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Jet Quenching at RHIC - 1

Light Quarks
Jet Quenching in A-A studied primarily using the

nuclear modification factor.
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Vitev, arXiv:nucl-th/0603010

Note that only radiative energy loss used
with fixed path length.
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Jet Quenching at RHIC - II

Heavy Quarks
WO * Electrons from B/D decays
1 PHENIX preliminary dN,/dy = 1000
o Rl it | < Radiative Energy Loss using
| "DGLYV (both ¢ + b)
— 0.6 — —
E » Radiative + Collisional +
“ o4 1T - Geometry (both ¢ +b)
0.2 |1 _*Radiative + Collisional +
1 Geometry (only ¢)
0.0 — r - 1 - ! 1 - 1 1 =% , | , | 4

 Other approaches use
Wicks et al. arXiv:nucl-th/0512076 “fragility” and large q ( AWS)
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Adding Collisional a la WHDG

Pros Cons

* Elastic non negligible for ~ « Neglect finite time
RHIC Physics (Mustafa : C e
corrections (Djordjevic,

etc.) | .

- Elastic “causes” radiative Peigne et al., Adil et al )
energy loss, include for » Use simplified
self consistency

diffusion to model

« Different energy loss collisional energy loss

mechanisms have different

dependence on density, fluctuations, not valid
energy, path length for small number of
collisions
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Finite Time Effects

6/22/2007 RHIC AGS User's Meeting 2007



Calculations for Collisional Energy Loss

QFT 2 ->2 Linear Response
* Energy Loss as an integral over * Energy Loss as Joule Work
elastic collision cross-section done by ‘induced’ electric field
I " ] on particle
d M@ T d
e e (X ’Lnd ..j
dx

* Main Calculations
— Bjorken, 1982 (First estimate) * Main Calculations

— Braaten & Thoma, 1991 — Thoma & Gyulassy, 1991
(screening and 2 -> 2 processes (First consistent inclusion of
at high energy) screening)
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Energy Loss Calculation

» Use current of one particle

0.5 X .
—Fulq~T traveling at (E,p)
p 3 jorken
0.4 N
/ N —— Thoma — Gyulassy ey R N | Y Iy _
| Y. —— Braaten — Thoma .f_:t-.[ll}[x'-t) —qgqgv !.)J[}{ Vf}
0.3} [ ---Fullg~3T

jiif_l}(w, k) =2rq¢"v"d(w — k- v).

-AE/E

* Energy Loss is

dE Crag k-v /1 k2u? — (k- v)?
—-— = —i — [ dk—— | — — —= -

dux v2m? k2 \eg k2—(k-v)2ey
20 25 a0 .

"0 5 10 15
p (GeV)

Integral can be done analytically in Leading Logarithm approx.

dE C‘F g g "i‘jJ Lo
) — = ——mplog ( ) flv)

Note that all previous results are dix 2 mp
presented in leading logarithm S S S PR N 5 e
flv) =(v—3 (1 —v7)log T

approximation.
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But Wait...

* The current used in the previous calculation 1s
“infinite time”, 1.e. forever live 1n a plasma of
infinite spacetlme extent  °

» Experimental jets are produced at finite time
inside the medium, say att =0 I
t=0

@)

@)

* There must be “retardation” effects, a time delay
to set up the induced field
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Accounting for the Retardation

f
!

QFT2->2 Linear Response
 Work done by Magdalena  Work done by S. Peigne et al.,
Djordjevic, 2006. 2005.
Hint = —igO(t — to)O(L/v — (t —tg))  Jioy(x:1) = ¢"(vy0(x — vat) — vy d(x — v2t))O(¢).
X dg.’lr} ; “u.Al b - Ll o .H!“ .{I'f
/ : o ﬁt : : JEEJ(M.k) . ( - k- ‘lv +in w-k ; + f-rf)
« Interaction Hamiltonian adjusted to “ L 2T
give interaction only for a finite « The current used is adjusted in
time order to take the into account that

the particle 1s not created at t = -oo
« V, =0 for ease of calculation
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PROBLEM

CHARM

length

-0.05

-0.10
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!

!

!

!

Significant Difference in the
calculations for the retardation

* Peigne et al. ‘05 include

e creation radiation
* 2 particle binding

p=10GeV
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Removing oranges from apples

P

O

Radiative Binding

AE ~ jf(wﬂ k)DR(wa k)(Jl (Lu', k) + jZ(Wa k))

/

Dy propagates modes with a
radiative dispersion relation,
need to be removed

Terms that go like j,*Dy J, are
obviously due to interactions
between particles as opposed
to energy loss due to a plasma
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-AE (GeV)

The Binding Effect

: ————  Look at finite time current

—1 Particle (Infinite Time)

3.5 2 Particle w/ binding subtraction _,
2 Particle w/o binding subtraction s n N {,F"
3| = =1 Particle Finite Time + Radiative o~ o (, k) _ _“ il 1 o
- Jig\w, K) =1q |~ —
25 E=10GeV - w—k-vi+in w-k-va+in

(

sy
(%3]

A—_ Schematically write energy loss

—

0] \\ 71 (Dnl{:'d Dtap)(j (f.b' _I_ 72% )
0 2 4 L (fm) 6 8 10
* The remaining answer 1s much
Note that black line still closer to infinite time
includes radiative * Peigne previous large
effects suppression 1s due to this

binding with v, =0
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The Result

E=10 GeV =15 GeV E =20 GeV
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0.8 = = =Finite Current (Total) 0.8 0.8
== Finite Current (Temp) :\\
0.6(a - = = Finite Current (Norm) 0.6 08)y'*,
_ 1~ = — 1
E s E E _;'l S ST T T
= 0.4 e e = 0.4 R i e i e il | = 0‘4“"- -
@ n- ] Jiv} N
S o2t S o2 S o2 ",
> 1 - x _é l
E § ~ E = ] . -
g o ~mmimmimim i o e g 0] T
-0.2 =0.2 -0.2
i
-0.4 -0.4 -0.4
-0.6 -0.6 -0.6
2 4 6 8 10 4 6 8 10 0 2 4 6 8 10
L (fm) L (fm) L (fm)
E=10 GeV E =15 GeV E =20 GeV
5 5 5
Infinite Current
- - - Finite Current (Total) 2]
atl - o e 4 4 V<
Finite Current (Temp) A Vsl
= = = Finite Current (Norm) ,”r ’ p .’
— gy ', —
2 > 3 / 23 ol
g g 3 ’ g ’
w > .7 > .’
- <2 P <2 P
| 1 ’1 | ot
’ ’
- % 4
td r ’
1 7 1 LA
& #
o A I P
0 - - - 0 - -
0 2 4 6 8 10 0 2 4 6 8 10
L (fm) L (fm)

Collisional Energy Loss after Retardation ~ Infinite Case
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Collisional Fluctuations
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The Formalism

Similar treatment to:
Moore & Teaney Phys.Rev.C71:064904,2005
Djordjevic Phys.Rev.C74:064907,2006
Arnold, Moore, Yaffe JHEP 0305:051,2003

Massive jet, massless medium

AN 11 p+y/ (wtE)2—M?2 00 o ’
! / dq[ )dk/o dox (| M|2n(k) (1 £ n(k))

dw EQE(ZW)ZI p—/ (w+E)2—M?2| (g+w

(IM?) = 4g"kcr (p”p“’ + P+ (MP — p-p’)g““’) D, (q) D} (q) (k‘”k”” + KK 4+ (m? — k-k’)gv”’)
Adapted from Wicks, LHC Last Call o wag — KD
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dN/dap (Gev™)

dN/dap (GeV™)
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The Distributions

Single Collision / Radiation
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u,d quark

L = 5.25fm
u5=0.3
p=5GaY
p=10GeV
p=20GeV
p =50 GeV

0 5 10
Ap (GeV)
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Adapted from Wicks, LHC Last Call
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135

L S B B B B L B 1.0 ' I ' I N .fd;.r 000
1 STAR =
- () PHENIX preliminary dN/dy = 1000 L A PHENIX Y, =05 |
A PHENIX &, =W — Collisional only
0.8 — Collisional only — 0.8+ — Radiative only -
— Radiative only — Radiative + collisional
- = Radiative + collisional 1 - ]
B 1 F.el
0.6 = 0.6
o
i - | i
£
0.4 - 8 04 =
L
0.2 0.2}
n.ﬂ 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 1 1
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Adapted from Wicks, LHC Last Call
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In-Medium Dissociation
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1.0 7 T T T T T | T
O STAR .
| % i dN /dy=1000 |
0.8
=
06 : . .
o Even with the inclusion
s of collisional energy loss
5] . .
£ 04 and geometric fluctuations,
I we still don’t seem to be
s, doing enough
0.0,
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The Idea of Meson Dissociation

« Assumption has always been free quark energy loss followed by
hadronization

— Good for light quarks but not for heavies
— Formation time of D meson ~ 1 fm but Pion ~ 10 fm

« Heavy meson tries to form in medium

* Model using coupled rate equations

Oy fi(p; t) = — — f'i(p, t) + / dz

* Dissociation calculated using multiple collision formalism with meson
wave functions

Dissociation
Formation Quarks get kicks from medium .

D;_.;(2)
2

7 (p, t)

Tdiss(2) z
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Slide from Ivan Vitev, QM 2006

‘ Conceptually Different Approach

* Problem: treated in the same way as light quarks!

M? k2 o2
+ Q i sk T+ M,
[p Fﬂ} [H;J R P .k‘

Hadron o -
Parton 2 kl"“hgw +[{1—:}p 5T = 2

+
p ", (1-2)p*
» B
= D
Ayt = i _ 22(1 — 2)p*
)  Ap~ k2 4 (1 — :]nm'_if —z(1 - :]ﬂf':j
Ayt
Tform = I%H‘i- . .-'-j{_} =4 i—q T_r"(pf =10 GeV)
Y “ T D B

10fm 1.0fm 0.35fm

» Fragmentation and dissociation of hadrons from heavy inside the QGP



Slide from Ivan Vitev, QM 2006

Lightcone Wave Function

D Meson B Meson
a0, i P i, 150,
ARy &Ry !
ol i 1 fod bl oA
- 3 80
: &
- &

HIP-P _#_FIJI.HF kJ_

1.—’.1

'L|.-” lrr+ E:/-
n= i=1
w 8 (i_r,f"" .-”‘+)fi"! (t ki i+ 2P P_L)

l|=| l=]

< 0k, x)ky + 2Py, 2 P

dq/m ()
S. Brodsky, Acta Phys. Polonica B (2003)
S. Brodsky, Phys.Rev.D (2002)

6/22/2007

* The momentum distribution

YK, Ak; x,my, ,”2];‘.!

ﬂk? -I-'iih?L l=m r-'-lr--g;
4zl —=)A

) =
= Norm©“e

«6%(K)

- PDFs

/cfz.-lkd"'K (K, Ak: 2, my, ma)*

m?ll—:l-l-ma.r

{l—=)A4

Norm?47wz(1 — z)A2e”
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Collisional Dissociation of Mesons

* Direct and virtual interactions

@il

o<

Jq

i L] "
paia| | H | |
L]
|| i H
) . 1
| : g S aa
I g = e
I ieny [t | f
: Wy |. L
| _— L& -
| i@ "[ | I ]
i
I I L |I :
1 ’ Y ;
1 N atmker - =

M, _(K.k) {, ~ VK o= VK ¢ (. =0 Vig=n Vi o o Hn Vit a Vi | o= 0 Vi 40V | 490 Vi =an -Tk)

i (l | — e=290 Vi p+0, Ty -*”""":'“*'_m“ﬂ)‘""'r._;l.li.k#

* Final state wave function

2

3 d’k d’K 2
bel(k. K¢ = - = E—:b-kf—}.p EB
1708 STy et

—iB-K F—f|2|\j|E£+_rr 1—x)A?)

KE
2 K2
:} {-u_.i-:.f_.:? {h_il'.d.-.z.“—-—-rll—rh'izl‘
Ay p2€ An(x p2€ + (1 — x)A2)
» Resummed all interactions above (L/A enhanced) Slide from Ivan Vitev, QM 2006
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Survival and Dissociations Probabilities

Simple two component system :
Wy=Wy
o=ay,+(b Wy

Survival probability:
RE =| a |2 1“., |:1||L ..E;” = ‘I/ hlll-k-l'!r.l" f.“l}{k]'f. '“{k}

?n%[l—r}-l-m%m

— ‘/d:r Norm?4mz(l —z)A%e ~ =(-=A2

__/L y [ 2.\/:1:(1_:3}1-‘12\/}:#2{5_]_:5(1_:3)&2
VoA —0RZ + /xp%€ + 21 —2)AZ

Dissociation probability:
Fa(pr.mg,t) =1 — P,(pr,mg,t)
Slide from Ivan Vitev, QM 2006
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Slide from Ivan Vitev, QM 2006

Rate Equations

* Notation and in intial conditions

1™ (¢ do .~
POlpr.t) = L Qpp ¢ =0) = LR
' dyd-pr ; dyd=py
H | o
H do™ (t) H - = —In Py(pr.ma.t)
Fiorit) = g o £ (prit = 0) =0, Tamlor 0)) Ot O SWPT.MQ

{TE;_.]-".“J']' 3 f}: = Z / e J'IJH' .-"I‘:dl{ 2 ]Tj'm-ml: 2, P17, Hh_'r,r. f}l
; i
» Coupled ordinary differential equations

1
Bef(pr.t) = { -fY(pr.t) < Loss term
(Trorm(PT, 1))
1 fl 1z = (z)fH (pr/z,t)
3 ar =s@Q/H\T w/lx,
':Tllih'\{ﬁ'f'l.{.f-', f:l- 0 = ‘1-". H ! T/

1
i pr.t) = - M(pr.t)

(Taiss(PT. 1)) Gain term
T ) d: =Dy ,q(2) f~(pr/z.t)
.'I " “ =

{Tiorm Hﬂ"f z. 1

=
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Slide from Ivan Vitev, QM 2006

Quenching of Non-Photonic Electrons

« PYTHIA used to decay all B- and AR LY., PLE 649, 139148
D-mesons / baryons into (e*+e’) — — ]

N e sitect 1 0.5(e’+e), QGP dissociation & = 2-3
1+ ® PHENIX 0.5(e"+e’), 0-10% Au+Au ]
B STAR0.5(e'+&), 0-5% Au+Au
I 4 STARO0.5(e'+e), 0-12% Au+Au
* Suppression R,,(p;) ~ 0.25is 0.8[ .
large < ;.‘
=06 * i
s I P * ]
X X ‘
0.4 AN ++~ L . .
.. . 0 I -_ﬁ_+__.__;—— ] R
« Similar to light 7z~, however, 0o H' + +.
different physics mechanism ' +
Central Au+Au .
. . j | i | | 1 j | ]
* B-mesons are included. They give % 2 4 ?3 y 8 10 12
a major contribution to (e*+e") P [GeV]

Predictions also made for Cu+Cu (RHIC) and Pb+Pb (LHC)
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Conclusions - Finite Time Coll

* Must always be careful and compare apples to apples

— We did a complete and careful calculation of collisional energy
loss

— After removal of radiative and unrealistic binding effects two
different calculations give very similar results making collisional
energy loss a viable component

« The binding effect is real (but not simple singlet)

— Jets are created back to back and their interactions is part of the p-p
process and leads to induced energy loss

— Need to calculate and include binding effect for v, # 0 and a more
realistic charge correlation

— Maybe helpful for v, at moderate p?
 Finite time calculation in expanding medium
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Conclusion - Collisional
Fluctuations

* Fluctuations of all Sorts are Important
— Geometric fluctuations matter, no fixed lengths

— Collisional fluctuations are important and non
Gaussian.

— Not a simple drag-diffusion process.

 Significant Remaining Uncertainties

— Value of o / Running (Vitev, Peshier ...)
— Interference b/w Radiative/Collisional, Poisson

6/22/2007 RHIC AGS User's Meeting 2007
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Conclusions - Dissociation

* The vacuum fragmentation approximation is not as good
for heavy quarks as 1t 1s for light quarks

* One can get large energy loss due to repeated dissociation
and fragmentation of hadrons
— Energy loss comes from the peaking of wavefunctions in ‘x’

* Bottom quark quenched at the same level as charm quark
— This 1s a unique signature of the process
— pr Dependence of Energy Loss also a good discriminator

* Need to implement further details
— Accompanied partonic energy loss
— Geometric fluctuations

6/22/2007 RHIC AGS User's Meeting 2007
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Linear Response Formulation

dE Cdwdk o evi L G° . . .
) @it (o W"hi_," - Ef,4(w, k) «——Joule Heating (Fourier Space)
E* = Di(w.k)(1 — kk)j* + kDL (w, k);j Solutions of Macro/Vacuum
E’ = Dp(w k)(wj* — kj*) Maxwell (Abelianized QCD)
—A4m
Dr(w, k) = (w+in)2 — k2 \
y Vacuum Propagator
Dg(w,k) = - ~
rlw, k) = 55— Ctilalwtink Trans.vers.e Medlum Propagator
Lok Armi — Longitudinal Medium Propagator
)plw, = «
Drlw. k) ke(w + in, k)
1 (w, k 11 (w, k) :
e1(w, k) =1- L 5 ) €| (w, k) =1+ HT Electric Permittivities
w y
o [fW\?2 w? — k? w+ k )
IT, (w, k) = %-mi} (:’{_) (1 G : log ( i i))
| - o > HTL Self Energies
o w w+ k
Ij(w,k) = mp|1— —log | —— -
2k w—k ) 5 5 Np
m7, = drasT(1 + ?)
6/22/2007 RHIC AGS User's Meeting 2007 32



Is the Current Correct?

* The actual current should be one modeling a 2 -> 2
process. (Very complicated!!)

g = O(t) (¢fv]d(x — vit) + q5v5d(x — vot — b))
+0O(—t) (ql‘lv;’["’ﬁ(x —vit) + qé‘v;“c?(x — vht — b))
* Averaging over the initial colors of the incoming partons
drops interactions to zero
* Enhanced in Peigne current due to

- v,=0
— Exactly anti correlated charge

6/22/2007 RHIC AGS User's Meeting 2007
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- AE (GeV)

—dE/dx (GeV/m)

+
o

I

w
o

L]

M
tn

P

—
o

1.5

== Two Particle w/ binding subtraction

The Binding Effect - 1

= = =Two Particle w/o binding subtraction

— One particle L

E =10 GeV P

2 4 6 8

== Binding Difference

E=10GeV

——Vacuum Binding Energy Loss
= = =-Medium Binding Energy Loss

First look at infinite time with two
particles

- ®

= 2mq" (§(w —k-v) —d(w))
vi(w—k-v)

1{:35(.2;(“’ k)
] Jm(ﬁj(""";k} — 2T—f

10
° T\Tn‘rp the ciinnreccinn 1n the enerov Incc

(DR = D) (1(w, k) + ja(w, k)

4

Enh -
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Radiative Effects : Vacuum Singularity Structure

W = / dtdxj”(x,t) - E“(x, 1)
' Total Work Done on Current

dwdk ., .

H___/' dodk ol B+ ) — ki 0) Work Done by self
— ) ept L IR Electric Field

— 41
JI_JHI:L;J‘k:} = 1”'#( : ) ‘|‘J'_J-,.mir(|;,d‘k;|-

w? — k2
-'1, > ] ] @] @]
Dyua(w.k) = —%({}(w k) — (k) —
- cdk TR P kD) .
Wraa = — [ il + " = 50750 + 550} Energy Lost to Creation
dk L Radiation Included in
= — | 7=l .
J Am our Calculation
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Radiative Effects : Medium Singularity Structure

1.6
wt T = 250 MeV
1.4 N =0 irrent
F
W o Black w = k
Blue w = m;m}
D3 (4 1 Loy
. Hed w = L'JjI{HJ
I <
¢y 0.8 o
‘Uflt(“' =
0.6
i
0.4
l:‘.’::.l'T?-f 0.21 .
ation
Al 0 ; lium.
Mo 0 0.25 0.5 0.75 1 1.25 1.5
k (GeV)
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—dE/dx (GeV/m)

By the way ... Ter-Mikaeliyan Effect

- = Longitudinal Plasmon Radiation o S e —E =10 GeV
- = = Transverse Plasmon Radiation 0.35 ¢ S ---E=15GeV||
1.5 —— Vacuum Photon Radiation F T - = E =20 GeV
’ —— Radiative Ter—Mikaeliyan 0.3 i T T = |
' ,
y E =10 GeV
0.5
0
3% 2 4 6 8 10
L (fm) L (fm)

» The Radiative Energy Loss enters our calculation as medium
- vacuum

 The difference between creation radiation in the medium
with respect to the vacuum 1s the Ter-Mikaeliyan effect

e First studied in QCD by Djordjevic et al. We need to

subtract this from our calculations
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Subtracting the Radiative Effects

f_:"jf(i,d,l{:l' — f_:"jf(wk} — f_;’_;fl (wk} -+ J’_J_;1 (u.}k:l
= D_(w,k)+ Dj(w, k)

U_(wkii = _l’[_JI.f‘(wk:I — .U_i(l.,dk:l o

= —— (§(w—k)— 6(w+k))

DX (w,k) = A*(w,k)+ 2D;, 4(w. k)
. riod )
2m2m2w?(w? — k?)0(k + w)O(k — w)
k3(k? — w? + I0 (&) (k2 — w? + II (272))

k
Dl (w, k) = Al(w,k) +2D! (w, k) o o
—4m?mAwO (k + w)O(k — w)

(k2 + 0 (<F2)) (k2 + 11 (45*2))

Isolates pole structure and one radiative pole can be removed
Advanced Green Function is easily contour integrated over
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Predicting LHC

LHC

RHIC
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Predicting LHC

RHIC

LH

C
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Predicting -
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D- and B-meson Suppression

1

T 'I' T 'I' T

5" g = 200 GV

* Note the different p; dependence
of B versus D quenching 0.75

= B4D mesons+baryons
— B mesons+baryons
D mesons+baryons

» Effective energy loss (depends
on the slope of the spectra) [\ ANouwer==—-—=1

™ Cantral AusAu ot RHIC (dN%dy = 1175) [° Central CusCu at RHIC (dN%dy = 350)

* Critical: finite 7,=0.6 fm | |

formation time to develop
density and momentum transfers

8", = 5500 GeV

«— [

[ Certral Pb+Pb at LHC (dN'/dy = 20000 [© Central Pb+Pb at LHG (dNdy = 3500)

ﬂ 1 I. L I. 1 1 I. 1 I. 1
0 10 20 0 10 20 30

p; [GeV] o, [GeV]
Slide from Ivan Vitev, QM 2006
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* Predictions for Cu+Cu and the LHC



