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Soft QCD matter and hard probes

Heavy-ion collisions produce
QCD matter

Dominated by soft partons
p~T~100-300 MeV )

|

Hard-scatterings produce ‘quasi-free’ partons
= Initial-state production known from pQCD

= Probe medium through energy loss

‘Hard Probes’: sensitive to medium density, transport properties



Hard Probes of the Quark Gluon Plasma

1. Understand® interactions between hard partons and the
Quark Gluon Plasma

|s LPM interference important?

Is interference between successive parton emissions important?
Is there a dead cone effect for heavy quarks?

Are the quark/gluon differences driven by Ca/CF, as expected?

2. Use this to learn about the properties of the Quark Gluon
Plasma

General properties: nature of the interactions: scattering centers or fields
(strong coupling), effective degrees of freedom? etc

Specific properties: e.g. density/temperature at RHIC vs LHC

*As usual: there is some freedom in defining the question, e.g. we can decide that certain
aspects are not tractable and/or uninteresting



Nuclear modification factor
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From RHIC to LHC

RHIC: 200 GeV

| |
LHC: 2.76 Tey Do NHUeieon palr
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Back-of-the envelope considerations

Just to get a sense of the numbers:
- Take the hadron spectra and apply ‘energy loss’

I dN
2rp,  dpy

X pr

- TwWO scenarios:

- Constant relative energy loss AE/E

AFE n-2
* Raa constant for a power law spectrum R,, = (I-T)

- Constant energy loss AE
* Raa increases with prfor a power law spectrum

R,, depends on n, steeper spectra, smaller R, 4



From RHIC to LHC

Back-of-the envelope considerations

RHIC LHC
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Qualitative lessons:
1) Similar Raa at LHC means larger energy loss
2) Increase of Raa with pr: relative energy loss not constant
Expect: constant AE, or log increase + kinematic limits



Towards a more complete picture

- Energy loss not single-valued, but a distribution
- Geometry: density profile; path length distribution

- Energy loss is partonic, not hadronic

- Full modeling: medium modified shower

- Simple ansatz for leading hadrons: energy loss followed by
fragmentation

- Quark/gluon differences



First generation models

Parton spectrum Energy loss distribution Fragmentation (function)

dN
q ¥ ¥
pT hadr
This is where the information about the medium is
P(AE) combines geometry
with the intrinsic process
— Unavoidable for many observables
Notes:
 This is the simplest ansatz — most calculation to date use it (except some
MCs)

« Jet, y-jet measurements ‘fix’ E, removing one of the convolutions



Finding ghat from data at RHIC and LHC
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Systematic comparison of energy loss models with data
Medium modeled by Hydro (2+1D, 3+1D)

pt dependence matches reasonably well



%°1d.0.1.(p1>8)

Fitting the jet quenching parameter
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HT: transport coeff is parameter
Higher at LHC
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Summary of transport coefficient study

RHIC: 7 -
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d values from different models consistent
(NB: multiple-soft scattering omitted)

21/ T" larger at RHIC than LHC: running of as ?
Or: limited validity of models?
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Are we done with ghat?

Not at all!
There are significant conceptual problems with the baseline models

Main open questions for R s-type observables:
- Large angle radiation, kr~ k

- Not treated in any of the ‘analytical’ calculations

- Important for phenomenology

- Path to solution: include NLO/recaoll
- Large x, AE~E

- Some large x results/estimates exist; still eikonal?

* Probably not important for medium-high pr

- Path averaging

- Not much work done; not simple due to interference

- Possible solution: brute force; integrate path integral over scattering centers (Zakharov)
- Multiple gluon emission

- Most calculations use independent emission

- May suffice for leading hadrons, but jet observables need a more complete treatment

We can hope/argue that the impact of these on qualitative picture may be limited,
but quantitative conclusions require a closer look
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Medium-induced radiation

Landau-Pomeranchuk-Migdal effect
Formation time important

radiated
gluon

propagating
parton

-
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Radiation sees
length ~t; at once

|
Energy loss depends on density: A < —

P

and nature of scattering centers
(scattering cross section)
2
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A

Transport coefficient ¢ =
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14



Large angle radiation

Emitted gluon distribution

TECHQM ‘brick report’, arXiv:1106.1106 . )
Opacity expansion
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Gluon momentum k (GeV) V)

Calculated gluon spectrum extends to large k, at small k
Outside kinematic limits

GLV, ASW, HT cut this off ‘by hand’
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Effect of large angle radiation

Opacity expansion formalisms

Expand in powers of L

A

Different definitions of x:

GLV: x =

ASW: X _ 2
. E E + E+

Different large angle cut-offs:
kT <w= XEE
kT <w=~2 X4 E

dN/dx

Single-gluon spectrum

Blue: k1.« = XE
Red: Krnax = 2Xx(1-x)E

lllIITIIIIIIIIIIIIIIIIITIIlll

Factor ~2 uncertainty
from large-angle cut-off

606120 '1804d 8|00 pue ZIMOJOH
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[-dependence; regions of validity”?

Emission rate vs t (=L)

0.02 : ' , :
Fll" — Caron-Huot, Gale, arXiv:1006.2379 GLV N=1
N=1 E =16 GeV Too much radiation
AMY -~ k =3 GeV at large L
0.015 Flpo - T =200 MeV "7 (no interference
......... between scatt centers)
_—*5-‘ ..........
- 0.01 1 s ‘ Full =
© < T numerical solution of
1 Zakharov path integral
0.005 + ] = ‘best we know’
AMY, small L,
no L2, boundary effect
O L L 1
1 2 3 4 S
T [fm]

H.O = ASW/BDMPS like (harmonic oscillator)
Too little radiation at small L
(ignores ‘hard tail’ of scatt potential)

Agreement of medium density for
AMY, GLV/CUJET fits is a coincidence
Multiple soft tends to give smallest E-loss,
but may be most accurate?
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Energy loss formalisms

- Large differences between formalisms understood
- Large angle cut-off
- Length dependence (interference effects)

- Mostly (?) ‘technical’ issues; can be overcome
- Use path-integral formalism
- Monte Carlo: exact E, p conservation

- Full 2—3 NLO matrix elements

- Include interference

Plenty of room for interesting and relevant theory work!

Current progress on:
* Interference in multiple gluon emission: ‘antenna radiation’
« Some work on non-eikonal propagation

* Monte-Carlo approaches for E, p conservation
(JEWEL, g-PYTHIA, YaJEM, MARTINI)
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Path length dependence: ‘surface bias’

Near side trigger,
biases to small E-loss

Away-side large L

Away-side (recoil) suppression Iy, samples
longer path-lengths than Ra

NB: other effects play a role: quark/gluon composition, spectral shape (less steep for recoil)
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Di-hadron modelling

Model ‘calibrated’ on single hadron R,

AuAu 200 AGeV 0-5% centrality

trigger 8 - 15 GeV

AuAu 200 AGeV 0-5% centrality

trigger 8 - 15 GeV

|

o STAli data I
(a) e AdS, hydro

» AdS, hydro 11
ASW, hydro 1
e« ASW, hydro Il

|

® STAR data
- 1= (b) e YaJEM, hydro I :
1 1 » YalEM, hydro II
- 0.8} YaJEM-D, hydro I .
YaJEM-D, hydro II
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-
] ! ] : ]

|
OVL1 90LL:AIXIe "Odd Nudy 'L

o

0.4 0.6 0.8
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L2 (ASW) fits data
L3 (AdS) slightly below

1% 0.6 i
E S
| 1 04f I i ; :
= 1 0.2F J I
: : f
1 02 0.4 0.6 0.8 1

L (YaJEM): too little suppresion
L2 (YaJEM-D) slightly above

Modified shower
generates increase at low z;

Di-hadron suppression is (probably?) a more robust probe of path length
dependence than the more obvious observables: v2, centrality dependence
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Di-hadrons and s

2
c

Need simultaneous comparison to

several measurements
to constrain geometry and E-loss

Here: Ryp and lap

ingle hadrons at LHC

- M ALICE h*

i — Renk ASW
08— ... Renk YaJEM

i ---= Renk YaJEM-D
0.6
0.4

ALICE Preliminary
0-5% Pb+Pb \/s,,=2.76 TeV

0.
0 ; | I |
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2
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! 8<P:."g<15GeV 5‘- _____ .1
Three models: 1.5 ,:«.i;i;«- .
ASW: radiative energy loss ! ¢’
YaJEM: medium-induced virtuality t ,,./'/i'_!
YaJEM-D: YaJEM with L-dependent -
virtuality cut-off (induces L?) w ALICE (v_ bkg)
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--- Renk YaJEM
-~ Renk YaJEM-D
NB: would like to see a more precise AP AP B BT B
evaluation a la RHIC results .24 s B
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<

1.5}
1._
0.5}
I T B R
% 2 3 6 8 10
P> (GeV)

21



Heavy flavour energy loss

M. Djordjevic?, PRL 112, 042302

! !

04 | ; | 04 ;

3 0 20 20 20 0 10 20 30 40
E(GeV) E(GeV)

Latest calculations of radiative+collisional E-loss for
heavy and light quarks agree with data

Raa similar for light hadrons and D mesons due to interplays
of spectra shape, fragmentation with dead cone effect
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Jets and parton energy loss
Motivation: understand parton energy loss by tracking the lost energy

Out-of-cone radiation
RAA<1

>

Incoming -~
parton

In-cone radiation
Jet broadening

Qualitatively two scenarios:
1) In-cone radiation: R4, = 1, change of fragmentation

2) Out-of-cone radiation: Ry, < 1

As usual: reality is somewhere in-between
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Jets at LHC
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Jets of fragments

Clear peaks
from high-energy quarks and gluons

And a lot of uncorrelated ‘soft’ background



Charged and full jets

Reconstructed energy

§ - 100 GeV jets (particle level)
: glo00r 1 Charged +y
Full jets: charged + neutral g L
particles (except neutrinos) s
- Hadronic + Electromagnetic Calorimetry -
(ATLAS) "
+ tracking (particle flow; CMS) e
- Tracking + EMCal (ALICE) ET[]
Charged jets: Only Charged Charge to neutral fluctuations!

particles
-+ Used by ALICE because of limited acceptance of EMCal

Full jets preferred for original goal: recover jet energy
In practice, differences are small, however....
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Detector corrections

Definitions:

Particle level: as generated by event generator, e.g. Pythia
Detector level: as reconstructed (Pythia+detector simulation)
(Parton level: parton energy; ill-defined?)

S ' alceomamon
SO A, (Gevie) E
@ g3f © 30-40 i -
= C o0 50-60
5025 © 70-80 u 3
Standard practice: £ %2 antik, R=03 : -
. . - ptTraCk >0.15 GeV/c M E
Charged jets are corrected to charged jets at i i
. ot —
the particle level : .
0.05 W —
main effect: tracking efficiency | oonnmmeet® 8
: : . -1~ -08 -06 -04 -02 0 02
Full jets are corrected to full jets at the particle (S o
level o

Calorimetric jets: HCal response
Tracking+EMCal: Unmeasured hadrons (neutrons, KO_ tracking efficiency)
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PbPb jet background

Back dd it Itiplicit
Jet finding illustration ackground density vs muttiplicity

T TP o © [ Fastletk, (p™"=0.15 GeV/c)
T 3 _ Fit: (-3.320.3) GeV/c + (0.0623+0.0002) GeV/c x ::* 10°
0T o 200 0-10% =
253 I 3 5
104 -150 = 104
5 ' [ - 10°
‘ : 100 I
3 % R 0 t3°6°° ¥ . 4* Pb-Pb\s=276TeV
~ entries o’ -
i 1 AREE 10°
0 a 2 L 0 f -
Cacciari et al 2 —~— 0-10%
[ & £ 10
| i S| .
n-¢ space filled with jets e e,
Many ‘background jets’ 1000 2000 3000
Ninput

Background contributes up to ~180 GeV per unit area

Subtract background: p}”f?et =Prow—p A4

Statistical fluctuations remain after subtraction .



Pb+Pb jet Ry

Jet Rya measured by
ATLAS, ALICE, CMS

Good agreement
between experiments

Despite different methods:
ATLAS+CMS: hadron+EM jets

ALICE: charged track jets

P I b l | D | ] T I T U D B |
1.4 — Anti-k_ algorithm R = 0.3 o
B ® CMS Preliminary 0-10%/50-90% Particle Flow Jet n
1 .2 __ k4 ALICE Preliminary 0-10%/50-80% Track Jet __
: ju ATLAS 0-10%/60-80% Calo Jet :
L ~
5 ol 3
4+ - ® N
() s _
= 06 a®® + _
- -.__x...—j]___-—' Suim -
- .... .__W :
0.4 __ - —_
02 & ]
0 B 1 1 l L 11 1 l 1 1 L 1 l L 1 | l 1 | L1 l 11 )
0 50 100 150 200 250 300

Jet P, (GeV/c)

Raa < 1: not all produced jets are seen;
out-of-cone radiation and/or ‘absorption’
For jet energies up to ~250 GeV; energy loss is a very large effect
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Comparing hadrons and jets

?5 _ gf_Ch. particles Jets _E
A ALICE o | ALICE Ch. Jets R=0.3
BE| * | (0-10%)/(50-80%) (0-10%)/(50-80%) =
1.4 - CMS 5 ATLAS Calo Jets R=0.3—
1 oF (0-5%)/(50-90%) (0-10%)/(60-80%) E
Y o .
0 ;E_ Pb-Pb \s,,=2.76 TeV 4 #} HI—
T C H+ T =
0.6 *# l (4 [T e E
0.45 v ’,"ﬁ: O -O—Q—C>—¢—_CF
=S X i -
0.2F =
ot o ]

10 10°

ptTraCk, pjTet (GeV/c)

Suppression of hadron (leading fragment) and jet yield similar
Is this ‘natural’? No (visible) effect of in-cone radiation?
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Raa

Comparison to JEWEL energy loss MC

CMS data, 0-5% centrality —=—

ALICE data, 0-5% centrality —e—
JEWEL+PYTHIA ——

charged hadrons

<
<
R~

Ratio

0.6

0.5

0.4

0.3

0.2

JEWEL shows the same feature:

jet Raa ~ hadron Raa
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Generic expectations from energy loss

Ejet ‘kTﬁ'M

%,

fragmentation
after energy loss?

 Longitudinal modification:

— out-of-cone = energy lost, suppression of yield, di-jet energy
Imbalance

— in-cone = softening of fragmentation

* Transverse modification
— out-of-cone = increase acoplanarity k-
— in-cone = broadening of jet-profile

Out-of-cone effects are large, so expect combination of all of the above
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Enhancement at large r, low pr

Changes in fragmentation

Longitudinal
fragment distributions

Transverse

fragment distributions

L dt = 150 ub”
- anti-k; jets: R=0.3
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No modification at small R, large pt: physics or auto-correlation?
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Jet broadening: R dependence of Raa

of |

Ratio of spectra with different R

o g_ATLAS Pb+Pb \'s,, =2.76 TeV gﬂ- 2 ' ' ' L o/ -
1.5} 0-10 % Centraiity [rat=7u0" [ PbtPbysy =2.76TeV 0-10% 4
:_ oo 18 |Ldt=7ub" ATLAS -
g © r SR * =03 -
’ ﬁ 16__ """ u R= 0-4 ——
: S 1 B *R=0.5
| e VN, TR -
. E t - ? ......
ok | | | o
1 | | | - '
[ 50 < pT<58GeV
0.5 [ e e
ok | | |
1F | | |
[ 38< pT<44GeV
05 b TSI 11 T T e e
ok | | |
R=02 R=03 R=0.4 R=05

Larger jet cone: ‘catch’ more radiation = Jet broadening

However, R = 0.5 still has Ry, < 1
— Hard to see/measure the radiated energy




Comparison to models: YaJEM

0-10% central 2.76 ATeV PbPb T. Renk, arXiv:1212.0646

g anti-k, R=03,E_=100-110 GeV
O 2 ' ' | ' | ' |
E e full result
.'g e no shower bias
- 15+ .
; : 7 Selection on reconstructed
o 2 ~ - | i
e "< | *H,:IHII;IQHE b letenergy
o — |*: TRe H _
o tetoen o -
= o g o ) () . } 1y . .
5 05f EPY' . t - Naive expectation: no
2 E selection on reconstructed
© .

. | . | . | . | L et ener
o OO 20 40 60 80 100 J gy

P [GeV]

Thorsten Renk: the increase towards R=1atz=11s
natural consequence of the jet energy selection (bias effect)
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g-PYTHIA results

See also: L. Apolinario, Lisbon jet workshop

Longitudinal fragment distribution Transverse distribution
& 3: 9:2.4:—
22.5:—-+- 1 T ) 2'2;_ —L
g I b u + | |
- - 1
2 + *- 1.8
E + 1 ‘ A 1.63—
1.5 | . . -
i +T ‘ ‘ 1.4 —t—
1:_ + +T + e 1.2;— +
. -»- 1
0.5 0.83—
i L C e
O_""l""l""l""l'"'l""l'"'l"'l""l"" Ol6__||||||||||||||||||||||||||||||||||
O 01 02 03 04 05 06 07 0.8 0.9/p 1 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Zsz,part T,jet r
gd-Pythia: enhancement at small z, g-Pythia: enhancement at large r,
~1 at intermediate z suppression at small r

https://indico.cern.ch/event/304078/session/3/contribution/19/material/slides/0.pdf 35


https://indico.cern.ch/event/304078/session/3/contribution/19/material/slides/0.pdf

JEWEL results for jet structure

Longitudinal distribution Radial distribution
3 of
pa 102E:' #1585
©  Eoe- 100 <p. <120 GeV/c £
ZQ - 0:. T,jet Q.
= L Te=
L

3 ."t.. +

" [ ]

: iy,

1 ..:.0

; "siites, il

- ..'-.t" B

“an oot + !
=« JEWEL Pb+Pb i TG *
S « JEWEL pp ‘*,,jw ot X
*q* ; ' e +

1025—- + . 0.5 H§* + * +

ElllllllllIllllllIllIllIlllllllllllllllllllllll | llllllllll-ﬁ_ﬁ-ﬁ‘;¢l‘l‘;*;§f‘i l’l l-*l+l-¢l+l I+l

0 01 02 03 04 05 06 0.7 08 09 1 0 0.05 0.1 0.15 0.2 0.25 0.3

JEWEL: more fragments at high z JEWEL: more fragment pr at

for medium-modified shower small r for medium-modified shower

Trends opposite to g-PYTHIA
retain relation small r < large z
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Models for jet quenching

- g-PYTHIA: medium-induced branching
- Energy-momentum conserved in shower

- JEWEL: medium-induced branching with MC formation time
- Includes momentum exchange with medium

- Complication: recoil; momentum leaks out of the jet (need to define
boundary between medium and jet for calculational reasons)

- YadEM: medium-induced virtuality
- Model somewhat ad-hoc, but describes much of the observations

- PYQUENCH: medium-induced branching; ad-hoc
iImplementation

=Virtuality evolution may be a key concept?
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Virtuality evolution and jet mass

ldea: jet mass is determined by virtuality of showering parton

Majumder, Putschke, Verwelij

q - PYT H I A jet mass spectrum R=0.4 jet mass spectrum R=0.4
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Other ideas

- lancu, Blaizot et al:

-+ At some soft scale om w = as w¢, branching probability
becomes ~1

- Medium-induced gluon splittings favor x~0.5 (quasi-democratic)

- Both effects would strongly modify in-medium showers; are they
compatible with phenomenology? What are the limits of applicability?

- Rajagopal, Casalderrey-Solana, Milhano et al:
- What about strong coupling?

- Use AdS/CFT estimates and implement in PYTHIA for
phenomenology

] " " ‘ CI I/’
-+ Main observational impact from x5, = -"1’:«»/»( C )
A

- Tywoniuk, Mehtar-Tani, Salgado et al

- Improve treatment of multiple gluon emissions in medium
 No angular ordering for medium-induced radiation
- Important interplay of scales: opening angle of jet vs Qs etc
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Conclusion

Inclusive particle Raa follows expectations
2]/ T3 larger at RHIC than LHC
Modelling/calculations still need to be refined

- Jets, main observations:

Raa < 1, significant out-of-cone radiation

Longitudinal, transverse fragment distributions modified:

- Enhancement at small z, large r
-+ Suppression at intermediate z, r
- Very little change at small r, large z

Firs arisons to MC models:
JEWEL shows too much suppression at large r, small z

-PYTHIA: too much suppression at small r, large z

Connection to Vi S 10 be explored

Clearly, there is physics in the jet fragmentation
No clear picture yet, but we have a handle!
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Extra slides



Hadron trigger vs jet trigger

Are jets an unnecessary complication?
If hadron and jet Raa are similar, why not use hadron observables?

2050 GeV Trigger, 0-10% 2.76 ATeV PbPb

Hadron trigger: strong “surface bias”
maximizes recoil path length Hadron trigger<#

O
x [fm]

YaJEM, LHC (241)=D hydro

Full jet trigger: no geom. bias
partially cancelled by bkg fluctuations’et trigger <

Biases are different! Can be exploited to constrain models

806790 S8J¥d MudYy'L
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Summary

» Jets: a ‘new’ tool for parton energy loss measurements

— Large out-of-cone radiation (R = 0.2-0.4)
* Energy asymmetry
¢ Rpa <1, similar to hadrons

. |AA<1
« Radial shapes

— Remaining jet has small modifications:
* Longitudinal and transverse structure similar at small r, large z
« Deviations at large r, low z

— Most of the radiation is at low pt

« Scale set by medium temperature?
« Democratic branchings?

Interplays of many effects: impossible to read simple conclusions off the
plots

Need (detailed) calculations to draw conclusions
e.g. JEWEL and YaJEM energy loss MCs agree

with many of the observed effects

Does this constrain the energy loss mechanism(s)?
Ongoing work...
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p (GeV/c)

100

PbPb jet background

—

FastJet k, (p:“"' =0.15 GeV/c)

—

- Fit: (-3.3:0.3) GeV/c + (0.0623:0.0002) GeV/c x N™™

——
— ———
o ——

Q_'-
0-10% ©
1 ~
L 2
©
| =
()]
150 P
—_—
e h v
o—ie 2 Pb-Pb |s = 2.76 TeV
. entries
S 2°°§° . 0-10%
e 5 4 \\
&1--1_ 1 l 1 1 o 1 1 l 1 lzsml 1 l 2
% 1000 2000 3000
Nraw

Toy Model

* Measured
+ Truth

oty
1 l 1 | 1 l L1 "[“’?

60 80 100

P, (GeV/c)

Main challenge: large fluctuations of uncorrelated background energy

Size of fluctuations depends on py cut, cone radius
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Background jets

Raw jet spectrum

Event-by-event background subtracted

. Inclusive
Leading track p_ > 5 GeV/c

Leading track p.>10 GeV/c

Pb-Pb\'s,,=2.76 TeV
Centrality: 0-10%
Charged Jets
Anti-k; R =0.3

Low p+: ‘combinatorial jets’

- Can be suppressed by requiring
leading track
- However: no strict distinction

. A,et>02|'7|<05
at low pr possible = o] Pk 5 0 N
-00')
S M
) 't‘t
3 .'.’-..
—_ "'_._'
Next step: Correct for background 73 e 1
fluctuations and detector effects < (gob L. T R
by unfolding/deconvolution - pe TR 80 100
y 9 psib = praw g A (GeV/c)
T,ch jet T,ch jet ch
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Removing the combinatorial jets

Raw jet spectrum

.’G ® Inclusive
~ + Leadingtrack p_>5 GeV/c
% m Leadingtrack p_> 10 GeV/c
g Uncorrected Pb-Pb | s,,=2.76 TeV

@ PP Céntrality: 0-10%

—— Py o |
o5 ® charged Jets
> © Py . :
"El*— Anti-k; R=0.3
E o i, ® IAjel>02|’7 | < 0.5
P + Tt e P > 0. 15 GeV/c
-Og . + .“.:d

@ + = '.

&

Z = | il
i M : e

O ! | *
Z ' . 1 1 lllilllllllllll*ll*l
— -40 -20 0 20 40 80 100

psub p P A (GeV/c)
T,ch jet ch jet

Fully corrected jet spectrum

10*

Pb-Pb \s,,=2.76 TeV

T PTrrrm

Centrality 0-10%

® Inclusive
+ Leading track p_>5 GeV/c

f_ m Leading track p, > 10 GeV/c
;_ Charged Jets
- Anti-kT H=0.3
B track
: | P, > 0.15 GeV/c
A
B (.
E (=
E o
i ="
= = N, uncertainty ==
-] correlated uncertainty S
- shape uncertainty
' | 1 | i L L l 1 1 1 | L L L l 1 1 ' 1 i
20 40 60 80 100
GeV/c
p T,ch jet ( )

Correct spectrum and remove combinatorial jets by unfolding

€e90' LLEL-AIXIe JOITV

Results agree with biased jets: reliably recovers all jets and removed bk
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PbPDb jet spectra

Charged jets, R=0.3
S 10-‘ 3
O Centrality .
> f & I Rcp, charged jets, R=0.3
O 10k ALICE = 10-30% o "F =z
- PRELIMINARY s 30-50% O E e (0-10%)/(50-80%) [ correlated error 9
5 i Y 50-80% m -~ " (10-30%)/(50-80%) [] shape uncertainty I;Dn
Q_|-1 0% ] A (30-50%)/(50-80%) >
g E — Charged Jets 3 Charged Jets %% i
5 o=, Antik R=03 Astk R=4.3 oS @
310-7 — p' k> 0.15 GeVlic 1 :’. p| - evic -o
A - I W— ’ S e>
< - &
2810-0 E_ - |
= -
o N ~
10-9 E_..- " % 10-‘ ——l 1 l | 1 1 l 1 1 1 l 1 1 l 1 1 L l L 1 1 l 1 1 1 1
- E somelted amor 20 30 40 50 60 70 80 90
: * shape uncertainty P (GeV/ C)
10-10 111l lllllllllllllllllllllllllllll|lllllllll|llll

10 20 30 40 50 60

70 80 90 100 110

P, (GeV/c)

Jet spectrum in Pb+Pb: charged particle jets

Two cone radii, 4 cent

ralities

Jet reconstruction does not

‘recover’ much of the radiated energy
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Comparing to energy loss models

Jet observables: need explicit modelling of multi-particle final states

| |
JEWEL: Rcp VS R
% Ii T T T ‘ T T T ‘ 1T ‘ T T T ‘ 1T ‘ T T T ‘ T T T ‘ T T T ‘ I%
&
—*— ATLAS data
e T JEWEL+PYTHIA Reo.2 N
- - — . .
#_—t;:ﬁ:;—#-'—u T T
107! — R=0.3 (x1071) —
H | Iy Y 4 s d ]
) ¢ T T T T T T ]
1072 — R=0.4 (x1072) —
S8R ST S e e e e
1073 — R=0.5 (x1073) —
HH T
w—\__'__l
—L L1 | ‘ L1 | ‘ L1 1 ‘ L1 | ‘ L1 1 ‘ L1 | ‘ L1 | ‘ L1 | ‘ 1

40 60 8o 100

JEWEL gets the right suppression for R=0.2,

120 140 160 180 200
p1 [GeV]

66SL'CLZL:AIXIR ‘|e 18 ddez ")

but not the increase with R

(Treatment of recoil partons?)

Mehtar-Tani, Tywoniuk, arXiv:1401.8293

5 -

4

dN /d¢

Ratio

3t

Coh

Coh + Decoh
Vacuum
CMS Prelim.: medium, 0-10%
CMS Prelim.: vacuum

Coh + Decoh
A CMS Preliminary, 0-10%

Fragment distributions sensitive

to coherence effects

(NB: no geometry model yet)
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Again: background fluctuations

Toy model spectrum

- 10°g
Q. =
o - ¢ Measured
Z = <% + Truth
o) - .
s T * ¢

Zm = - . *
S ok . *
b = e P

107 T

. >
10° 7“"
a®
; * e -
10 *,
0‘.
10 e
* ;1‘ i
10° | | | Ll | 11,1.‘1’P’$
20 0 20 40 60 80 100
p. (GeV/c)

Background fluctuations
migrate yield to higher pr

Fragment distributions (simulation)

[
Pythia

Pythia+Hydjet — —— _
z-subtracted  © g 10 F
c
zZ
©
s 1 F
<
10"
1072

PbPb vVs=2.76 TeV
0-10% (Hydjet)

anti-k;, R=0.4, lyl<3
|

| I
2 3 5 6 7 8

|
4
g

At fixed pT: pick up
above-average background contributions

§z4 & pr=2GeV

Current measurements mostly pr > 2 GeV

9809°'60¢ L-AlXJe ‘e 18 Lelode)
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Situation at RHIC, ca 2008

: : : (a) Au+Au 0-5%\'s,,=200GeV
3 main calculations; comparison 1
. . . . i e Data (Centrality 0-5%)
with same medium density profile AMY, b =2.4m, o, = 0.33
........... HT, b = 2.4fm,§_ = 1.9GeV*/fm, ¢ __=0.2
v ASW, b =24Im, K =36 -
A 9 max ) . d()-
9= ), 49—
| qr
ASW: ¢=10-20GeV?*/fm
HT: ¢=23-4.5GeV’/fm
AMY: ;- 4GeV?¥/fm
Large density:
AMY: T ~ 400 MeV
Transverse kick: qL ~ 10-20 GeV
- —ae—— Data (Centrality 20-30%)
La rge u n Ce rtal nty I n ........... :'Ih!,':, :;;fﬁ?;ou; :.:g:vmm, cHG =0.2
absolute medium density | Ly ASW.b=7SmK=36 | o
1076 8 10 12 14 16 18 20
P; (GeV/c)

One aspect: scattering potential/momentum transfer;
see recent work by Majumder, Laine, Rothkopf on lattice

106120 ‘6.0¥d ‘Ie 3o sseg

¥S22 80 L AIX e XINIHd



Modelling azimuthal dependence

A. Majumder, PRC75, 021901
Hard Sphere, 40-60%, Bjorken expansion Gaussian, 40-60%, Bjorken expansion

6 8 10 12 14 16 18 20 T8 10 12 14 16 18 20
pr (GeV) pr (GeV)

Raa VS reaction plane sensitive to geometry model
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Raia VS @ and elastic eloss

Out c_>f Plane

In Plane

0.8

Elastic E-loss gives _
small v, ~ 0.6

Data require L2 or 0.4

stronger path length
dependence

AuAu 200 AGeV. 40 - 50 %

l ' I ' I

| . | L
® PHENIX data
— radiative (ASW)
— elastic MC
e YaJEM

10

However, also quite sensitive to medium density evolution

L061LS0 ‘2T8I¥d ‘Ie 3 UdUIANY " ‘G06190 ‘9.Dud Mudy 'L
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Path length dependence: Ra, VS @

PHENIX, arXiv:1208.2254

Out of Plane
Au+Au 20-30% | s,,,=200GeV
L B |
- ==+ AMY-pQCD (in) - == HT-pQCD (in)
In Pla - —— AMY-pQCD (out) # + - —— HT-pQCD (out) # +
3 gl A T 5 i+- _-o--+_,_++ii"¢ .........
...... i leiededeiete Sidedlebeideteiletet e
< A L i ’ - R
-'\_ - __——.'" =] L
(o
\2 0°<Ad < 15° 0°<Ad < 15°
B - < < - <af <
m< —a- 75° < AD < 90° (a) - 75 < Ad < 90° (b)
o -1
> 10
| L e Bl |
" ==+ ASW-pQCD (in) " - - ASW-AdS/CFT (in)
- e ASW-pQCD (out) # + - e ASW-AJS/CFT (out) #
[+ - . + ?""‘Fh ........ R R s e el F{» """""""
........... ®
- ] = .
. S - . A l
—o- 0°<Ad < 15° —o— 0°<Ad < 15°
-a- 7157 <« A < 90° (C) —a— 757 < Ad < 90° (d)
10-1AlllAn.AA1A‘.1..A1,..1..A M PP P P BT P B
6 8 10 12 14 16 18 6 8 10 12 14 16 18 20
P, (GeV/c) P, (GeV/c)

Suppression depends on angle, path length

Not so easy to model: calculations give different results
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Reaction plane dependence at LHC: High-pT v

CMS, arXiv:1204.1850

~ CMSL._=150ub

int

0.2~ PbPb \s,, =2.76 TeV

0-10% 1

10-20%

N i<t @ cwms 2011 4
> 0.1 O CMS 2010, i<0.8 h
O ATLAS Z o 0 ]
é 5% o ® Sl I Z
o ——+ - L *
I 20-30% 30-40%
0.2 _ i
e
>0.1 % _
BEQ%ﬁJ. _
® i
L e T ¢ ¢ -
— i : ]
50-60%

GeV/c

Model: B. Betz, M. Gyulassy, arXiv:1201.0281

— - T . -
L CMS Llm =150 pb™ 40-50% centrality |
! PbPb {s,, =276 TeV  |n|<1 .
02 O —
K -
® 9 -
« B o — L?, Glauber E
. -- L% CGC-fKLN ]
0.1}— Rt T O —
) \"‘o\. =
i No—— ; .

e 1 4 .

20 20
P, (GeV/c)

| Reasonable agreement between calculation
1 and data for pt > 10 GeV

1 (NB: simplified geometry, E-loss;

| paper claims scale-dependence of as main effect)
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Di-hadrons at high-p+: recoil suppression

d+Au Au+Au 20-40% Au+Au 0-5%

"y

4z, @ |J @ 3
©lT 0.4l J- 0.4} m
o »
-_=E - o
|z i i o
\4
0.2f- : o.z;ﬂ_n_rf ijlhl_uﬂ w
i . ®
Wl | 2
N 2
o ..... L .n.ﬂ ....................... 0 ...............
0 0 Ad . 0 Ad i
_ ‘ G
Z‘ _g, 0.1|-— : - 0 1I-' _|m
") %’ _ P g
'-|zg [ | 8
- " V
).05}- 0.05- | J.O&-\'\ (o)
I Z Z 9
Z [ Z ﬁ rl IJ <
0 .......... 1 P— OW l.l. Pa—— N, PR - " 0

Ab T 0 Ab n

High-p; hadron production in Au+Au dominated by (di-)jet fragmentation

Suppression of away-side yield in Au+Au collisions: energy loss
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Dihadron yield suppression

Near side, |A(| < 0.63
~ T

Away side, |A) - | < 0.63
SR TE T

N A d+Au min bias -
Near side -1 8 <Pruig<15GeV || o Awauzo40n]  AWay side
. . [ 8 It = o Au+Au 0-5% Yield in balancing
Y'ek.j of a.dd'tlor.'al X | I jet, after energy loss
particles in the jet -] % &
b |
trigger ol 1 1 trlgger‘
Near side - 1L
associated ! 11
Ll
¥}
| STAR PRL 95, 152301
4 3 S { { 1
o l ﬂ ‘ Away side associated
3 s 1 b [
31 —
"1 | |
T
’ T 5] I
. | { E .
HEE- - B
0 L l l L L A 1 l d L l I 1 ' l L L :
04 0.6 0.8 1 04 0.6 0.8 1

z; = p (assoc) / p_(trig)

Near side: No modification

Away-side: Suppressed by factor 4-5
= Fragmentation outside medium? = large energy loss



Four formalisms

Multiple gluon emission

- Hard Thermal Loops (AMY)
— Dynamical (HTL) medium Fokker-Planck
- Single gluon spectrum: BDMPS-Z like path integral rate equations
- No vacuum radiation
- Multiple soft scattering (BDMPS-Z, ASW-MS)
— Static scattering centers
- Gaussian approximation for momentum kicks
- Full LPM interference and vacuum radiation
- Opacity expansion ((D)GLV, ASW-SH)
- Static scattering centers, Yukawa potential
— Expansion in opacity L/A
(N=1, interference between two centers default)
- Interference with vacuum radiation
- Higher Twist (Guo, Wang, Majumder)
- Medium characterised by higher twist matrix elements
- Radiation kernel similar to GLV
- Vacuum radiation in DGLAP evolution

Poisson ansatz
(independent emission)

DGLAP
evolution

All formalisms can be related to the same BDMPS-Z path
integral formalism; different approximations used

See also: arXiv:1106.1106

57



The Brick Problem

TECHQM: Theory-Experiment Collaboration on Hot Quark Matter
arXiv:1106.1106

Gluon(s)

Compare energy-loss in a well-defined model system:
Fixed length L =2, 5 fm

Density T, q
Quark, E =10, 20 GeV

Compare outgoing gluon, quark distributions

- Same density

Two types of comparison:_ Same suppression

and interpret/understand the differences

58



Multiple soft scattering: BDMPS, AMY

L=2 fm Single

gluon spectra

10

dN/dk (GeV™)

— AMY
— ASW-MS

L=2fm

T = 300 MeV

q =1.34 GeV’/fm
E =20 GeV

0 5

— - BDMPS-Z
— BDMPS-Z (T i

dN/dk (GeV™)

L=5 fm Single gluon spectra

= — AMY

L=5fm

T = 300 MeV

q =1.34 GeV’/fm
E =20 GeV

073 '
— ASW-MS "
- - BDMPS-Z ?
— BDMPS-Z (low-x) p

0-4 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 . 1
0 5 10 1 20

AMY: no large angle

k (GeV)

t-off

+ sizeable difference at intermediate w at L=2 fm

Large x treatment in AMY more accurate
Using §(T') based on AMY-HTL scattering potential
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di/o (GeV™)

Single gluon spectra

Same temperature

L=2fm L=5fm
s
L=2fm ° K L=5fm
T = 300 MeV g B T = 300 MeV
E = 20 GeV % o.s‘ﬁ E = 20 GeV

T N
20
o (GeV)

@Same temperature: AMY > OE > ASW-MS

Size of difference depends on L, but hierarchy stays

® (GeV)
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Multiple gluon emission — Poisson ansatz

Average number of gluons:

dl

<Nglu0n> =fd dw

W

Poisson fluctuations:

Po)= Ny, "¢

(assumed)

N gluon >

Total probability:
P(AE) =3 — [H /,,%f/uw‘, ]

5 (AE _ ZV,I.) exp [_ /
. JO

i=1

P(AE) = pyd(AE)

C
([..o

dl

([u,

3

+ p(AFE)

0.14

0.12}

0.08}

Poisson convolution example

~
.
o .
; kY
0.06f 7} °
. ?
:. L
3 > . ¢
3 S 1 ‘-,
3 - ORI
3 . " * % s
0.04 BTN
- L " a
> 2 e * Y
- . . M 0. - ,"c. .
1 N . . -.. v s

: . L ha . .
< s -
N :‘ N .- '. ° .\. » "‘. “
. » < % . .
. 4 . - .
3 . - A Ve 0 % LA
: » -~ -
v N . . - o =
. 3 . * ., - .
s ; s S ) ., - a .
. - 2 b .
* » . 4

-105 20 130 40 50 60 70 80 90 100

". l’. L
-0
) ~’i"1’f,_r M;Llllllllllll

AE

Main other approach: build into DGLAP (used for HT)
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dN/dx

Outgoing quark spectra
Sagne tengpgature: T=F1)’>00 MeV

>
[ L=2fm > L=5fm
i T = 300 MeV b i T = 300 MeV
41— E =20 GeV 2_— E =20 GeV A
/ i
/ ‘a
1.5 — AMY / [k
— ASW-MS
------ ASW-SH /
— - DGLV /
1l /
s |
aw
-
7
~
0.5 -
E" 1 L 4
0 0.5 1
szEout/E xE=Eout/E

@Same T: suppression AMY > OE > ASW-MS

Note importance of P,




Nuclear modification factor R4,
dN/dp.| , .,

Ry =
N, dN/dp,| -
&
‘Energy loss’ g ‘Absorption’
-cc
/'E’ PP Downward shift

Shift spectrum to left
A+A

Pr

Measured R,, is a ratio of yields at a given py
The physical mechanism is energy loss; shift of yield to lower p+

The full range of physical pictures can be
captured with an energy loss distribution P(AE)
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Density profile

Geometry

_10 L1 1

-10

Profile at t ~ 1;,,, known

1 | 10
X (fm)

Density along parton path

E 20
e =
< 7
& : \
o [ 2 K
15— ll \\
= ' \
/ \
= ! \
] \
! \
10— ‘ |
! \
| I \
[ \
! \
o ' '
5 : “
! \
» [ \
[ . \
- + = 1/t expansion '
0 i L 'll ' | lHydlrone*p?nIS|°ln L 1
-5 0 5

X (fm)

Longitudinal expansion
dilutes medium
= Important effect

Space-time evolution is taken into account in modeling
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Gettina a sense for the numbers — RHIC

n0 spectra Nuclear modification factor
107
g Ios T
o o 3 0.8/ B PHENIX ©° «p? ® AE =3.0 GeV
N o -
= - 3 _ =p* ® AE/E=0.23
= : i
Zg 10 .. — e p':" § 0.6—
- N J - -
o —— «p32 ® AE =3.0 GeV 3 -
«p®? ® AEJE = S B
10l . — «p?? ® AE/E =0.23 ? 0.4_ g = + 3
: T . . _
- . —
E 02— I L
& i Bl Ll
0 L 1 1 'l 1 1 1 L L L l 1
0 5 10 15 20
P, (GeV)
1070 Oversimplified calculation:
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Ball-park numbers: AE/E = 0.2, or AE = 3 GeV
for central collisions at RHIC
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Longitudinal fragment distributions
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Characteristic pattern observed:

- enhancement at low pt <3 GeV
* suppression at intermediate p1: 5-15 GeV

- enhancement (or close to 1) at high pt > 20 GeV
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Hadron-recoll jet measurements
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Hadron-triggered recoill jet distributions

G. de Barros et al., arXiv:1208.1518
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No change with trigger p; h
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Recoil jet spectrum
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Background subtraction: A

Remove background by
subtracting spectrum with
lower pyirie:

A coil =[(20-50)-(15-20)]

Reference spectrum (15-20)
scaled by ~0.96 to account
for conservation of jet
density

10°

10

10°

L lllllll

| llllllll |ILLURLLLL

L lllllll

T

.

ALICE

PERFORMANCE g

L
"

$
1

n

i

1
[
-
.

t

i
H

anti-k, R=0.4 A>0.4 po"*'>0.15 GeV
T

+

0

1t

m Trigger P 20-50 GeV
m Trigger P 15-20 GeV
m A, (20-50)-(15-20)

PbPb \'s,, = 2.76 TeV 0-20%

1

|

ITI | | lﬁl l L 1 1 L

-50

90

100 150

200

pch =p*°-p A (GeV/c)

Tjet

A, ... measures the change of the recoil spectrum with p;id

Unfolding correction for background fluctuations and detector response
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Ratio of Recoil Jet Yield Al,,PYTHIA

pp reference: PYTHIA s_16 —
. 28 C loP - ¢'" 1|<0.6
(Perugia 2010) £ . e recol C g
g‘=1 4l Signal trigger hadron: 20 < P, < 50 GeVic
28 Reference trigger hadron: 15 < p'T"" < 20 GeVlc
1.2
R=0.4 g r
=3 [
T Apmeemmmemmsseseene- -I ---------------------------
Constituents: .
ponst > 0.15 GeV/c 0.8— -—'/
g 0.6— I 1 !
no additional cuts - : :
(fragmentation bias) on 0.4 %% Pb-Pb 0-20% |'s,, = 2.76 TeV
recoil jets - anti-k;, R=0.4, p°™ > 0.15 GeV/c
02 H |. IC E —¢— Diagonal element of covariance matrix
~ Shape uncertainty
u PRELIMINARY  [—] Correlated uncertainty
0 - No reweighting of reference
llllllllllllllllllllllllllllllllllllll
0 10 20 30 40 50 60

AY
P et (GeV/c)

Recoll jet yield Al,,FY™HA =0.75, approx. constant with jet p;
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Pb-Pb, , Pythia
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Recoil Jet Al,,PYTHIA: R dependence
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anti-k;, R=0.4, p;*"* > 0.15 GeVi/c anti-k,, R=0.2, p:*"*' > 0.15 GeVic
HLICE —+4— Diagonal element of covariance matrix 0.2 RLICE —4— Diagonal element of covariance matrix
PRELIMINARY Shape uncertainty PRELIMINARY Shape uncertainty
- [___1 Correlated uncertainty 0 [ Correlated uncertainty
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Similar Al,,PYTHA for R=0.2 and R=0.4

No visible broadening within R=0.4

(within exp uncertainties)



Hadrons vs jets Il: recoll

Hadrons Jets
i I I I I I I I I I I I I I I I I I i = _1.6- - z -
20 Away-side ALCE 1w &£ F Mg m0s
- 40 g‘; 14— Signal trigger hadron: 20 <p_~ < 50 GeV/c
20 Pb-P Pb-P N : 48 [ Reference trigger hadron:15<p’7""<20 GeVic
i 0-5% Pb-Pb/pp  60-90% Pb-Pb/pp 1o ..k
I O Flat bkg m Flat bkg 18 ¢ "
- o v, bkg ¢ v, bkg 128 § e R L
1.5 O n-gap ® n-gap 18 - I
i 13 0.8 * 1 i !
1.0 : : er + ! I ! :
U R~ - ---gs------------- - 6 I
— L 7 " 2
i B . : 0.4 Pb-Pb 0-20% \'s,, =2.76 TeV
FE @ e
- s B x g u anti-k;, R=0.4, p>°"™* > 0.15 GeV/c
0.5 B §B ; : l 0.2— ALICE . Diagor:al element of covariance matrix
- . n PRELIMINARY Shape uncertainty
B . O : l [_] Correlated uncertainty l
—Illllllllllllllll- L1 1.1 L1 1 1 g g gop g 8 g g g g §l g gog g Ifl g g g 3 L1 1l
0.0 > 4 5 3 10 0 10 20 30 40 50 60 p;",.,,7(% NG
P t,assoc (GeV/C)
Hadron Iy, = 0.5-0.6 Jetl,, =0.7-0.8
In approx. agreement with models; Jet I,, > hadron I,
elastic E-loss would give larger I, Not unreasonable

NB/caveat: very different momentum scales !

73



Model comparison I

Pb-Pb | 5,,=2.76 TeV
o 1-8; * Centrality 0-10%
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JEWEL correctly describes
inclusive jet Ryp

JEWEL: Zapp et al., EPJ C69, 617
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JEWEL Al,,~0.4, below measured
YAJEM agrees with measurement

Difference in energy loss or geometry?
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