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What Are We Interested In?

* Discover
emergent, many-
body physics of
QGP through
consistent
theoretical
description of
experimental data
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Early Universe

¢ Future LHC Experiments

Critical Point

Hadron Gas

The Phases of QCD

Superconductor

Nuclear /
Matter Neutron Stars

900 MeV
Baryon Chemical Potential

Long Range Plan, 2008
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Big Bang vs. Little Bang

formation of formation of star dispersion of today
neutral atoms formation massive elements

50 K-3 K <50 K-3K 3K

14 10yr

Big  quark-gluon proton & neutron
Bang plasma formation low-mass nuclei
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Learning about QCD

* Use heavy ion collisions as testbed

— Tqgp ~ 1 trillion degrees, 10,000 times hotter
than center of Sun

— Macroscopic collision energies:
* RHIC ~ two mosquitoes colliding mid-air
 Various observables
— Two large classes (non-exhaustive):
* Low-p; and High-p-

* Low-p+: see, e.g., Ulrich Heinz's excellent
overview of th. & exp. collective effects
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High-p; Observables

* Learn about E-loss mechanism
— Most direct probe of DOF
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Tools for Studying QCD

e Lattice

— Requires imaginary time correlators
« Difficult to compute quantities such as viscosity

* pQCD

— Requires large momentum scale

* AdS/CFT

— Requires Maldacena conjecture, theory with a
dual
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Gross Oversimplification of
LO QGP Phenomenology

pQCD AdS/CFT

collective

high-p/
energy loss
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Why AdS at High-p+?

* Perturbatively, 3 couplings for rad E-loss
— Not known at which scale(s) couplings run
* Taep ~ Aqcp => 9(2nT) ~ 2
— Always “small” scale in problem

— Perhaps low-Q? plasma physics dominates
over high-Q? in E-loss physics?
» Factorization not proven in AA

* Work here assumes all couplings strong

— Cf, e.g., Casalderrey-Solana et al. for
alternative
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Failure of Naive LO AdS: Light High-p+

* Assume all couplings large
— Jet E-loss for lights vy |

0.12F JP metric

: e ,  AdS—Sch metric
] I T v 0.10F
T . 008

Bl

Pl -

\ = 006"
0.04]
0.02}
N ,
: =l | 000, . . . e
> 0 50 100 150 200 250
xxT

R Morad and WAH, JHEP 11 (2014) 017

* Thermalization time very short
 In AdS setup, probe & gluon cloud indistinguishable
from medium

— Only makes sense to compare to jets, not single particles
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LO AdS for Heavy High-p+

 Assume all couplings large

dp;/dt = - u py
u = A2 T4/2M,

Herzog et al., JHEP 0607 (2006)
Gubser, PRD74 (2006)

. hog
AdS.—Schwarzschild \m“

o W
A\

Similar to Bethe-Heitler
dp;/dt ~ -(T3/M2) py

J Friess, et al., PRD75 (2007)

Very different from usual pQCD and LPM
dp/dt ~ -LT* log(p1/M,)
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Failure of LO AdS for Heavy High-p-
» Constrained by RHIC, oversuppresses LHC
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Missing Physics?

 Lights:
— Better jet prescription

— Renormalized R,, *~
* Razieh Morad, Wed 3:30pm

— Improved IC
» Ben Meiring, Thurs 2:3%»\

* Heavies:
— Within limits of calculation?
— Higher order corrections?
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Improved AdS Jet Prescription”?
 All approximations to a full T* calc.
 Original jet defined by spatial proximity
* New suggestion: separation by E scale

Medium _ et

P o ' 1 4 Jet
_ 1 M. .
uy ] T

0.5 ¢ ; |

§ \\\\ﬁj’/ i L 500 MeV
" _—‘J—S ——T : : ¥ Medium
- T'x -

Chesler et al., PRD79 (2009) 0.3/ 7N TH'\ég?? ?2'1511\4/1\;/’6?7 -
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AdS: No-nucleus Suppression

 Original proposed |IC => anomalous
vacuum suppression! Vacuum R, << 1

0.14 """""""""""""""""""
» AdSs metric \t
0.12+ JP metric
t AdS—Sch metric
0.10F
- 0.08F
= 0.06-
0.04]
0.02
0000, ]
0 50 100 150 200 250
Jihe (ST R Morad and WAH, JHEP 11 (2014) 017

— Suggests oversuppression artifact of string IC
« See B Meiring parallel for work to more realistic IC
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AdS: Exciting Renormalization
— Can we capture diff. btwn. naive AdS pp & AA?

* Define renormalized Ry4s = "Ran / R, ¢f CMS
— Use reasonable A = 12 <=> a = 0.3: no fitting

07—
1.8  CMS Preliminary R=0.4
’ 6: 0-5% ° R=0.3
OF -07/0 ]
: = R=02 Very first, fully
1.4t — JP metric

strongly coupled

AdS-Sch metric jet Ry, calculation

—
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o
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o
Q
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ro-s:-

e

150 200 250 300

Jet pr (GeV/c) R Morad and WAH, JHEP 11 (2014) 017
* Similar results for renorm. via AE ., = AEss - AE
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Limits on Heavy Flavor AdS Setup

. FOr LO AdS D7 Probe Brane
— Space-like quark endpoint
* Yot = (1 T 2Mq/k1/2 T)2 /ﬁ__WorIdsheet boundary _
~ 4|\/|q2/(7xT2) | Spacelike if y >y ]
— Mom. Loss Fluctuations NE—— I
* Yerit = M?/(4T7) _ String
» Speed limit from fluct il 1
parametrically larger, but e
numerically smaller D3 Black Brane ‘
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HQ p; Limits

LHC

Voit = M2 /4 Ty?~3 -4 GeVlc
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Including Fluctuations in AdS HF

dp;

dt
<F¢L(t1)FjL (t2)) = KL DiD;j g(t1 — t2)
<FiT(t1)F3T(t2)> = Kk (05 — DiDj) 9(t1 — t2)

wr =TV @NTNA  kp =1/ g2NT?

Gubser, NPB790 (2008)

:_77D‘|‘F¢L‘|‘F2'T

Obeys Einstein’s relations only at
Vel gr (1)
Multiplicative Langevin problem! +r

— Results depend on time within 8

timestep kicks are evaluated | \

* lto, Stratonovich, Hanggi-Klimontovich
Non-Markovian:

— Colored (not white) noise 2 AN
* Momentum kicks have a memory SRS

g(t) 7 o(t)

(o))

3.5
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Discretizing Langevin

 Discretizing Riemann Calculus trivial

— Sum converges regardless of bin widths and
X* in bin as n increases

* Ambiguity in Ito Calculus
— Results depend on discretization procedure
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Discretization Ambiguity and Einstein
* EX: momentum space distribution of charm

e |to

e Stratonovic
e Fluc-Diss

— Juttner

T =400 MeV
m. =1.5 GeV

=09

30

0

5

10

15 20 25
p. (GeV/c)

WAMH, in prep

« AdS fluctuations very diff from fluc-diss, which lead
to relativistic thermal (Juttner) distribution

« Huge diff btwn pre-point and mid-point

S 12/5/14
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Resolving the Ambiguity

« Saved by colored noise:

gr (1)
10, |
api Ly T t t) # ot
dt:_nD—l—Fi + F; ‘ g(t) # 4(1)
6l
(Fi*(t1)F3 (t2)) = KL Dipj 9(t1 — to) A
<F¢T(t1)FJT(t2)> = Kkt (0:5 — DiPj) g(t1 — t2) 2|
Gubser, NPB790 (2008) 0.
I — 7
— tcarr,u ~y g Ncﬁ s < 1 for v < Vspeed limit
el lViq o

* Wong-Zakai Theorem:
— As autocorrelation => 0, Langevin => Stratonovich
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Model Calculations

* Input FONLL c, b production spectra

* Discretized Langevin through VISHNU
— 2+1D viscous hydro

« FONLL FFsto B, D, e

* Uncertainty in map from QCD to N =4 SYM

— Explore systematics with two reasonable
assumptions
* 05 = 0.3, Tsym = Tacp
* A=5.5, Toyy = Taep/3"

=4 12/5/14 Kruger2014 22




p+p Baseline
* Precision QCD is difficult
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T CMS, EurPhysJCT72 (2012) RRSehc) WAH, in prep
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Compare to RHIC HF Electrons

| / : / |

e PHENIX 0-10%

Ao STAR 0-10% (Prelim)
NLO Drag o, =0.3
NLO Drag A =5.5 .
LO Drag o, = 0.3
LO Drag A =5.5

L
8 10
WAH, in prep

« Agreement in sweet spot p; ~ 3 -4 GeV/c
— Below 3 GeV production unreliable
— Above 4 GeV theory corrections necessary (col. noise, non-const p)

* NB: VISHNU medium hotter than from previous calc => larger LO

supp.
Y 12/5/14 pp Kruger2014 24




0.8

0.2

Compare to LHC D Mesons

|

1
I
1
1
i
i
1
|
1
|
|
1
|
1
1
|
L
|

= ALICE D 0-20%
—— NLO Drag o =0.3
—— NLO Dragh=5.5 | =
— — LODrag 0 ,=0.3

— — LODragA =55 /

p; (GeV/c)

WAH, in prep

* Inclusion of fluctuations yields results

gualitatively similar to D suppression
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Compare to LHC B => J/y

| v |
¢ CMS B --> Jhp 0-20%
NLO Drag a = 0.3 -
——— NLO Drag AL =5.5
— — LODrag o ,=0.3
— — LODragir=5.5
AN
\
\ N
\ N
~ . .
0 ra g a1 4 3 3. I~l_l_l—l-rI_I:I:I:I:T_;:I:l:l::¢:
0 5 10 15 20 25 30

Py LEL ) WAH, in prep

* B suppression also in qualitative
agreement




Conclusions

Exciting times in QGP physics

Very first, all strong-coupling jet Ry,
— No parameter fitting

— Consistent with preliminary CMS data

Very first correct inclusion of fluctuations in
HQ E-loss

— No parameter fitting

— Qualitatively consistent with RHIC, LHC data

Prospect of consistent, strong-coupling
picture of QGP from low- to high-p+

=N 125114 Kruger2014
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Future Outlook

Future Outlook:
~— AdS:
ol * Find more appropriate light quark

setup, IC
(Morad, Meiring)

— Match T from pQCD and AdS/CFT~"  Robert Moerman
* Derive & include HQ E-loss

RS |
- | corrections
Isobel Kolbe (Robert Moerman)
— Colored noise, allow quark to slow
— pQCD: e
* E-loss in p+A (Daniel Adamlak \
| Isobel Kolbe) i
aniel Adamiak
— New spectra, E-loss formulae

« Multigluon approximation: MHV
(Andri Rasoanaivo) =

» Derive & include NLO corrections, |
esp. running coupling (Garry Kemp) . %

Garry Kemp __,
=) 12/5/14 Kruger2014 Andri Rasoanaivo
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D to B Ratio

1g—
b
I| —— NLO Draga, =0.3
0.8, —— NLO DragA =5.5 =
I — — LODragh=5.5
" — — LODrag o ,=0.3
LHC 0-20%
<06} " -
m < 1
o |
~
< |
o < "
T 04} -
|
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|
o2FkV"\ === -
W "« @ _ ="
“ _______________
\
0 |
0 15 20
WAH, in prep

 Fluctuations ruin flat, p-ind prediction of
double ratio from LO AdS/CFT drag
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AdS Jet Suppression Sensitivity

E, =100 GeV
T =350 MeV

=
oo

&
»

Xtherm (fm)

Q%0 Q<0

000 002 004 006 008 010 012 014

Ue (M) R Morad and WAH, JHEP 11 (2014) 017

» Stopping distance of light quark extremely
sensitive to IC, e.g. virtuality

— Doubly infinite dimensional space of IC mostly
=N 121514 UnexplOred Kruger2014 31




LHC is Hard

* pQCD E-loss makes more sense
— Constrained by RHIC, LO pQCD predlctlons strlklngly similar to LHC data

02 , ] : 1.0 1.0
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? RHIC | *fcMmsht0-5% i T ALICE D |
0.15 ’ 1 osfWHDGA® - - _ = - -] o4 WHDG D |
Q ! | & L - ] ¥ ']‘
<Gl o.1- | I + . 0.4} I 0.4¢
i /\# 1 02fg® e ] 0.2} Dt Ny e
0.051 \L-_ =
i © ] 0% 20 40 60 80 100 0.0, 5 10 T 20
ol .>.9.C’T'e|w.°. ] P (Gevfc) pr (GeV/c)
ag ' ' ' ' ' U T T T T
ot 0.25} ] '
g-g:l LHC I! LHC B WHDG
0.6} 0.20¢ CMS h*40-50% 1 "°f14 ety S
0.5t . 0 ] [ 1 s = 2. eV; 0-20%
Z 0.4} 0.13 % WHDG . 0.6 j'.?\ CMSB)/y J
o oal 0.10f ° I [ j
| oo Ttea o * | N ——
02 o0} I Y S
>9 GeV/c —0.05 e , e !
e 0 10 20 30 40 50 60 0l
Nyt pr (GeV/c) Py (GeVic)
CMS, Eur.Phys.J. C72 (2012) ALICE. JHEP1209 (2012) 112
PHENIX PRL105 (2010) CMS, PRL109 (2012) CE, J 09 (2012)

CMS, JHEP 1205 (2012) 063



New WHDG J/vy Comparison to CMS
- WHDG B + B => J/y decay

— Thanks to Andrea Dainese and Zaida Conesa Del Valle

IIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIII_
14 CMS Prellmlnary -

" PbPb\ /s, = 2.76 TeV j
12 | WHDG B => JAp .

“F + Non-prompt J/ip-

0.2} Iyl <2.4 -

- 6.5< p, < 30 GeV/c

_1lllllllllJlllIlllllllllllllll]llllllll—
0O 50 100 150 200 250 300 350 40

Npart Mironov, QM2012
Kruger2014 NPA 904-905 (2013) s




Strongly Coupled HF and p+A

 Measure open HF in p+A
— Midrapidity: test production
— Forward: test CNM HF E-loss

Embedded String in Shock
2
ds® = L—) [—2('1ll'+di'_ + 22407 ) de™2 + ('Ll,'i - (‘1:2]

A

Before After

Vshock

WAH and Kovchegov, PLB680 (2009)

dp’ B VA A2 .

, p
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E&M Particle Physics Well Understood

: — /. 1
* Lagrangian known: Lem = ¢ (i) —m) ¢ — 2 F*

« QED Vertex: }\

« EX. of Precision QED: g - 2
70 7o ) O mm mn 2 51 8 S £ A

Gabrielse et al., PRL97 (2006)

¢/2 = 1.00115965218073(28) [0.28 ppt]

Hanneke, Fogwell, and Gabrielse, PRL100 (2008)
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E&M Many Body Physics

 Many body physics less well understood
Hydrogen Phase Diagram

_ 100 10 L
IO' | | |
N 2 g sz’)
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e -
o -em==ao==c—So SRS -
""""" Na LT
------- . . /
- Atomic Fluid I
T (K) |O4 ___________________ \‘f /’
T e ot Metallic Fluid
\t
10° \ 1
\‘
Molecular Fluid s /_____._
10° F Molecular Solid : Meta"lch
oL |
IC)1 = 1 - I, 1 - 1
10° 10 0%  10°  10° 107 10° 10 10*  10°

p {gcm‘e)
Calculated, Burkhard Militzer, 2000
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E&M Many Body Physics (cont'd)

Phase Diagram for Water

218 = -~ -

0.006=f=---===----

water vapor

0.01

@ triple point
O critical point

© normal freezing point
[. normal boiling point } Temperature (OC)

http://ch302.cm.utexas.edu/svg302/

phase-diagram-water.svg
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High T, Superconductors

electron doped hole doped
00 A N R _ hofe doped
Nd,_Ce, CuO, YBa,Cu;0,
Pr, .Ce, CuQ, ¥,.CaBa ,
g 300r ¢ x cx Cu0 \ |
é m, e Luv, .
2 LaPr, Ce CuO, N
= _ Bi,SrxgaCu,0
S 200p 91 acu0s -
3 do \
. pseudo ]
s n-type AFM | “gap 77 P-twe
100 | : . ]
Tk
/ T¢
0 | 1 | ; ]
0.3 L 0.1 0 0.1 0.2
doping
http://for538.wmi.badw-muenchen.de//projects/
P4 crystal_growth/index.htm
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QCD Particle Physics

- Lagr. known: Locp = ZLJ — mj
« QCD Vertices:

A A Zi%i

(F%)*

* Quantitative §:3 e o ALEPH
x QCD = SU(3)
agreement .
w/ data .
ALEPH,
PLB284 .
(1992) u 4@




Reminder of AdS Successes |

 Rapid Thermalization

uz =0
0.75 ‘ =
0.15
0.5
0.1
0.25
0.05/
0 o
2 0 2 4 6 01 2 3 4 5 6

Uv Uv
Chesler and Yaffe, PRL106 (2011)
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Reminder of AdS Successes ||

* Bulk Properties

— Leading order results reproduce well:
* Energy density, entropy, shear viscosity

: _ 3,169
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i I 1 1 T 1 I T T 1 1 I ] i |
‘ 15 - / SB limit —=

EELERE

% u, =400 MeV, lattice _|
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5 =0 MeV, lattice

— 1, =0 MeV, HRG
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