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Jets: New Opportunity at RHIC, LHC

n= ZnE JE,
= Z¢E

R = \/(n_njet) +(¢_¢jet)2




Measurements Become Feasible

= Seen at RHIC, developed by ATLAS
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Theory of NLO Jet Cross Sections
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= Theoretical subtleties — the meaning of NLO for
jets is K=NLO/LO can be < 1

Ellis, Soper, Kuntz (1996)



Analytic “Jet Finders”

» Cone algorithms: not infrared and i
collinear safe

Rij = /(i = m;)* + (6 — 6;)%. Parton merging parameter
» Midpoint cone algorithms
* K; algorithm: preferred, collinear and

infrared safe to all orders in PQCD Reom = min(R.,R, SR R)
di; = min(Er, Br;)?R% (~ min(E;, E;)?6% ~ k3 )
dy = E7,R*. min{d;; } < min{d;;}, merge « Midpoint cone R, =2
Ellis, S.D. et al. (1993)
« “Seedless” cone algorithm: practically * Cone I<R,, <2
infrared safe K B ~
* Anti-K; algorithm: “round” jets T D=R, R, =1

Salam, G. et al. (2007,2008) Soper, D. et al. (1996)



Comparison to Data
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Intra-Jet Energy Flow

= More detailed calculation related to vacuum
and medium-induced parton splitting

QCD splitting kernel Ty (riR) = > (E)iO®(r — (Rjer)s)
T Y (Er)i©(R - (Rjet)i)
Seymour, M.H. (1997) b R) = AU (r; R)
a Y dr '
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Elements of the Jet Shape

C s 2 1 - min 3 .
Py(r) = ;: - (210 ; -3 [(1-2)*- z?m-n]) , Jet cross sections are
sensitive to the leading
C s 2 ]._ min ].]. Z Z2 . .
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Power Correction and IS Radiation

Ypc(r) _, 1 Qo

2CR 2 ey (QOa kmzn) = @/ dk Ozs(k')
= (O‘_‘)'(QO’kmm) — oy () —2foas (1) (1 +log &)) o

2CR 2 kmin @' (2GeV,0) = 0.52 . ay’ (3GeV,0) = 0.42
t S vy (“s(ﬂ) #2ta () (14105 7))

non-perturbative scale Q.
Rcone




Theory vs Tevatron Data

Vs = 1960 GeV
) = )
Yeon(r) (P(r) = 1) +¥Lo(r) + Yiro(r) =
+pce(r) + vipe(r) .

IV, Wicks, Zhang (2008)
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| Predictions for the Shape at LHC
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Medium-Induced Radiation: Theory

. Ja) TA A ) T
=D.'D,+V, +V,

Number of scatterings = Momentum transfers

. L) I

. e &G [y S dhz ¢, (1 do,
Sk E;k dkd’k, _21 7 [HL A(z) qu[ a’q = (ql)ﬂ
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LPM Effect and the Medium-Induced
- Jet Shape

e
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du IV, (2005)
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¢ Energy Loss Distribution

o Jet axis
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Jet Cross sections in HIC

AA min 1 NN R min
o (R,w ) =/ de qu,g (6) 1 i 4.9 ( :w )
d? Epdy e=0 . (I—=(1—fqg) -6 d? Efpdy

= Only a fraction fof the lost energy falls AFEraq {(0, R); (™™, E)}
. ra y ) ?

inside the cone and above the f=

acceptance cut: AEraq{(0, R>); (0, E)}
= Higher energy needed due to energy

loss E* Ep=FEr/(1—(1—fq4)-¢)
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IV, Wicks, Zhang (2008, 2009)
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Raa VS Centrality
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R, € vs RMX and @

IV, Wicks, Zhang (2008)
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The Full Jet Shape in the QGP (I)
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The Full Jet Shape in the QGP(II)
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Jets in Au+Au Collisions

liminates p+p jet effects. . Reference calculation of
Includes initial state effects leading particle quenching
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Cu+Cu Collisions at RHIC

= Alternative measures
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Conclusions




Experimental Extraction

T. Trainor et al. (2007) S. Adler et al. (2006)
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What Do I Think About

Final Words of Warning

[...] The Monte Carlo simulation has become the major means of visual-
ization of not only detector performance but also of physics phenomena.
So far so good. But it often happens that the physics simulations provided
by the Monte Carlo generators carry the authority of data itself. They look
like data and feel like data, and if one is not careful they are accepted as
if they were data.
[...] | am prepared to believe that the computer-literate generation (of
which | am a little too old to be a member) is in principle no less compe-
tent and in fact benefit older generation by havmg
arvelous tools. They do allow one to look at, indeed vis he
problems in new ways. But | also fear a kind of “terminal illness”, perhaps
traceable to the influence of television at an early age. There the way one
learns is simply to passively stare into a screen and wait for the truth to
be delivered. A number of physicists nowadays seem to do just this.

J.D. Bjorken

from a talk given at the 75th anniversary celebration of the Max-Planck Institute of Physics, Munich,
Germany, December 10th, 1992. As quoted in: Beam Line, Winter 1992, Vol. 22, No. 4

With four parameters I can fit an elephant, and
with five I can make him wiggle his trunk
J. von Neumann




Heavy Flavor
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Outline of this Talk

With four parameters I can fit an
elephant, and with five I can make
him wiggle his trunk

J. von Neumann



Double Differential Jet Shape

PUpea (R 1 dI%(w = 2Eju,7)
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he Space-Time Picture of Hadronization

Lund formation length
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Collisional Dissociation of D / B Mesons

An alternative Simultaneous fragmentation and

dissociation call for solving a system
D-'mesons, B-rglesgn.s Dig of coupled equations
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But How is This Possible ...?

Coulomb Linear

1 4 _
V=—5;,5=§05s S=br

Avila (1994)
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PDFsand FFsatT # 0

* Light cone gauge A*=0 , 0<x<1 Adil, IV (2007)
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Assumptions, Assumptions ...

M STAR Cu+Cu 0-60%/ STAR p+p
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“Instant” Approximation
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Solving the problem
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Numerical Results
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Discussion of Results

STAR preliminary

radiative
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The Role of LHC
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‘ Conclusions
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Gluon Feedback to Single Inclusives

1 I 1 I ] I 1
B ——  dN%dy = 1175 with gluon feedback T
0.5 — ng/dy = 1175 without gluon feedback ™
- B PHENIX prelim. z° in 0-10% Au+Au
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0.1+ v 717
| '~ 200 GeV Below participant scaling _
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L) 1 L) 1 L)
—  dN%dy = 2000 with(out) gluon feedback
——  dN%dy = 3000 with(out) gluon feedback
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Oulline of the Talk

et tomography of the QGP
. Jet quenching for light hadrons, QGP tomography
. The heavy quark puzzle at RHIC. A space-time picture of hadronization

Collisional dissociation of hadrons in dense QCD matter

. Dissociation: new approach to D- and B-mesons suppression in the QGP

. Light-front quantization and light-front wave-functions

. Possibilities to calculate parton distribution functions and fragmentation
functions

. Evaluating the medium modification of heavy quark fragmentation

Phenomenological results

. Heavy hadron cross sections and correlations
. Solving the rate equations and relative meson suppression in Cu+Cu
. Results for decay electrons and caveats

Summary and outlook

Talk based upon: R.Sharma, I.Vitey, in preparation
A.Adil, I.Vitev, Phys. Lett. B649 (2007)
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Calculating the Meson Wave
Function

fivistic Dirac equation Cou'olmb ) Linear
pus 325 _m Vet é=Ta S=br
T o2M, M, NS j=1+1/2 r 3 _
T T i=1-12 Reduces to:
2MQ MQ =
d k+1 b
Reduces to: —Gz—(g—V'+S'+m)F—( — )G
_ _ 5 5 dr r 2M
« Radial density:  p(r)~(F"+G")
dF (k-1 b o
—= - F+(e-V'-S-m)G
[150 ’S, } D".B°,D-D"D,... The*, .... Same for B LY )

D Meson

dP/2n dxk dk [GeV™]

K, [EeV)
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B Meson

Boost with large P* -end up at
the same longitudinal rapidity

Ak} +dm (1= x) + 4m (x)
4A*x(1-x)

‘ v (Ak ,x) ‘2 ~ Exp| -

M. Avila, Phys. Rev. D49 (1994)




Fragmentation Functions

J.-Collins, D. Soper, Nucl.Phys.B1 94 (1982)

T cone gauge A™=0, 0<z<1

dy_ l'PJ'/z)f1 1 y+ - + +\y77¢
DH/q(Z):ZJEe gTrcolorETrDira07<0 ,O)CIL(P )aH(P )ll/ (070) O>
L Y v
D (z)=zjdle”””'lTr 1T Ol (y 0)—+a T (P"a, (PHw*(0,0)0
H/q 271_ 3 color 2 Dlrac
+ Kinematically FFs at tree level do not exist S
except for Factorization
1 InQ* / A? dx, d’k, .
D Z) o< In
1—y w0 ) s M, 7 A 5 Jy F) ; “_1[ % (2 ,r)
Jffy (0} L L2 Ha ) ( x—lj [Zk sz 5(x¢ —y/2)
4) o
an / N° dx, d’ k.
Pg . a2 27cﬁ Yinm, 7 A7 Iy Fu) _2;3 “_1[ % (2 )

() Lk A Ha ) 5[;%_1]5(;@}% 5(x— v /2)

Remarkable connection between PDFs and FFs

pQ —pH

43




Modification Fragmentation
Functions

dy ey 1 1 A /\ + (\
DH,q(z)=sze i 5TrwlorETrDm?< W (.00, (P )a, (P (0,0)]0)
phase space density
1. Fragmentation of the partons, just from the QGP G.Nayak (2008)

Ay o). 1 1 . \
Dy (@) =2f5 " —TrmlmgTrD,-m% 0|y (v".0)a}, (P*)a, (P*)F*(0.0)[0)

| /7 NN

2 Thermal modification New solution for the wave function. As a
) function of time

3. Pure coalescence from the QGP Need to work out the Fiertz decomposition
factors

4. Corrections to the hard fragmentation Need to work also the pQCD vs thermal
rates
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edium Dissociation of Heavy

distribution:

AR

mlz(l—x)ergx
; .
w.(Ak, x| =[8(K,)]x| Norm®e #(-9% ¢ x(-on

o
. . o i )
Resum using GLV the multiple scattering in A 4 g
. 7 1| (E7 | I 421
impact parameter (B,b) space A e
I A A
= Ki 2 2 2 |
) ¢ 4)(”25 x(l_x)AZ 3 . Aki_ . _m]‘(l—x)+nzlzx
Ak ’ _ N 2 4(utE+x(1-x)A*) x(1-x)A
v 8k, 4xu’é X{ O e+ x(- DN ‘

- Heavy meson acoplanarity: <Ki>=2[
K, /
b

- Broadening (separation) the q g-bar pair:

2u2%€} Z[M% ]s jjz[zuza)%(l)é]dz

Ak, P

ll/f(AkJ-’x) = a¥y (Akl’x) + (1 N a)l//qc_l dissociated(AkJ-’x)
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eavy Quark Production and

orrelations

¢

T, k, 1
5
10 T T T T T T T
O pats"™=1.96Tev O BT ats"®-1.8Tev
10t O D ats"=1.96Tev O B ats"?=1.96Tev
% C PQCD,K=1-1.5 C PQCD,K=1-15
S 10°
o
L
g 10’
T
O
© 1
10
lyl <1
0 1
10 10 15 20
p, [GeV]
10"
o107
8 107
= 10"
E 10”
4 10°
"z 107
5 " s"? = 5500 GeV
S 10° y=0
10—]0 1 | 1 |
0 10 20 30 40 50
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* Fast convergence of the perturbative
series

* Possibility for novel studies of heavy
quark-triggered (D and B) jets: hadron
composition of associated yields

25 J | T | T | T | T | T | T |
. T l T l T T T T T
| D trigger 1000 — h'+h (q.9) |
- = D%D' (o)
g 2r o N
O o 1 ~
o i = i
.C\
)
“p 19 0.001 E~ N
o 0 02 04 06 08 1
=P z .
© total
“b do
T | —_———— e
s P
4] ///
L % 4
g 47 s = 5500 Gev
(a]
'ch 05F y,=Y,= —- Light hadrons  —
| pp, = 10 GeV y — Anti-D mesons
y
1 e -ﬁgl/ |
0 2 4 6 8 10 12 14



ed rate equations

a,fQ_<pT,t>=—<—1

Tﬁ)rm (pT 2 t)/

2(p,.t)

' <Td155(pr /X t) J x_q)Q/H(x)f (p, / x,t)

H __—1 )
9./ (p1)= i (pT’t)}f (P,s1)
1 1 1

i dz —D °(p /2,

<Tfm_m(pT/E,t)>-O[ 2 w1027 (pp ] 2,1)

» The asymptotic solution in the QGP -
sensitive to t,~0.6 fm and expansion
dynamics

- Features of energy loss (¥ <1, z<1)

* B-mesons as suppressed as D-mesons
at p~ 10 GeV at the LHC
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B,D,all

oA ————

eavy Meson Dissoclation at

0.9
0.8~
0.7

— B+D hadrons
— D hadrons
— B hadrons

0.5

[ ] oNyay=215-310 |

Mesons and Baryons

0.3
0.2
0.1F

1/2

Cu+Cu, 0-20%, s ~ =200 GeV

0

16

12
pr [GeV]
| |
— B+D hadrons =2-3 N
— D hadrons :
| [— B hadrons ng/dy =215

Mesons and Baryons |

Cu+Cu, 0-20%, s"* =200 GeV

p; [GeV]

12

16



Quienching of Non-Photonic Electrons

. semi-leptonic decays of C- and B-
mesons and baryons included. PDG
branching fractions and kinematics. —~ 0.8
PYTHIA event generator

do,’ /dvd’p,

I

- No nuclear effect

|
[ o0.5(e*+e), QGP dissociation & = 2-3
[ ] PHENIX 0.5(g"+e), 0-10% Au+Au
] STAR0.5(e"+e), 0-5% Au+Au
’ STAR0.5(e +e ), 0-12% Au+Au

RAAei (pT) = T 7
e 2
<Ncoll>d6pp /dyd pT |
10 12
GeV
e Similar to light 7750, however, different Py [GeV]
phySiCS meChanism - No nuclear effeclt I
1_ —
o B-meSOHS are iﬂClUded. They give a /-'\_0.8—- [ o/5(e”+e). QGP dissociation & = 2-3 ]
major contribution to (e*+e") % 0.6 i
=t l
Note on applicability .41 — Bt (W
D-, B-mesons to R,,(D)=R, (B) 0'2__ LHC central Pb+Pb, dN%dy = 3500 |
(e*+e”) to 25 GeV % 0 20 30
p; [GeV]
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Electron Suppression in Cu
+Cu

re recent relevance are the Non-photonic e R,, for CutCu 200 GeV, centrality 0-54%
results in Cu+Cu. Calculated for - .
several centralities, both mesons and ® 14[ i
electrons STAR preliminary
12r N
Ir ' T ' T ' ] 1:
0.9 I ng/dy =215, xi=2 Decay electrons B C
0.8~ — dN®%dy = 125, xi = 2 1 ok
Ol | == sz/dy =125, Xi = Effective geometry ]| l C '
Sosf — dN%dy = 215,xi=3 T 1 ok -
5 05F = -
e 1 o
0.3 < > i
021 - 0.2r b
0.1 Cu+Cu, 0-20%, 0-60% s =200 GeV -
I N | | | | | | | | | | | | | | |
0, ' ! ' i ' i 2 4 6 8 10
Py [GeV] J.Bielchick (2008) p, [GeVic]

« Main caveat: cylindrical geometry. While this is not very important
for radiative e-loss it is more important for dissociation (short
distance). Expect stronger centrality dependence.
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Cohclusions

Time dependence of fragmentation/hadronization in the spotlight
. The heavy quark puzzle at RHIC may require different solution than the
interaction strength

Collisional dissociation of hadrons in dense QCD matter
. Begin to understand from QCD the FFs and PDFs beyond global
analysis. Shifts the problem to the wave-function. HQ tractable
. Derived the theoretical results. Identified the sources of medium
modification of FFs

Phenomenological results
. Gave results in Cu+Cu directly comparable to previous Au+Au
calculations. Both mesons and electrons
. Found comparable suppression of light and heavy

To do list
. Carry the numerical implementation of the modification of the FFs
. Update calculations in Cu+Cu, estimate geometry effects
. Compare fragmentation/coalescence contributions calculated in this
approach
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Effects of Partial Chiral
Symmetry Restoration

— _ Kaon
W Dy, + 0y, p, + 4 10° : ;
SU(N)L X SU(N)R — SU(N)L+R 10° — — i Thi 170 MeV —
« Scale of chiral symmetry restoration g 10’ | :
- Includes approximately strange quarks m, < Ax <4rnf. i 10°
107 ;
Mass shifts ot
M (GeV)
Width broadening Phi meson
10° . | :
. - 10' — | T = 170 Mev —
Manifestation for baryons I B WS
2 10 E
10"
107 : ' :
0.5 1.5 25
M (GeV)

L. Holt, K.Haglin, J. Phys. G31, S245 (2005)
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‘L ComparingR,, to Theory

PHENIX Preliminary Data and PQM Theory ™ 1 : :
3 = PHENIX Preliminary Data and GLV Theory o 1 PHENIX Preliminary Data and WHDG Theory
—~ 1c L] Stat. and Sys. Both © 0.9 3 =
-] C . } - . Stat. and Sys. Both _ C
‘—3‘ 0 9: : ! s- - : g 0.9¢ L ] Stat. and Sys. Both
. - Q. E
& f To8 = 0.8F
= 0.8 Z .70 2 _F
2 3 ' E 0.7F
3 0.7 _g C g o
8 E s 08¢ 2 0.6F
< 0.6 g F [
a 0.5 o 0.5F
0.5 - TE
c 0.4 E
0.41 E 0-4E
0.3 0.3 03¢
0.2 0.2;_ 0.2;
0.1 0.1 \ 0.1-
E EA_I_I_I_ A Lﬂﬂmnmﬁmmmmm“._\, :I L1l | L1l L1l
0Oy 500 1000 1500 2000 2500 3000 3500 4000 00 500 100015002000250 004500
PQM Model ( § ) GLV dN/dy input WHDG dN/dy(g) input

6<(g)<24 GeV¥/fm  |1000< ™" /dy <2000 600< ™ /dy <1600
(Probability >10%) (Probability > 10%) (Probability > 10%)




“Disadvantages” of R,

Gyulassy-Levai-Vitev(GLV) formalism
Gyulassy, Levai, Vitev, NPB 594(2001)371

~ Po ng GeV
€EN 7‘07TR2 éyv €A = 0.16 fm3 .
~ 15— 20—
fm

= Advantage of R,, : providing useful information of the
hot/dense medium, with a simple physics picture.

= Disadvantage of R,,: unable to resolve the order of

magnitude systematic discrepancy in the extracted
medium properties.
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LPM Effect and the Medium-Induced

Jet Shape

AErad

= m(kT < W)LPM suppressed

LPM suppressed
J9

0,015"'i'l-l-l| crvol vl v vl vl 3
Final state E-loss —b Mq=OGeV
o 01F -8 Mq=1.SGeV
e. 0—0 Mq=4.5 GeV
‘a [ ya
T o0 &
0001- |||1|1u|11|n|ud |1||uu| [REm
00 100 10 10 10 10 10
 pReE,GeV]
08
0.6:
0.4l
[ / b
ozf 4 \
oo: 1] .
—ozl

1 10

drl9
dw (w ~ E)LPM suppressed

Gyulass-Levai-Vitev

dl9
~ (’l‘ < R)su ressed
dwdr PP
0.0IE 1 1 III|||I 1 1 I|||||I 1 1 Illllll 1 L L 1111l
§ Final state E-loss
5 0.1 E ) \'\./\ \\\
> F ~ RN
% i ) \'\"\i \\4
< 0.0l Quark jets W‘M
E Qp=m, =094 GeV "iu.k‘ i! 1y
0.001 1 1 III|||I 1 1 I|||||I 1 1 I|||||I 1 Ll 11l
10” 10° 107 107 10°
x=kK /p

100

1000

-5




%gnatures: Hard Probes

as(Q) o ln(%



Jets Cross Section in p+p

100 10000 ———— T

1 I I I I I I I I 1 l I ! I '
E 1 i . I : I . 1 a % \ T T T T T ?
) = 08 — pop.s=108Tev { 3 100 - . 1
_ 06} 11 - £ E
g : - 1§° - =
?, 2 i 1 3 3 !
o 001= <Y> 02— 911 = E E
3 L 4 [< = =
— ] | ] ] — 001+ 0 ]
3 E 50 500 7503 B 0 500 1000 1500
- - ] d- ~
S 00001 Pr [GeV] 4 5 E <Y>=0 P; [GeV] E
L T, 0.0001F - .
o £ 2 TT~el
1e-06 |- - £ =3
* CDF inclusiv jets, =07 1e-06—  — |0 pacD, k=13, s”z“SSTeV 7
E — LO PQCD K=15,s"°=1.96 TeV E — - LOPQCD, K=1.3,s"°=14 TeV
le_o 1 | 1 | 1 | 1 | 1 | 1 |
0 700 300 400 500 600 700 le-08, 250 500 750 1000 1250 1500
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Jet shapes vs R, and Q,

We—r—71 71 71

—— Ry, =20,Q,=2GeV
— — Ry, =13,Q,=2GeV
..... R, =20, Q, =3GeV

11 1111l

T T
[

20

l

w

L

(IL

&

<
|

| I

E. = 45-55GeV ~—

/

S

— — R =13,Q,=2GeV
..... R, =2.0,Q, =3GeV
R, =13.Q,=3GeV

T T
R,,=2.0,Q,=2GeV

T T TTTTIT
|

E; =250-277GeV i

| I | I | I |
0.6 0.8

r/R(R=0.7)

= .
PO [T TTTI
o
=N
—



Leading Order (I)
% P = O

(1+x%) (1%

)+ +%6(1 —x)‘

LY Py = o ]
Seymour, M. (1998) qu
e S P = TR [(1-0 +
QCD splitting kernel N
ap =% 4 p 9@ 2P, () W< 2 - D
©2r p 21 e N (Ecz(A)--T(P)n,)a(l 9.

Jet shapes at LO with the

Z = max {zm,:n,L} if r<(Rsep—1)R,
acceptance cuts r+ R

r .
Zmin = PT min/ ET 7= max {Z"“"‘"’KPR} 1r > W =R

1—Z7
Wa(r: R) = Z%r / dz Py spe(2).

min



Sudakov Resummation

P,(r > zminR) = exp (2C’F log ?fl (QBoas log g)

3
- [50,;» _CR* - c;(zm,;n)]

X fa (250% log ?) ) :

Py(r > zminR) = exp (2CA log ?fl (2ﬂoas log ?)

— Ebg ~CR? - c;(zmin)]
X fo (QBOas log ?) ) :

Pq(’l‘ < meR) - Pq(r > ZminIt T = meR)

X €Xp (‘ [gCF - C;(me)]

X fo (25()&3 log Z"‘”’"R)) ,

.
Py(r < zminR) = Py(r > zminR;7 = ZminR)

1
X exp (— [§b0 - c;(zmin)]
X fo (260&3 log Zm;"R) ) .

= Jet shape from resummation «.1+1 -

dP(r)
dr




Jet shapes vs R, and Q,

10 I I I 1 -
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[ R,=13 ] o1k e S B
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et Shapes vs Centrality & Energy

R) = — /1 de )P, :
Yror. (r/R) = Norm J,_, € — q’g(e)(l—(l—fq,g)-6)3
NN R, min
x aq,gd2(E:'rtljy 11— 0 YL (/R + fu - vt /)|

L B B 4 T T T T T T T
. = v o
R=04 = Medium ] 3 By = 100Ge | : — Medium _|

= = Vacuum | == Vacuum _|




Light Front Quantization

ACI

The instant form

0= ct
X! - x
il-y

' =z

10 0 O
i [0 0 0
Lol 00 =1 0
00 0 =1

The front form

%0 = ct+z

X' = x
%2 ’
=
3= ct—z

o o o 1
= [ 0o -1 0 o
Bpv 0 0 =1 0
I 0 0 o

oA

‘CI

The point form

=1t , ct= tcoshw

X'= @ , x= tsinhw sinb cos¢
%?=08 , y= tsinhw sinb sing
X'=4¢ , x= tsinhwcosh

C:AC
r

0 0
0 0
—* sinh*w 0
0 —r* sinh*w sin6

- NN

3
=
z
1
FT

» Advantages of light front quantization: simple vacuum, the only state with

p*=0

« Full set of operators, commuting: M*=2p*p™-p:, p*, p,
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S*, S

Z

S.Brodsky, H.C.Pauli, S.Pinsky, Phys. Rep. (1998)



QCD on the Light Front

y
+ g2
« Quarks /wa ()= «. ;ﬂ; (C;f)L3 z;’ (af (P (p)e™ + bl“(?)va(l?)e”p'x)lfo\
Antiquarks ()= [ L AL (15w, e+l (e
“2p" (2m) L
* Gluons .
A = [P E LS (@2 (e ™ + 1 (50 (e
Ix* =0

\_ 2p" (27)' 4

Commutation relations and normalization of states

{atlz"(l—)»+'),a;(a(l—5+)} — 2p+ (277:)3 63(ﬁ+ . ﬁ+‘)6aa‘5M‘ {bf,'(lT'),bI“(ﬁJ“)} — 2p+ (271_)3 53 (1—5+ . l—5+‘)5aa‘5M'

[bf‘|(ﬁ+'),bia(ﬁ+)] =2p* (271')3 63(ﬁ+ _ ﬁ-’_')saalélﬂ'l
. n{p b A Ha = TT - atn-b (5)--djs(57)]0)

i,j,k—n

« Implicit: quark flavor, (anti)symmetrization
* Normalization trivially obtained from above
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Light Front Wave Functions

Baryon
- Expansion in

= oy dx d'k : :

p+,11,Sz,SZ>=n§ I x( o v, ({5}, {k. ] {2 Ha ) 6@)@—1]5(;@)
x [T -af (e Pr+k, )bl (x P +k, )..dli(x,P"+k,,)... |0)
i,j,k—n

Composite hadron creation operator: «* (P")

(P*.P,s%s||P,P.5%.8.)=2P" (2n) & (P~ P"') 5"

The normalization then becomes

I o oy dx dk

=——% [II

2(27r) n=23 =l 2_",-(27t)3
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From Low to High Fock

. . 2
rturbative generation of the >, % dp P p (o

higher Fock states 2 p’ 27

q
o z
S q4<‘ Px) = C
quark w 1-z qq(\) 2(1:')
g

g ;, ’ qu)('\') = OF)

Q
Il

(1+2%) (%) + %5(1 -7)

(1-2)?+1

PO = T(F) |(1-x)2 + .rz]

g
1
: gi, PO = 20,4) [ ﬁ + l;r" 12l - x)]
1-z
8

. (%cz(A) ) nf) -2,

At the QCD vertexes: conserve color, momentum, flavor, ...

* The lowest lying Fock state (non-perturbative) — the most

Important
Correct quantum #s carry over to higher states
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do™/dp.dy [nb.GeV ]

100

0.01

0.0001

le-06

le-08 0

Jets Cross Section in p+p
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IIIIIIIII
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2
i
o
g
-J
i
o

e CDF inclusive jets, D 0.7
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10000
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| 1y
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| ! I ! I L
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Light Hadron vs Heavy Meson Quenching

| d’c™/dndp,
<N_,> d’c™ /dndp, Zos

C

R, (p;.m)=

leading particle
Pl 0.4

leading particle 06

* Predictions of this formalism VS 02
particle momentum, C.M. energy, centrality

ar modification factor . aF

s'? =200 GeV
- 0. —— 20-30% Au+Au, GLV E-loss
| 7 in Au+Au — 0-10% Au+Au, GLV E-loss

| ! | ! | ! | ! | !
2 —— 60-80% Au+Au, GLV E-loss -

e PHENIX prelim. 0-10% Au+Au
No nuclear effect

L} 1 L} 1 T
—— 60-80% Cu+Cu, GLV E-loss  _

i s"% =200 GeV —— 20-30% Cu+Cu, GLV E-loss
7°in Cu+Cu —— 0-10% Cu+Cu, GLV E-loss
B m  PHENIX prelim. 0-10% Cu+Cu ™|
- No nuclear effect
1 L 1 L 1 L 1 L 1 L
0 5 10 15 20 25 30

pr [GeV]

V., Phys.Lett.B 639 (2006)



Non-Photonic Electron / Heavy

Ingle electron measurements (presumably from heavy quarks) may be

problematic
-1
1.0 T T T T I T [ :I—l + mi +x2M2
A PHENIX _ 0) —| @ =
. STAR QMOS prelim dN_/dy=1000 | (1...n) (1...n) 'vE
0.8 H /_C' 7 it w
]‘C’lzﬁl‘c’z 2l 2Mz’x: +zE
- il L tm, +x p
£ 06 N
— M.Djordjevic, M.Gyulassy, Nucl.Phys.A (2004)
2 04 » Radiative Energy Loss using (D)GLV
(both ¢ + b)
0-211 - Radiative + Collisional + Geometry
(both ¢ + b) (overestimated)
%% 2 46 8 10 « Deviation by a factor of two
P, (GeV)

, * Is it accidental or is it symptomatic?
S. Wicks et al., Nucl.Phys.A (2007)
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Non-Photonic Electron / Heavy
vor Quenching

e problem STAR Collab., preliminary (2009)
m < 1 “
o I: Radiative
BTy I
0.8 (ﬁ ll:Dissociate
lll:Resonance
¢ ” ”
Problem™ is that 0.6/ “Problem” is that

D is more suppressed

_ B is more suppressed
than Light

0.4 than D

o
v

0.2

% 02 04 06 0.8 1
RC
AA

* |s there a mechanism where D suppression = B suppression
arises naturally?
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Will naturally focus on
hard probes

Inclusive particles, jets, photons, and heavy quarks

Largely based upon:

- JHEP 0811, 093 (2008), IV, Simon Wicks, Ben-Wei Zhang
- Phys. Lett. B 649, 139 (2007), Azfar Adil, IV
- arXiv 0904.0032, Rishi Sharma, IV, Ben-Wei Zhang



Few Basic Assumptions

e Experimental:

dN*

=1200 3
dy
1 dN*¢ 5 3
= = T
pexp (T) ALT dy ) AJ_ 120 fm ptheory 0 ep/T _1 (271_)3 ][2 X
Ty = 0.6 fm  where #DoF = 2( polarization)xX8(color), ¢[3]=1.2
= p,(1,)=17 fin” ﬂ

S/> T =400 MeV

e Energy density

4

T
30¢]3]

E peory (T) = XPueorn (MXT g, (7,)=18 GeV.fm’ 2100x0.14 GeV. f i



Derivative Quantities in a Thermalized QGP

e Transport coefficients (not a good measure for expanding medium)

2

g
U, =gl, g=2-2.5 (a, ==—=0.3-0.5) 2 9ol
ore . = G=He 2 2Th 5 1225 Ger? f
o = 2T 1, =08-1GeV A, 2
g O-ggp

TR
2, =0.75-042 fn

2

~ L A n —
« Define the average for Bjorken ((4))= L) LO §(2)zdz ((¢))=0.35-0.85 GeV™.f nt
0

dN*
o B0 s 72720 Mev G=5-13 GeV” fin"
LHC £ =025 fi o =LA G (13)) = 0.40 0,99 Ger?. fin”

. /lg =0.39-0.25 fm
= pexp(*co):% fm 78



I. Inclusive Particle Suppression

prpb(pT=2o,5(\) GeV=0) in central Pb+Pb at \[s  =5.5 TeV

] 1 1 ]
1 1 1 1
re+ [on :J ! !  Wang et al., % 5 % (5~3.365"'°), WW eloss+1d exp., shadowing
] 1 1
+—le— —iO—1 Vitev,’, 10 %, GLV+g-feedb.+cold eloss, dN"/dy~1.7-3.3(dN “/dy)"™"
Plon d bSOrptIOn Pantuev, charged, N =350, TIM=1.2 fm~0.5(tlomn RHIC
Lokhtin et al., charged, 10 % (chh/d 1~2700), rad.+coll. eloss in MC

~J.

/

Kopeliovich et al., 7° 10 %, early hadronization

highest

Liu et al., =¥, P,

=40, 10 %, 2<->2 w. conv., transv. exp.

i RHIC
Jeon et al., 7°, p:'_""'es'=40, 10 % (~=1 fm), BH eIoss+QW,-AEE=(-AEE)

(o)
°

RHIC

- ol
[}
3 PR

—e— ' —O— Wicks et al., 7°, 10 %, rad.+coll. eloss, dN%/dy~1.75-2.9(dN °/dy)
” . I i @ :%‘, Qin et al., charged, 10 % (dNCh/d n~2500), AMY+hydro, a_=0.25-0.33

CO ISIOna energy ) E o E Renk et al., 7° 10 % (chh/d 1~2500), BDMPS QW with hydro evol.

' 1
IOSS _i._o_:q E Dainese et al., ©°, 10 %, BDMPS QW with WS, a~2_7anmc

) i i i Cunqueiro et al., 7% 10 % (dNCh/d 1n~1500), percolation
l-.lb E E Capella et al., 7°, 10 % (dN°"/d 1n~1800), comovers, kinematics
' 1 1
i ] H

1
0.8 1

1 I L
0.4 0.6

0 0.2




The Soft Medium

T T T ]
® 200 GeV

e - !
O 800" PHOBOS 4130 GeV |
< " 196 GeV
rd - ST SoateeetP,
S 600 ~ ., _
L o aasithaastbain,, e
L b A‘ A ®
L e A ae
400} g P\ i
: ..A‘ .l.._-—.'-. AA..
= e L y I. A®
2001~ .o:AA - - AA:.. '_
;.;:‘A ..'- Au + Au --. AA::;'
N ! L meupin
-5 0 5
dN” _ 1200 T] 2
1 dN® dy u,=gT, g=2-2.5 (&, =2-=03-0.5)
P, (T) = Arr

pea AT ______RHIC__|LHC __
2
1

7,=0.6 fin 5% = I

e = o, T[MeV] 370 720

= p,(t,)=17 fin”

4np*dp #DoF
-1 erny 7’
where #DoF = 2( polarization)x8(color), ¢[3]=1.2 A lfm] .75-42  .39-.25

1, [GeV] .75-1.  1.4-1.8

S |
P (1) =#DOF [ — g[31xT"



High p; (E+) Observables

Power laws:  n=n(\/s, Dy System)
do A A

f— ~
=

d’p; ) (pT +p0)n (pT )n

m-Particle Observable ~ Ln

T

AET n—2m')
ET

Observable

1.75

1.25

Raa(Pr)

0.75

0.5

0.25

Quenching factor
correlated to spectra

do/dyd? Pt [mb.GeV?]

10-2 1! | T |

107 V_ in p+pats"2=5.5TeV

10° -- 'in p+p at "% =200 GeV
n-a

10°F \

107"
-12

1079 50 100

P, [GeV]

— 7"in central Pb+Pb, GLV E-loss ngldy = 2000
— %in central Pb+Pb, GLV E-loss ngldy = 3000
— °in central Pb+Pb, GLV E-loss dN%/dy = 4000




Light Particle Quenching

= Advantage of Ry, :
providing useful
information of the
hot / dense medium,
with a simple physics
picture.

Gyulassy-Levai-Vitev(GLV) formalism
Gyulassy, Levai, IV, NPB 594(2001)371

I ' 1 ' I ' 1 ! |

1.4 _12 —  60-80% AusrAu, GLV E-loss -
L so ) =200 GeV — 20-30% Aus+Au, GLV E-loss p
1 o) ®in Au+Au —— 0-10% Aut+Au, GLV E-doss  _|
' e PHENIX prelim. 0-10% Au+Au
1 " No nuclear effect 7
’T— P~ .
S 0.8 T 8 R, < e e |
C o6 -
0.4 i __.4_____ [
0.2 ¢ + + I n
0 | S S S e B
1.4 = —— 60-80% CusCu, GLV E-oss |
| s~ =200GeV —  20-30% Cus+Cu, GLV E-loss
n° in Cu+Cu — 0-10% CuwCu, GLV E-loss
1.2 m  PHENIX prelim. 0-10%% Cu+Cu ]
- No nudlear effect 7
1 —
- - e ]
S 0.8
T
= e e o e o ]
C o.6 I L T T I =
0.4 Phatyyt ' =
0.2 =
o l A l A l A I A l A
(0] 5 10 15 20 25 30
Py [GeV]

Leading particles



| Fits - the Good and the Bad

PHENIX Preliminary Data and PQM Theory = I
E E PHEN'X Prefiminary D and GLV Theory ‘QT 1: NIX Preliminary Data and WHDG Theol
< S Statiand Sys Both S 0.9 *  statandSys. Both 2 r " i
S 09 ‘ ' ' & S 0.9
a = 0.8 2‘ o.8F
o8 g z
o7 s E = 0.7;
o <2 0.6f S o6l
8 3 2 0.6
e o e & F
8 0.5 0.5;
0.4 0.4"
0.3 0_32
0.2} 0.2F
0.1 0.1
‘ﬂmuum.m............___,,,,, :I L1l I Ll
00 2500 3000 3500 4000 00 500 100015002000250 004500
PQM Model (g ) GLV dN/dy input WHDG dN/dy(g) input

6<(§)<24 GeV’/fm 1ooosd1\%yszooo 600SdN/ <1600

(Probability >10%) (Probability >10%) (Probability > 10%)
= Disadvantage of R,,: unable to resolve the order of
magnitude systematic discrepancy in the extracted
medium properties.




