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@ QGP makes jets lose energy

o Radiational (Inelastic)
j\ /i\ + others

~gT + others

o Elastic
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@ QGP makes jets lose energy

o Radiational (Inelastic)
j\ /i\ + others

~gT + others

o Elastic

@ Can we use this to characterize QGP?
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@ Dy, As in vacuum but with reduced energy.

@ Energy loss module — Three separate pieces

@ Parton-parton scattering: ( 2/A Q) Tpa @

ar
° Energ)./ change rate: dtdk(e k:T)
e Evolution:
dP (e, 1)

/dkdtdkP(eJrk f) /dkdtdkP(e )

o T(x,t),u"(x,t): Must be obtained independently.

@ Still schematic. There are theoretical and conceptual problems to
further consider.
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Rough Idea - Radiational (following BDMPS)

11T -

@ Point here: Radiated gluon also undergoes multiple scatterings.
@ Bethe-Heitler Spectrum (low w)

ﬂ - asNC
e
@ Medium dependence comes through a scattering length scale /
a 1O¢SNC
Ydwdz T T 7w
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Rough Idea - Radiational (following BDMPS)

@ If all scatterings are incoherent
d asNe
dwdz = Thagp

| = lwip =1/pc and w

@ Coherence matters when multiple scatterings are needed to get
O(1) phase change: 1 ~ [ohw <02>
Both the radiated gluon and the original parton undergo random

walk:
<02> ~ Neoh (H_SJrgg) %//;2 <ZZ+I§>
or

w E2 al asNe [Eipm
leoh = hntpy / ~
h fp Eipm E? + w2 and dwdz 7T/mfp w

forw > E pmy = ,U,2/mfp ~ T.
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Rough Idea - Collisional (Following Bjorken)

~gT + others

~T

@ Energy loss per unit length

dE - 3 2 dUel
dzw/d K p(k) /dq s

where
e p(k): density, Jw ~ g?/2k: flux factor
2ra?

(%)
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Rough Idea - Collisional

@ with thermal p, this yields
dE
(dZ>cou x a2T?In(E/asT)

@ Compare:

(dE> ~ o2TV/TE
dz rad

@ NOTE: We actually need wdl/dwdz in place of dE/dz.
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Rough Idea - Putting them together

@ Fokker-Planck Eqn.

dP(E,t) [ or(E+ww) dr(E,w)
- _/OO du [P(E+w, nTEL) pg @)

ol = rc:l + rinc:l
@ Inelastic part is solved as it is.
@ Elastic part — Soft exchange dominated:

ar 1 dE 1 dE

dodt (1+ nB(Wo))WEfS(W —wp) + nB(’WO\)Wﬁd(W + wo)

This gets the first moment (Drag) and the second moment
(Diffusion) right for small wy (Mustafa and Thoma).
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Rough Idea - Raa

Use BDMPS expression for the quenching factor for 1/p" (E = p) with
large n but with the energy range extended to w < 0:

00 t
Raa(p) ~ exp <— / dw / dt’ (dr /dwdt)(1 — eW"/p)>
—00 0
For the radiation rate, use simple estimates

ar o N

dwdt = Tw A
—— =~ — N — f L
dwdt ~ 7wV Iw or A < w < Aur(L/)
dr (6% NC _‘ |/T

— e ¥ f

dwdt  7w| A © or w<0

for 0 <w < A2
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Rough Idea - Raa

For elastic energy loss,

el
RAA

Q

exp <_ /_ Z de /0 G (dra/dwdt)(1 — e—w"/P)>
- ol (2

o () () (%))

valid for p > nT and we used

K(wo) = (1+ng(leo))(1 — &~“5I"/P) + mg(Juo)(1 — &l)

n nT
~ |w — 1 - — for small w
[wol <p>< p) ¢
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Rough Idea - Raa
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Upper line: Without elastic
Lower line: With elastic

Features are roughly produced in both cases.
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Why is it always flat?

1

exp(-lé)g(x)/x)

0.6 -

04

0.2

0

5 iO iS 2IO ZIS 30
@ R~ exp(—C In(p/py)/p) just not that sensitive to p
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More on the evolution:

Poisson ansatz (BDMS, GLV, Wiedemann, Salgago, -..)
The expression

mnoz/wo@nn%m+a

where N
(6 p’ )_e fdwdl(,OWt)Z [ /du}, pv"‘)l7 ]5<€ZWi>
i=1

solves
dP(p, t) o Al poiss. . Al pojss.
Bl o /dw I (p,w P(p + 1) — P(P, t)/dw I (ot
with
d p7w t / dt/ d P01ss /)
BNL 13/35
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We solve:

+2Pg(P+k)CW :
EL [t T TS
(Ko )
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Gluon Radiation

Amplitude to radiate: Need to sum over
all N and all M and all possible radia- §
tion points. Then square it to get the ‘

radiation rate (BDMPS). >
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Ratecc Im z

pinching

35 5 : HTL resummed
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Why is this so hard?

@ Collinear enhancement in photon & gluon radiations
Aurenche, Gelis, Kobes and Zaraket, PRD58:085003,1998, Arnold,
Moore and Yaffe (AMY), JHEP 0206:030,2002; JHEP 0112:009,2001;
JHEP 0111:057,2001

Leading order Collinear enhancement Need to resum all these, too
—_— vy makes these leading order (AMY)
as well

O : Hard Thermal Loop

3
L

-
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Gluon ladder diagrams

Any number of gluon lines can attach like this.

These pinch

Adding one more rung = O(1).
Need to resum.
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SD equation for the vertex

Equation for the vertex F
2
2h = isE(h,p, k)F(h)+g2/ da. C(q.L) x
(2m)?

<{(Cs = Ca/2)[F(h) ~ F(h—kqy)
+(Ca/2)[F(h) — F(h+pq.)]
+(Ca/2)[F(h) — F(h—(p—k) q.)] .
h2 m2 msz m2
ENPR = oo T2k T2k 2p

@ m?: Medium induced thermal masses.
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Gluon Radiation Rate

Rate using F
dig(p.k) _  Csg? 1 1 5
dkdt  16rp’ 1+ e K/T1+e(p-k/T
14+(1—x)>?

X3(1—x)2 q—qg

2 VY
xq NTESE g —aq

4 )4
it 99— 09
d?h
X / (o2 ReF(h.p.K).
where x = k/p is the momentum fraction in the gluon (or either quark,
for the case g — qq). h = p x k: 2-D vector. O(gT?)
@ Correctly incorporates both the BH limit and the LPM limit.
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Elastic scattering rate

Coulombic t-channel dominates

P PP P
Q Q

K KK K’

P PPYxrsrsysizryvyy P
Q Q

K K’ K K’
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Elastic scattering rate

Kinetic theory expression

dE gk
dt = 2F Jip

= CmalT?|In(ET/m?) + D,
s g9

6% (p+k —p' —K')(E — EIMP f(EQ[1 £ f(Ef)]

where C, and D, are channel dependent O(1) constants.

Approximation:

dar 1 dE 1 dE
dodi ~(1+ B(wo))mﬁfs(w wo)+ns(lwo|)‘ ot d(w + wo)

Gets the first moment and the second moment right.
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We solve:

+2Pg(P+k)CW :
EL [t T TS
(Ko )
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Are we being sensible?

@ For the rate, we correctly handle:

e Thermal dispersion corrections for all species in the plasma

e Real moving plasma particles to scatter from, rather than idealized
static scatterers

o LPM effect—transition between BH and strong LPM handled in
smooth and correct way. NOTE that the LPM effect is often
numerically not that large.

e Stimulated emission and absorption processes are included

@ However the rate is determined in a fixed-temperature, extensive
medium = Fokker-Planck valid for [o, < T/(dT/dx)

@ Which is more important? Multiple soft radiation (AMY does that
correctly) or rare hard radiation (AMY is incomplete for this)?

o For jet energy loss, multiple soft radiation is more important
because the initial spectrum is steeply falling.
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Thermal vs. Static medium

@ Medium = static scattering centers — Gyulassy, Wang, BDMPS,
GLV, Wiedemann, Kovner, Salgado, ...
e Medium is characterized by § = 112/ and the color representation
of the scatterers.
e Vacuum radiation (‘energy loss’) can be included.
o Uses Poisson ansatz to do real time calc.
@ Dynamic thermal medium — AMY, Jeon, Moore, Turbide, Gale, ...
e Thermal quarks and gluons
e Use kinetic theory to do real time calc - A bit easier to include
medium expansion
@ In both cases, medium expansion must be independently
modeled.
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(3+1)-D relativistic hydrodynamics (Nonaka & Bass)

@ Based on conservation laws: 9, T*” = 0,0,j* = 0.

@ Forideal fluid, T"" = (e + p)UFU” — pg"”, j* = ngU*.

@ EOS: Bag model + Hadron with extended volume

@ Initial conditions: e(x, y,n) = emax W (X, y; b)H(n),
ns(X, ¥,n) = Nemax W(X, y; b)H(n)

initial energy densi ity b=2.4fm
40 | initi By y

BN w s
1locod5

N

€(GeV/fnt)

@ Particle spectra: Cooper-Frye Formula

dN,' / gi 1
E—— = -d
B~ S P @B expl(p- U— )/ T £ 1
Nonaka and Bass, Phys.Rev.C75:014902,2007
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Evolution of a single jet at RHIC

@ The final momentum distribution P(E, t;) of a single quark jet after
passing through RHIC medium (b = 2.4 fm)

0.5 T T T T T
— total
- — radiative
0.4 E :%6 GeV -—- collisional| 7]
I- E =30|GeV
N Ry
0.3 " N 7
@ !
x
0.2 7
0.1+ 7
OO - 10 40

E @)

@ Medium described by (3+1)D ideal hydrodynamics.
@ The jet starts at the center and propagates in plane.
@ Jet energy loss turned off in hadronic phase.
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Averaged energy loss of a single jet at RHIC

@ The averaged energy loss of a quark jet after passing through
RHIC medium (b = 2.4 fm)

71—
[ |— total
101 |— - radiative
| | — collisional

8

<AE> (GeV)
(o))

% ‘ 0 15 20 2 %
E, (Gev)
@ Averaged energy: (E) = [ dEEP(E)/ [ dEP(E)

Qin et al., arXiv:0710.0605 [hep-ph], PRC, in press, arXiv:0705.2575 [hep-ph]
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Pion Production

dNAA <Nc011>
L > /andeQA(Xa,Q)QA(Xb,Q)

n abecd

dU — Dﬁo (27 Q)
% Kie a+dbt c+d /;Z

with D0 +(2, Q) = / @?r P(r1)Dyo,e(2,Q,r1,n), and

D7TO/C(27 Qv ry, n) =

Z/
/ dp;— (Pagclpri pii A1) Drojo(Z', Q) + Posolpri pis At) Do ol Q) )
with z = pr/p; and Z' = pr/py.
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R4 at RHIC - 79 - Radiation only

‘ T ‘ \ ‘ T ‘
| AutAu @ s*=200 GeV
0.8 Central 7’ (0-10%)  _° FHENX™ -
—-—= 0=03

06 94(@—q+g—>T

<
M<047 bt
.7 ] S B
02 tiyt ;
O 2 4 6. 8 10 12
pT(GeV/c)

T; = 370MeV, dN/dy = 1260. 1-D Bjorken expansion.

Best g = 0.33 s.Turbide, C.Gale, S.J. and G.Moore, PRC72:014906,2005
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Raa at RHIC — 7 - Full
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@ total, rad, coll
@ Strong coupling as tuned from 0.33 to 0.27
Qin et al., arXiv:0710.0605 [hep-ph], PRC, in press, arXiv:0705.2575 [hep-ph]
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Raa vs. reaction plane at RHIC

@ Ry for 79 in plane and out of plane at RHIC (different b)

04 " T i T i T i T
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@ Jets propagating out of plane (¢ = 7/2) are suppressed more
than in plane (¢ = 0)
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PHENIX data from QMO06 (Pantuev’s talk)

The results:

PHENIX Run2, nucl-ex/0611007, submitted PRC
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- For peripheral bins no suppression in plane, while a factor ~2 out of plane 13
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Summary
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@ Calculated Jet Quenching with radiational and collisional energy
loss
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@ Calculated Jet Quenching with radiational and collisional energy
loss

@ Dynamic medium - 3+1 D Hydro Evolution included
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@ Calculated Jet Quenching with radiational and collisional energy
loss

@ Dynamic medium - 3+1 D Hydro Evolution included

@ Best we can do using perturbative results (We keep track of
radiated gluons as well)
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@ Calculated Jet Quenching with radiational and collisional energy
loss

@ Dynamic medium - 3+1 D Hydro Evolution included

@ Best we can do using perturbative results (We keep track of
radiated gluons as well)

@ Ry is still flat
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Calculated Jet Quenching with radiational and collisional energy
loss

Dynamic medium - 3+1 D Hydro Evolution included

Best we can do using perturbative results (We keep track of
radiated gluons as well)

Ran is still flat
Raa(¢) needs more work
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Calculated Jet Quenching with radiational and collisional energy
loss

@ Dynamic medium - 3+1 D Hydro Evolution included

@ Best we can do using perturbative results (We keep track of
radiated gluons as well)

@ Ry is still flat
@ Raa(¢) needs more work

@ Radiational part plays bigger role, but collisional part not
negligible.
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Calculated Jet Quenching with radiational and collisional energy
loss

@ Dynamic medium - 3+1 D Hydro Evolution included

@ Best we can do using perturbative results (We keep track of
radiated gluons as well)

@ Rpp is still flat

@ Raa(¢) needs more work

@ Radiational part plays bigger role, but collisional part not
negligible.

@ Best fit ag reduced by 10 %
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Calculated Jet Quenching with radiational and collisional energy
loss

@ Dynamic medium - 3+1 D Hydro Evolution included

@ Best we can do using perturbative results (We keep track of
radiated gluons as well)

@ Ry is still flat
@ Raa(¢) needs more work

@ Radiational part plays bigger role, but collisional part not
negligible.

@ Best fit ag reduced by 10 %

@ Photon spectra + Photon tagged jets in prepration (G. Qin)
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Came a long way from here...
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QM 02, Jeon, Jalilian-Marian, Sarcevic. Rob’s summary.
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