Thermal
Photons @SPS

N — A one-dimensional

- “Pb(158 AGeV)+*™Pb; ¥y Intensity Correlation analysis Of the co"elation

E 2.3553?.,52.95; E.= 0.75 GeV b -
1.20 7 = function

C~140.5 a exp(—Qyy Ry /2) 1 = .
e e ; C is performed in terms of
e g the invariant momentum
= [}

" ] difference as follows:

i a=0.14, R,,,=53 fm
1.05 I )

_: C(qinv ) =1+ E A eXp[- qinszinvzlz]
I LT i 2
[ 0.25kpS0.3 GeV TIRily ) 1 2 2
e e T G = (7K ) =40, +q

Guny (GeV) = \J2K,Kr [cosh(y; -Y,)-cos@, - w,)]

WA98 measures R

-

., as 8.34+1.7fm where, 9> =g, + s +iong
and 8.63 = 2.0 fm, respectively

For y,=y,=0 and y;=y,=0,

DKS, PRC 71 (2005) 034905. Qside=%10ng=%inv=0

but g. .=k.—~k.+ .ne.0



dN,/dt (c/fm)

o.m T L] oi I i o T Ll I L) I L T I T =
i > : N Au+Au@vsy =200 GeV
E | E 0.9 GeV <ky< 1.1 GeV;
0.200— o | g -0.2 <y< 0.2 =l
S| | ©
1 i
0.100 — L : : Only prim—prim =
- I I :
0.050 — %
i | /] Full, VNI/BMS -
|
0.020 — I Thermal —
|
0.010 — | 5|
3 | o
0.006 — | || =
0.002 . 1 - ~ L I | 4 ! | 1
-0.5 0.0 0.5 1.0
t (fm/c)

@ short emission time in the

PCM, 90% of photons before 0.3 %
fm/c E>
@ hydrodynamic calculation with §
1,=0.3 fm/c allows for a smooth )
continuation of emission rate

Bass, Mueller, & DKS, PRL 93 (2004) 16230

H pre-equilibrium contributions
are easier identified at large p,

& window of opportunity above
Py = 2 GeV.

H at 1 GeV, need to take thermal
contributions into account.

R A B e
97Au+"7Au; Vs =200 GeV
} — QM+HM

Thermal;
7,=0.3 fm/c

—

\

0 1 2




Photons: HBT Interferometry

| AukAu@vs, k200 Gev] S TwNBMs ]
1.6 0.9 GeV <ky< 1.1 GeV] 1.6 Au+Au@Vsyy =200 GeV
-0.2 <kg< 0.2 GeV 7 o 1.8 GeV < kg < 2.2 GeV . .
BMS 3 1.4 | 0.2 <k,< 02 GeV Opt—2 GeV: pre-
BMS+hyd 1 - 1/V<qQou - >=3.7 fm :
O —— s O t 1 thermal photons
b ou = =
out ok 1 dominate, small
- side — 91 ng:O 5 : side — 9} ng:O ] r “
o.s}u&:Tu::Tu::IHHi o.s,_.u::TH::Tmuiuu: ad

1/V<qgge->*3.8 fm .pt=1 GeV:

1 superposition of
pre- & thermal
photons:
increase in radi

f ?out = QSiTe: 0 | 2 Z ?out = Qmjie =0 |
0.8 [ 1 ] L L 1 3 1 L 'l ] L 1 ] Il 1 il ] 0.8 < L 'l L 1 1 ] L 1 1 ] L L 1 ] 1 1
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4

q; (GeV) q; (GeV)



Outward correlation function of thermal photons

for 200A GeV Au+Au collision at RHIC

Au+Au @RHIC, W Intensny Correlation
Thermal Photons, k —1 05 GeV/c

1.6

- — no interference
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1.5 A \y1=y2=0’ qu1=1|12=0, qszq.!:ﬂ __
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1.2

1.0

LI II_II IIIIIIIIIIIIIIIIIIIIIIIIII
Au+zLu@RHI(,wInten51ty Correlation

Thermal Photons, k =1.95 GeV/c
ylzyzzﬂ’ wlzwzzﬂ, qszqu[]

sum (QM+HM)
(only) QM; 1+0.5p, |°

=
o
*

(only) HM, 1+ 0.5 |p, .|°

“‘I’dl-._.- -4 A Em . - T

P,ol =1, exp[- 0.5 (4R, )]

P, gl = Iy exp[- 0.5 (@R, ) ]
sum ~ 1+ 0.5 [|pi__Q| + |pLH| +

219, o ;| €OS(QAR)]

T e S B e

v =w2=0’ k1T=k2T’ q0=qs=0

IIIIIIIIIIIII
=

0 0.02 0.04 0.06 008 01 0.12 0.14
q, (GeV/c)

The outward, sideward, and
longitudinal correlation functions for
thermal photons produced in central
collision of gold nuclei at RHIC taking

= 0.2 fm/c. Symbols denote the
results of the calculation, while the
curves denote the fits.

/ Correlation function in the twcx

phases can be approximated as

C(G,)=1+0.5]p;, I

where,

DKS and R. Chatterjee; arXiv: 0907.1360

2 2
@a =1, exp[-0.5q; Ri,a)
i=out, side, and long
o= quark matter (Q) or hadronic matter (H)
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How Sensitive Are We

to
Equation of State?

0.4 T T T T

(i) Volume corrected hadron
and Hagedorn resonance gas
matched with a Bag Model
((HHB).

] (v) Volume corrected
Y U hadron and Hagedorn
0.0 0.5 1.0 1.5 2.0 2.5 .
e’ [GeV/m’]"* resonance gas matched with

Lattice calculations (HHL).
Speed of sound




— HHL
—- HHB
o 0-5% PHENIX

— HHL
-- HHB
o 0-5% PHENIX

pion

Au+Au@RHIC, central collsion D
T, = 100 MeV

Aut+Au@RHIC, central collsion
T;= 100 MeV
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1ol

Thermal photon spectrum for Au+Au @RHIC
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o 0-5% PHENIX
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Pion, kaon, proton and thermal photon p; spectra at RHIC
for the equations of state, HHB and HHL. All the
calculations are for impact parameter b=0 fm.
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calculations are for impact parameter b=0 fm.
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Thermal photons, k, =1.2 GeV/c
¥1=Y,=0, k1=K, 9,590

Equation of

interference of
photons from quark matter
and hadrons
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Passage of Jets Through QGP




PQCD framework: Jets

Medium modified fragmentation
Q2 D@ functions:

= Z
D, ,.(z)=D
p—>h( ) p—h (1—AE/E)

| | TT?

g ’ CI
F() F2 & o

@ Measured
D(2 medium |
property: gq- I dx < F* (X) |:+i (O)>

Facforization:

dG
dGAA _)hh X Z F(l) 2 pp'—pP D(l)
X

D?)

A—p A —>p dQ p—~h —p'—>h’




+Jet quenching is considered as
one of the most promising
signatures of formation of QGP

< It is defined as the suppression
of high momentum particle
spectra, arising due to energy

g loss of partons prior to

fragmentation.

Hil‘!’ 4 (quenched) jet

It is quantatively measured through the nuclear modification
factor R,,, which is defined as:

dZNAA(b)/dedy
TAA(b)dZGNN /dp, dy

RAA(pT’b):
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PHENIX Au+Au (central collisions):

I T T1T1I1H

] Direct y
A ™
®

GLV parton energy loss (dN'/dy = 1100)
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| Photon tagged jets |

v-jet correlation
-E,=E

Jet

— Opposite direction
- Direct photons are not affected

by the medium
 Parton in-medium-modification
through the fragmentation function
D(2), z = phadron/E,

Wang, Huang, & Sarcevic, PRL 77 (1996) 231.
See also, Renk, PRC 74 (2006) 034906, for
differentiation of mechanisms of E-loss,

and several results at this meeting.

Golden Channels :
g+q— v+ (Compton)

qtq—v+g
(Annihilation)

pr > 10 GeV/c



Dilepton vs. photon tagged jets

y*
Photon tagged jets:
- Difficult measurement: |
* At low p;, i® 2> vy large background.
* At higher p, background problem better »
but opening angle becomes smaller.
Compton

Dilepton tagged jets:

* Lower yield but lower back-ground.

« Charm and beauty decay could be identified.
* M and p+ two handles!

* Gold plated standard via Z° tagging at LHC.

S., Gale, & Awes, PRC 67 (2003) 054904;
Lokhtin et al, PLB 599 (2004) 260.



Azimuthal tagging of jets with photons/dileptons

Jets of a given enegy traversing
different path-lengths!

ry valuable-

Ve




“*Neutral pion production for p-p collisions at RHIC

]l]II*IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
1 n  pHp@ 200 GeV

10 - -

10° -
: —— Q=0.5p;

10° — Q=1.0p;
4 .- Q=2.0p;

E iljﬁ / [|3|‘.I (mb cjf {'.'e‘h-"zj

CTEQ4M

-
=
T[T TTIM] T T T IO T T TP T Ty T T T T T

S. De and DKS,
arXiv:1107.5659

Q:QR :QF

= CP;

fa—
=
= T

2 4 6 8 10 12 14 16 18
pr (GeVic)

= [ Lrid el erevmtoeeod voomtocvoimt o eoomtomml

=

=Next-to- leading order O(a®) calculations are used.

*CTEQ4M parton distribution function.

» BKK fragmentation function.



While calculating particle production in AA collisions, we include:
 Nuclear shadowing. ==& (EKS98 parameterization)
O Energy loss of partons in the medium.

1 Average path length traversed by the parton.

*The average path length L(o,b) traversed by a parton for non-central
collisions of impact parameter b.

JJ 10, ¥, 0, 0)Ta (x, y;)cxdly
] T2a (X, y:b)dxay

L(p.b) =

We follow a simple phenomenological model based on the

formalism of Baler et.al. and first used by S. Jeon et al at RHIC
energies, to estimate parton energy loss.



0,
dThe formation time of the radiated gluon: e F
T

¢ - energy loss per collision, A_- mean free path:

N
BH limit s~a,—E
tform . Za » ° T

N,
ﬁ“a <l < L - LPM limit € =& 7\/ELPM E

. N
tform > | \- Coherence limit g ~ o, j(k?)L

where E oy =4, (K3)

26-Aug-13



*The probabillity for a parton to scatter n times before
It leaves the medium

P.(n,L) = (L/rja)” o /%

*The effect of energy loss of partons and multiple scatterings
are implemented through the modification of D.,(z,Q?) following the
model of Wang-Huang-Sarcevic.

ZD%(ZJ—’QZ)— ZP(n L)X{Z D, (z3,Q° )"‘ZZ D /h(zr?UQz):|

NnO

N o
where, CS ZZPa(n,L)’ z E? — Zr? (ETa _25;) and Z;E;n == ZETa
n=0 =0



Raa Of Neutral pions for Au-Au collisions at RHIC
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Centrality dependence of dE /dx at RHIC & LHC

Taking the case of parton energy loss in the complete
coherence regime, -dE/dx=¢/ A

The concerned partons having Pr =8 GeV /¢ at RHIC and
p; =10 GeV /c atLHC

S [ T I T I T I T I
B Constant E-loss / collision
4 —
E ! Pb+Pb @ 2.76 ATeV
E 3r Pb+Pb @ 2.76 ATeV 0-5%, ALICE coll.
g [
2k - <L>~ 6.90 fm
L L -
? [ AurAu @ 2W 1 -dE/dx =2.4 GeV/fm
1 _
i Cu+Cu @ 200 AGeV i
L , | , | , | , | ,
01 2 3 4 5 6

<L > (fm)

We see that the energy lost by the partons, AE oc L2



Heavy Quark Propagation

+ Initial Fusion

s Jet-jet interaction
s Thermal production

s Passage of jets
through Quark Gluon
Plasma.

s NLO effects.

s Back to back
correlations

s dE/dx




Heavy Quark Production

M. Younus & DKS, J. Phys. G 37, 115006 (2010)
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Taking pp collisions as the base-line may not be appropriate as mechanisms other
than initial fusion may contribute. There is also a growing evidence for multiple
scatterings of partons in pp collisions.



Energy and flavour dependence of parton energy loss

Refs: JPG 39, 095003 (2012); 015001 (2012); arXiv:
1112.2492
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= | PM Limit of Coherent Radiation:
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If | had more time:

Intensity Interferometry of direct photons

D. K. Srivastava, PLB 307(1993)1.

D. K. Srivastava and J. I. Kapusta, PRC 48 (1993) 1335.

D. K. Srivastava, PRD 49 (1994) 4523.

S. A. Bass, B. Muller, D. K. Srivastava, PRL 16 (2004) 162301,

D. K. Srivastava, PRC 71 (2005) 034905.

D. K. Srivastava & R. Chatterjee, PRC 80(2009) 054914.

S. De, R. Chatterjee, D. K. Srivastava, J. Phys. G37 (2010) 115004.



THE SILK ROAD JOURNEY

X UANZANG

SALLY HOVEY WRIGGINS

IR WAY LAAYAYA N

“A Record of Budhist Kingdoms”: “Journey to the Western World”:
Fa Hien (337-422 AD):. Huen Tsang (Yuoan Chwang) 603-664 AD:
visited India during 399-414 AD. visited India during 630-645 AD.

They traversed India like photons and dileptons and left most valuable records!!
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“A Record of Budhist Kingdoms”: “Journey to the Western World”:
Fa Hien (337-422 AD):. Huen Tsang (Yuoan Chwang) 603-664 AD:
visited India during 399-414 AD. visited India during 630-645 AD.

They traversed India like photons and dileptons and left most valuable records!!



Intermediate Mass; NA5O

103 B

10°

dN,,/dM

10l ¢

100 E

1 | T T 1 1 E
Central; Pb+Pb@SPS 1

T Nas0

Total

— — - Drell-Yan
Thermal

¥ | g

Kvasnikova, Gale, & Srivastava,

PRC 65 (2002) 064903.

Acceptance and detector resolution

accurately modeled.

See also Rapp & Shuryak, PLB 473 (2000) 13.

AN, Ny, (arb. units)

103

dN,,./dp;

1 T T T I T 1 1 T
Central, Pb+Pb@SPS
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— Ny, = Thermal Dileptons

Pb(158A GeV)+Pb




Photons: pre-equilibrium vs. thermal
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e short emission time in the PCM, 90% > '~
of photons before 0.3 fm/c :;
-4 |

> hydrodynamic calculation with T,=0.32 "
fm/c allows for a smooth continuation o8
of emission rate

[ ST TR [ IO T TR | ! Ll T R L
0 1 2 3 4 5

» caveat: medium not equilibrated at T, ky (GeV)



F | AulrAu@vs F200 GeV:
1.6 0.9 GeV <ke< 1.1 GeV3 1.6
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1.4
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Bass, Mueller, & Srivastava, PRL 93 (2004) 16230;
Srivastava, PRC 71 (2005) 034905.

ep.=2 GeV: pre-
thermal photons
dominate, small
radii

ep,=1 GeV:
superposition of
pre- & thermal
photons:
increase in radii



dN/dM3dy (1/GeV?)

va(pr)

107!

107 %

0.4

0.3

0.2

0.1

0.0

F Thermal dileptons & dileptons from p, w, and ¢ decay
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sz/vz
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f(pr)=exp(-my/0.29)

vz (pr)=0.2[1—exp(—py/1.0)] _
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where

2 3
Pr (GeV)

vkr) ~ o7 (pr),

pr X kr + 6

(7)

(8)

and § &~ 0.1-0.2 GeV, for kr > 0.2 GeV, to an accuracy of

better than 1%—-3%.
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Layek, Chatterjee, Srivastava,
PRC 74 (2006) 044901.



Theoretical Interpretation of

High-p; nt° Suppression

1.6
- 190-10% Central ®  PHENIX prelminary
1.4:— AutAu\s, = 200GeV —— Ivan Vitev from GLV
1.2
[ I Strong Suppression!
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* Large suppression implies
large energy loss. Model
calculations indicate high gluon
densities dN,/dy ~ 1100

e Implies large energy density
(as do also E| measurements) ¢
> 10 GeV/fm? well above critical

energy density .. ~1 GeV/fm?

crit



QGP or Hot Hadrons? Enter WA98

EASN/d%k (GeV~2)
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Huovinen et al, PLB 535 (2002) 1009.
QGP or hadrons ( ny,q >> 1/fm3
at T, = 245-275 MeV)
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Alam et al, PRC 63 (2001) 021901 ( R).



