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Quick Summary

« CUJETZ2.0 = Running Coupling DGLV + 2+1D Viscous
Hydro

— Pion R4, from CUJETZ2.0 fits both RHIC and LHC at 0-5% and
20-30% centrality with 2 sets of parameters (@,,qx: [5, fm) =
(0.25, 1, 0) & (0.40, 2, 0).

— Non-HTL Debye screening mass works = Introduce Lattice
QCD coupling and potential in the future.

— Simultaneous fit of RY} and R$4t is explored.
* Robust level crossing of flavor dependent RAA - Heavy

flavor, in particular B meson spectrum, is the key
constraint on the model parameter space.

* InrcDGLV + VISH framework, absolute jet transport
parameter § /T3 has non-trivial dependence on E and T.
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DGLV model
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CUJET1.0: Basics

« Geometry
— Glauber model
— Bjorken longitudinal expansion
 Energy loss
— DGLV - MD Radiative energy loss model
— Energy loss fluctuations (Poisson expansion)
— Full dynamical computation:

_ dNy

dx (xJ.’ ¢) —
CRand d?k d?q 1 “ma? 2(k+q) ( (ktq) k )
m U Tr @ HEm) " k) x(0) \(tq)2+x(r) | KAx(D)
(k+q)*+x(7) T
(1 — COoS g T )pQGP(xl + ¢, 7)
pu(t) = gT(x, + ¢pt,7) x(t) = M?x* + ng(T)(l — X)

« Detailed convolution over initial production spectra (LO pQCD CTEQS5,
NLO/FONLL)
* In vacuum Fragmentation Functions (KKP, Peterson, VOGT)
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CUJET1.0: Basics

« Geometry
— Glauber model
— Bjorken longitudinal expansion

 Energy loss
— DGLV - MD Radiative energy loss model
— Energy loss fluctuations (Poisson expansion)
— Full dynamical computation:

Possibility to evaluate systematic theoretical uncertainties such as
sensitivity to formation and decoupling phases of the QGP
evolution, local running coupling and screening scale variations,
and other effects out of reach with analytic approximations;

« Detailed convolution over initial production spectra (LO pQCD CTEQS5,
NLO/FONLL)
 |In vacuum Fragmentation Functions (KKP, Peterson, VOGT)
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CUJET1.0: Pions and Electrons at RHIC
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Wicks, Horowitz, Djordjevic, Gyulassy / NPA (2007)
CUJET1.0 solves the Heavy Quark puzzle...
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CUJET1.0: Pions at LHC

A. Buzzatti and M. Gyulassy, Phys. Rev. Lett. 108, 0223101 (2012); See also B. Betz and M. Gyulassy, arXiv:1201.02181
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Pion RAA form Fixed Coupling CUJET at LHC is overquenched - cannot

explain the surprising transparency
Extented energy range probed at LHC = Running Coupling
Jiechen Xu - Columbia University

November 4th, 2013 - Hard Probes 2013



« Running Coupling DGLV model
\
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Multi-scale Running Coupling

* Introduce one-loop alpha running
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CUJET1.0: Pions at LHC

A. Buzzatti and M. Gyulassy, Phys. Rev. Lett. 108, 0223101 (2012); See also B. Betz and M. Gyulassy, arXiv:1201.02181
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Running Coupling CUJET explains the surprising transparency at
LHC, but Glauber + Bjorken longitudial expansion background can be

more realistic.
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CUJET2.0 =rcDGLV + 2+1D Viscous Hydro Background
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« Initial conditions for the hydro evolution are
adjusted to roughly reproduce experimental
pion and proton spectra from the 5% most
central 200 AGeV Au+Au collisions

R R
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CUJETZ2.0: More Realistic Effective Potential

Static potential (DGLV) Dynamical potential (MD)
_ 1 pu(z)? - 2 _ 1 u(zy)*
D0l = 2+ @ D0 = T @+ D
« Static scattering centers e Scattering centers recoil
« Color-electric screened * Includes not screened color-
Yukawa potential (Debye magnetic effects (HTL gluon
mass) propagators)
* Full opacity series * Only first order in opacity

Interpolating potential (CUJET)

He =fEH
|1_7'(CI')|2 _ N(um) Ivle;(j;)-\z/7
LA T (qZ = Me(Zi)Z + Mm(zi)z) > U = fM U

* Introduces effective Debye color-magnetic mass

« Add fg and f,; allows one to interpolate between the static and
HTL dynamical limits, and further explore Non-HTL regime

« Magnetic screening allows full opacity series
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CUJETZ2.0 Preliminary Result: R4, at RHIC

" (b) Au+Au Vs =200GeV -

0.8 (a) Au+Au Vsy\=200GeV
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CUJET2.0: m°R 4, ; 0-5% Centrality = b=2.4fm, 20-30% Centrality = b=7.5fm; 7, = 0.6
fm/c, dN/dy=1000; (&,qx, fE, fu) IS adjusted to fit RHIC central m°R,, at p;y = 19 GeV/c

We explored higher a,,,,= 0.4 with Non-HTL Debye screening masses and found that
doubling HTL f¢ (as per LQCD) allows to fit central RHIC RAA with this larger a,, .,

PHENIX 7°R,, Data: arXiv:1208.2254, Phys. Rev. C 87, 034911 (2013)
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CUJETZ2.0 Preliminary Result: R4, at LHC

o (a) Pb+Pb Vs\\=2.76TeV (b) Pb+Pb Vsy\\=2.76TeV
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CUJET2.0: ™ Ry, ; 0-5% Centrality = b=2.4fm, 10/20-30% Centrality = b=7.5fm; 1y = 0.6
fm/c, dN/dy=2200

Doubling HTL f¢ (as per LQCD) also allows to fit central LHC RAA with this larger o,
ALICE h*R,, Data: arXiv:1208.2711, Phys. Lett. B 720, 52 (2013)
CMS h*R,, Data: arXiv:1202.2554, Eur. Phys. J. C 72, 1945 (2012)
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Puzzle: simultaneously fit RYY and R$4*
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« B.Betz and M. Gyulassy, arXiv:1305.6458
— QCD1- rcCUJET1.0; QCD2 - fcCUJET1.0; AdS = fixed t'Hooft conformal
falling string; SLTc = Shurya-Liao assuming Tc dominated
— VISH2+1, Shen,Heinz,Song; RL-Romatschke,Luzum

« D. Molnar and S. Deke, arXiv:1305.1046
— Ry, and v, cannot be satisfied with the same set of parameters in MPC+GLV
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CUJETZ2.0 Preliminary Result: v, at RHIC and LHC
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v, Is 30% lower at both RHIC and LHC

1) Azimuthal Asymmetry = (dE/dx Model)/2 + (spacetime bulk hydro 2+1D flow)/2

2) Depend on a complex interplay between details of microscopic pT>10 jet dE/dx (abc) and
details of the spacetime evolution of the bulk soft pT<2 GeV sQGP (IC, eta/s, tau)

3) Azimuthal averaged RAA is less sensitive to this hard+soft convolution

Long standing puzzle of simultaneous fit of RAA and v2 correlations remains!

PHENIX R, , Data: arXiv:1208.2254, Phys. Rev. C 87, 034911 (2013)

CMS hivz Data: arXiv:1204.1850, Phys. Rev. Lett. 109, 022301 (2012)
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CUJET2.0 Preliminary Result: Heavy Flavor at LHC
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100

D meson and = mixed
together, B meson is the
key constraint on the
mode space.

ALICE D meson R, 4 Data:
arXiv:1203.2160, JHEP
09, 112 (2012)

o Left: CUJETL1.0 result for Pb+Pb 2.76ATeV

b=2.4fm, dN/dy=2200

» Level crossing of fixed couling Bjorken
expansion a, = 0.3 CUJET1.0 result and
CUJET2.0 (0.25, 1, 0) result occurs at
approximately the same p;

« D meson and = R, almost overlap at low p; =2
B meson is the key constraint for the model

Jiechen Xu - Columbia University 17



CUJET2.0 Preliminary Result: Heavy Flavor at RHIC

R

Aa(PT)

0.5 L (@) Au+Au Vsyy=200GeV b=2.4fm _ - _(b) Au+Au Vs, =200GeV b=7.5fm | « D meson and 7 mixed
_ together at the p; range
e 5GeV/c to 20GeV/c, B
meson is STILL the key
m0020 — | constraint on the mode
o1 | 004020 — | | b 0.4020) — | space.
gggig;g; - gégigggg - . ALI_CE D meson R, 4 Data:
0 arXiv:1203.2160, JHEP
. o 2opT (Giy/c) " . pr (GeVic) 09, 112 (2012)
05] CHETRHLG (Ruhe los » Left: CUJET1.0 result for Au+Au 200AGeV
¢ b=2.4fm, dN/dy=1000
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i,, Q "Lus expansion a = 0.3 CUJETL1.0 result and
@ g e CUJETZ2.0 (0.25, 1, 0) result occurs at
°21° °* approximately the same p;
« D meson and & R, almost overlap at low p; 2
— B meson is the key constraint on model space

A. Buzzatti and M. Gyulassy, Phys. Rev. Lett. 108, 0223101 (2012)
November 4th, 2013 - Hard Probes 2013 Jiechen Xu - Columbia University 18



CUJET2.0 Preliminary Result: Jet Transport Parameter

ghat(E,T)/T? vs T for jet E=10 black, 50 red
Running Coupling CUJET2.0 solutions

« InDGLV + VISH2.1

() (@rn=04, f=2, [u=0) dashed framework, absolute jet
° L | | - transport parameter
N CUJET2.0 ~ . .
‘k‘ g varies with E and T
LD non HTL(0.40, 2, 0)

* This issue could be
fundamental in a
transverse expanding
medium where
temperature and density
evolves position with time

« This problem still needs to
be tested with heavy
flavor and peripheral

0 - - . - - collisions

0.0 0.1 0.2 0.3 0.4 0.5 0.6
T (GeV)
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Summary

Conclusions

« Two CUJET2.0 Models in the parameter space produce satisfactory results when considering
the flavor and density dependence of Ra,

« Long standing puzzle of simultaneously fit of RAA and v2 correlations remains!
« Heavy flavor is the key constraint on model space.
« Nontrivial jet transport parameter in the DGLV + VISH2.1 framework.

Prospects

« CUJET offers a reliable and flexible model which is able to compute leading hadron jet energy
loss and compare directly with data.

— Results are satisfactory when considering the flavor and density dependence of Rua.

— Possible to study systematic theoretical uncertainties.

— Easy to improve.
 New RHIC electron predictions now consistent with uncertainties of data (Heavy Quark puzzle).
« Strong prediction of novel level crossing pattern of flavor dependent Ry,
* Running alpha strong coupling constant is in simultaneous agreement with RHIC and LHC data.

Future Works

« Extend 2.0 - 2.n to test lattice QCD data on non-perturbative V(r,T) and answer the question:
Does lattice QCD predict correct non-conformal jet medium physics near Tc?

« Test CUJET2.0 predicted jet flavor and azimuthal tomography against all RHIC vs LHC data
systematics.

November 4th, 2013 - Hard Probes 2013 Jiechen Xu - Columbia University 20



Thank you!
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BACKUP
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Systematic errors

Opacity order expansion
Choice of interaction potential
Pre-equilibrium phase

— ALSO:

PP Spectra

Running coupling scales

1. One free parameter in the model: o/’

2. Fit *’/ to 10GeV RHIC Pion data a// ~ 0.3 + 10%
3. All other predictions are fully constrained

November 4th, 2013 - Hard Probes 2013 Jiechen Xu - Columbia University 23



k. distribution

En=20GeV, x=0.25, bottom quark, plasma thickness 5fm
Order in opacity equal to N dead cone effect
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Beyond first order in opacity

Interpolate between DGLV and MD with a new effective potential

1 DGLV 1 MD 1
(q? + u?)? ¢ (4% + 12) (g% + pd) > (T 1D
2.0
It is possible to study the limit pnpel2 | el gm0
18

U, —0 for values of u,,, = u./3
- The mean free path % =

quZ—;p is divergent for u,,=0

(ﬁE“) ratio improves for N>1 and
Ep

U, —0, but likely not enough.

November 4th, 2013 - Hard Probes 2013

Radiative energy loss ratio AE, /AE,
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T, Sensitivity
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THICK: Linear with ag = 0.3
THIN: Divergent with ag = 0.27 or Freestreaming with ag; = 0.325
DAHSED: Divergent or Freestreaming with ag = 0.3
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Initial pQCD spectra

Competing effects between
Increased density and harder
RHIC production spectra

— RHIC density and spectra

Initial quark production spectra
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Initial pQCD spectra

Competing effects between

Initial quark production spectra . )
d P P Increased density and harder

RHIC production spectra
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— LHC density, RHIC spectra
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Initial pQCD spectra

Competing effects between

Initial quark production spectra . )
d P P Increased density and harder

LHC production spectra
0.1
0.001 — LHC density and spectra
&~
="
S | UP
2 107 A 0.4
UP EO.S
-7 p—
0.1
10~
10 20 30 40 50 0.0
(GeV) 20 40 60 80
Ramona Vogt prise \ pr (GeV)

NLO-FONLL uncertainty
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RHIC Results

0 — 5% centrality, dNdy = 1000, a;, = 0.3, 7o = 1fm/c

0 10 20 30 40 50
I CUIJET RHI(:I (AuAu) | |
0.5+ 10.5
B
041 104
3 x
0.3 B--o.3
& e
D
pr (GeV) 0.21 +0.2
Inversion of R,, flavor 0.14 +0.1
hierarchy at sufficiently high p, : . : . .
1 | | | |
0 10 20 30 40 50
pr (GeV)
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LHC Results

Parameters constrained by RHIC
dey = 2200 0 2|0 4|0 6I0 8|0 1?0

| CU.IJET LH(:I (PbPb) | |

0.5¢ 10.5

Competing effect between 04% T0-4
Energy loss ordering... 5

AE(light) ~ AE(c) > AE(h) 3 703
14

...and pp Production spectra - 1o,

do(c,b)harder than do(light) |
RAA~(1 — AE/E)" 2 01l Lo
0 2I0 4I0 6I0 8I0 1(I)0
pr (GeV)
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ALICE and CMS Pions

| T T T T | T T T T | T T
ALICE, Pb-Pb, \l's—NN =2.76 TeV
charged particles, | < 0.8

L @ ALICE (0-5%)
= B CMS (0-5%)

==« HT (Chen et al.) lower density

===« HT (Chen et al ) higher density
—— HT (AM.)
e ASW (TR:]

=m YaJEM-D (T.R.)
=== elastic (T.R) large F'esc

= == elastic (T.R.) small F'erc
wmsmn WHDG (W.H.) n° upper limit

smsmn WHDG (W.H.) n? lower limit
I N N (N N N A NN (NN B

20
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ALICE and CMS Pions

CMS (* preliminary)  PbPb\/s,, =2.76 TeV

|||||||]|||||||[||||||||r|||r|||||||||| | I | | | | | I | T

: 05%Pb-Pb Sy = 276 TeV 4 4 B;J L dt = 7-150 " S T2 01000 5> 0 evie ]
% o ’ L —N— W (0-100%) p > 25GeVic |

1 A N 1.6 Isolated hotTlHO% —
i HLICE ® K...+K- i . I —@— Isolated photon (0- ) |
PRELIMINARY 1.4- - b-quarks (0-100%) B
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PHENIX Pions

0-5% Centrality m  PHENIX 2® Au+Au 200GeV
1
[ =
11 I R B S S S S R
4 6 8 10 12 14 16 18 20
P; (GeV/c)
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ALICE and CMS Heavy Flavors

Rua prompt D

M D o N

.#..I.l-'ﬂ'!'llllwlllllll_

Average D" D'.D*

ly|<0.5

.....................

ALICE

0-7.5% centrality -
Pb-Pb,\ 5,,=2.76 TeV —

5 10

15 20 25 30 35 40
pT{GeWc}
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Elastic energy loss and Fluctuations

. . . dE
Bjorken elastic collisions | -~ = —Cgma®T* log[B]

« Soft scattering
 Thoma-Gyulassy model — B;;=

4pT /
E—-p+4AT K

Energy loss fluctuations

 The probability of losing a fractional energy & = A—If IS the
convolution of Radiative and Elastic contributions

P(s) = [ dx P &YP..(x — € Poisson expansion
(&) f raa() Pe( ) of the number of

INCOHERENTLY
emitted gluons

+ Radiative: P, ,4(e) = Pgb(e) + P(£)| + Psyop(1 — €)

(=€)
« Elastic: P,(g) = e <Ne>§(e) + Ne 412

Gaussian fluctuations
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Energy loss

Consider a simplified power law model for Energy
loss: 2 —KE“ 11bse

RHIC
a E;L,dNdy
; Constant alpha
) | 0.4:’ a~= 1/3
2l 0.2}
O S T N EGeV 0.0] E GeV
i 0 100 i 10 20 40 0
02 Running alpha \/ 02l Running alpha
; a=x0 ; a=x0
- 0.4] - 0.4]
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Bjorken expansion

* The local thermal equilibrium is established at 7,
—

T
S(‘L‘) = Sy ?0 (entropy equation)
1 dN

nR2ty dy

(2—: is the observed rapidity density)

So =~ 36p0 =3.6
MONOTONIC density dependence

1 Ppart(xJ_) dN T
X, T) =
PQGP( LT) % Npare  dy f (Tn)

N
=)

« Before equilibrium

Temporal envelopes: linear, divergent,
freestreaming

[
n

Arbitrary scale
o
=)

T T \
T (—,—O,O (T < 19) o5 :
fl—)={"" > VA
To o 0.0 --:

\ 7 (T>T0)j 0 1 2 3 4

r
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Magnetic monopoles

Magnetic monopole
enhancement

— Nonlinear density
dependence near T,

0.9/

{ RHIC data
— L2 model ]
— Near T, enhancement]
— L3 model ]
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AdS/CFT
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0.12f
0.10}

hard

Lo

0.04Ff
0.02f
0.00k

Jinfeng Liao, arXiv:1109.0271
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Energy loss

0.5 -
2.5 - — . . § ‘ 4
Ratio u/b and u/c //
2.0 | //
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0.4 215 f / |
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2 /7
é Z
] £50 RES o TESE 70
2 o.0] PN /j
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0.0" - -
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L
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Energy loss vs L
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Temporal envelope

T Tp IR
T pa iy 0 (T<1p)
R 0 | . . << '
f(—r ) ) To A Differential Energy Loss d<aF/E>
0 ? (T > 1p) ’ dx

Energy loss vs L

[l'.ﬁ [ I2.ll T ' T T . T T T T T T T T T T ]
. - Ratio L/D and L/IF | i
0.5 EJ_. 1.4 - *-:‘_:- ) ",'lj 3
0.4 o " g
: 0.6] ,_
EE'_:‘ B 5 4 -t & -1
5 T LINEAR E
E - DIVERGENT ]
o, | FREESTREAMING. .= =]
o1f UP -
0.0 - | .-
1 2 K] 4 5 6
X \
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K+ sensitivity

« Collinear approximation: xg = x, (1 + 0 (

kt

x+E+

))

— DGLV formula has the same functional form for xz or x.
— Different kinematic limits: k7'“* = x¢E

xdN/ dx

0.4

1.0
0.8

0.6

0,27:

L =5, bottom quark

Solid lines: MD
Dashed lines: DGLV

k7Y = 2EMin|x,, 1 — x.]

1
2

ry =—xp |1

()

dN/
dx E

T;.;Eﬁin(ﬂ 11111 Z‘E}
(zg) = / dkr

%{H(l—(k

dr, dN,

T
;ITE;E

d:EE d$+dk-]" (;I:—'_(JTE)) !

)|

e ——

]
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Scaling violation

g~ p*/A

(1 —2)Ca+2°Ci

« BDMPS predicts trz _ }wg} L2, wi= i

spectrum with

20(1 —x)FE

E=100, x=0.05, M,=0.25, g=0.25 =y ju, mg=,uf\lr?, L=1-5 (adj.)
\=0.5] A=1] A=2 | BDMPS

thro

1 ':lNIfl +.+5)
—~ X
‘DS"—}E (x} f] X

PRI

L5}

LoF

LA
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Jet Tomography

Jet Tomography: GLV, DGLV, WHDG, CUJET1.0
Gyulassy, Levai, Vitev, Djordjevic, Wicks, Horowitz, Buzzatti

Quark or Glue Jet probes:
(TL Pr ¢' o (I)reac > MQ) init

Hadron jet fragments:
(na pT , ¢‘ o (I)reac )final

Measurements of hadronic/leptonic
quenching patterns provides

.—-——-'
T, M

| 'V\I\IIV\.- g

/

\ QGP / information about QGP density
AE™ o 0 [dT T pogp (T.7(1)) Log(Eeer)
AEeIaS KR Ug J'd,t péGBP (T,F(T)) LOQ(E"TF"‘)
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Radiative Energy Loss

2

. . . L
Incoherent limit: Gunion-Bertsch k= [w=xE""%k]
. AN 1Caa; q3 L P+ M?
dxdk, x m? k3(q.—k,)? S b _>[ ' E*
— Incoming quark is on-shell and massless P’
— The non-abelian nature of QCD alters the
spectrum from the QED result q=109%.9",q.]

— Multiple scattering amplitudes are summed
incoherently

v

Formation time physics
“ L

° '/..\./\/\'/ 2w
Tr~—5

“— > —r

A Tf
— Ty <A <L Incoherent multiple collisions

— A<ty <L LPM effect (radiation suppressed by multiple scatterings
within one coherence length)

— A< L <7 Factorization limit (acts as one single scatterer)
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