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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
= |nitial-state production known from pQCD

= Probe medium through energy loss

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



Hard processes in QCD

« Hard process: scale Q >> Aqcp
. Hard scattering High-p; parton(photon) Q ~ p+
« Heavy flavour production m >> Aqcp

Factorization

Cross section calculation can be split into
« Hard part: perturbative matrix element
 Soft part: parton density (PDF), fragmentation (FF)

do, do D
pp 2 2 s hic
dyd 2pT _ K;{fdxadxbfa (xa 9 Q )fb (xb 9 Q ) dlf: (ab Cd) J'EZC
parton density matrix element FF

QM interference between hard and soft suppressed (by Q%/A2 ‘Higher Twist’)

Soft parts, PDF, FF are universal: independent of hard process



Singularities in pQCD

do . az% + CL‘% p3
dridzy (1 —z1)(1 — z9)
ry = 1— 2p2 - p3 P1 P2
Q:z
(massless case)
Soft divergence Collinear divergence
p3 — 0 p2-p3 — 0

Closely related to hadronisation effects



Seeing quarks and gluons

e q

In high-energy collisions, observe traces of quarks, gluons (‘jets’)



Initial state: p+Pb



Parton density distribution
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Hadron Rppp at LHC

Rpr

L10-¢1-NIH-SINO

1.8] p-Pb |5, =5.02 TeV .
- 1
1.6;— e ALICE, NSD, charged particles, n___ [ <0.3 —; 5 2 T T T T T T T 7
1.4 4 m - .
12F p— 0 1.8 ——e—— pPbys,,=5.02TeV, charged particles
-|i_ AR e I ) L ey e S B Z< ™ N
= o i = 16~ - .
08:_ I —: —h . - nr—\ -~ ™ N
- Saturation (CGC), rcBK-MC 1 DN - - T .
0.61 Saturation (CGC), rcBK = 5 - ° ofeo .
0.4 I Saturation (CGC), IP-Sat = ~ : 1 .4 N . .-.: ® e 3 -
s : : : : : . N -~ 285% ©9% u
1.8 | Shadowing, EPS09s (r°) — % l 1 2 - el e ::“ I I
1 6:— LO pQCD + cold nuclear matter 3 O S o —_— Y — o U e | -
- E E O : n" H:""n,_‘ﬁﬁ‘!‘u (- :
1.4 B = 1 T - n""! 2 “‘388& 22 g M ococsesscscccccsccaes -
1.2 E# + = ~ = "‘.. Ml L= TET N Y T -
_ _._ . . 0 - .-.". u“u —_
2o e £ 0.8F e
1!_ E@ I ? ol : ""...uu :
0.8:— E m . ,_.: oo N
18E —5,=0.28 E 0.4 — ) —
8 HWING 2.1~ "plic s ~0.28 ] - CMS Preliminary -
1.6 ---+ DHC, no shad. E 0.2 - N..=6.9 -
1.4F T — DHC, no shad., indep. frag. I e n
1_23 ¥ _%i + —: O’-llllll Lo sl Lo gl n
LB il T = 1 10 0°
osi ff L o_ [GeV/c]
0.6f E T
0 2 4 6 8 10 12 14 16 18 20 _
p. (GeVic) CMS: enhancement at
T
No nuclear modification in p+Pb pt > 30 GeV

for hadrons pr =z 3 GeV
Agrees with nuclear PDFs

No obvious physics interpretation...

see also: ATLAS-CONF-2013-107



Parton kinematics and x ranges

outgoing parton

Incoming parton Incoming parton

> smaller x
larger x

outgoing parton

Two partons at large n,

asymmetric collision:
large x + small x parton Forward rapidity is small x

Pr LHC probes lower x than RHIC

X, = (e + e™)

NE3 Midrapidity at LHC ~ forward rap at RHIC




Varying x in p+PDb: di-jets

Ndiiet = (N1 + N2)/2

CMS, arXiv:1401.4433
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Note on centrality/geoqgetry

Centrality: would like to vary
Impact parameter in experiment

H

{5 = 5.02 TeV
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Standard tool: multiplicity binning

Events (a.u.)

Use geometrical model (Glauber)
to calculate Ncoi
R = 1 AN,/ dor
(N ) dN,/ dp;

coll

N, fluctuations within the same centrality class are large!
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pp: LHC data vs PDF+pQCD+FF
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Mostly due to uncertainty in gluons: next step: use data to constrain gluon FF

Also note: large scale uncertainties at pr <5 GeV
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A+A: Parton energy loss




Nuclear modification factor R,

o L N,
Ncoll dN/de pHp
|_
&
‘Energy loss’ g ‘Absorption’
e
4 ¥
— PP Downward shift
Shift spectrum to left
A+A
Pr

Measured R,, is a ratio of yields at a given p+
The physical mechanism is energy loss; shift of yield to lower p
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Spectra and Raa at RHIC to LHC

RHIC: 200 GeV

LHC- 2 76 TeV per nucleon pair

Energy ~14 x higher

LHC: spectrum less steep,
larger p+ reach

1 dN x p"
T
21 p; de
RHIC: n ~ 8.2
LHC:n~6.4
Fractional energy loss: o
gy . N(I_AE) 2
A4 E

1/N,, 1/2r p_ dN/dp_

107"°

102

\'Syy = 200 GeV 1° \sy, =2.76 TeV h

B 0-10% Au+Au @ 0-5% Pb+Pb
L P+P — P+P

R, depends on n, steeper spectra, smaller R4,

020%°1L080:AIXIE 9011 G0 ‘9. AYd XINIH
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From RHIC to LHC

RHIC LHC

1

0.8 B PHENIX =° B ALICE N
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0.4

0.2
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RHIC: n ~ 8.2 LHC:n~6.4
(1-0.23)% =0.20 (1-0.23)* =0.32

Similar Raa does not mean similar energy loss

NB: this is not a model, just ‘getting a sense for the numbers’!
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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

Most modern calculations take these things

Into account at some level
(Don’t buy a model without these...)
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Situation at RH

3 main calculations; comparison
with same medium density profile

ASW: ¢ =10-20GeV?*/fm
HT: 9=23-4.5GeV*/fm
AMY: 4 ~ 4 GeV?¥/fm

Large density:

AMY: T ~ 400 MeV
Transverse kick: gL ~ 10-20 GeV

Large uncertainty in

absolute medium density o

One aspect: scattering potential/momentum transfer;

|IC, ca 2008

(a) Au+Au 0-5%\'s,,=200GeV

— e Data (Centrality 0-5%)
AMY, b = 2.4fm, o_ = 0.33

|

........... HT, b = 2.4fm,§_ = 1.9GeV*/fm, ¢ __=0.2
w ASW, b =24im, K =36 -

| [ ——e—— Data (Centrality 20-30%)
AMY, b = 7.5fm, ¢, = 0.33

........... HT, b =7.5fm,§_=1.9GeVfm,c__=0.2
--------------------- ASW, b = 7.5im, K = 3.6

6 8 10 12 14 16 18 20

P; (GeV/c)

see recent work by Majumder, Laine, Rothkopf on lattice
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R,, at LHC & models

ALICE: arXiv:1208.2711
CMS: arXiv:1202.2554
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Broad agreeme nt o ALICE, Pb-Pb, | s, = 2.76 TeV

charged particles, | < 0.8

norm. uncertainty

between models and
LHC Ry,

Extrapolation from RHIC

tends to give too much : |
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Many model curves: need more constraints and/or selection of models
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Jets and parton energy loss

Motivation: understand parton energy loss by tracking the gluon radiation

Out-of-cone radiation
RAA<1

>

Incoming —aa
parton

In-cone radiation
Jet broadening

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

2) Out-of-cone radiation: Ry, < 1
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Jets at LHC
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from high-energy quarks and gluons

And a lot of uncorrelated ‘soft’ background



PbPb jet background

o _ Background density vs multiplicity
Jet finding illustration
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Background contributes up to ~180 GeV per unit area

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

Statistical fluctuations remain after subtraction ot
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Jet energy asymmetry
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Energy dependence: asymmetry
persists to high pr> 300 GeV/c

Suggests large energy loss: many GeV
~ compatible with expectations from RHIC+theory

However:
* Only measures reconstructed di-jets (don’t see lost jets)
* Not corrected for fluctuations from detector+background

* Both jets are interacting — No simple observable
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PbPb jet background
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Jet spectra are corrected for background fluctuations by unfolding

Size of fluctuations depends on py cut, cone radius
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Pb+Pb jet Rqp

Charged jet Rcp
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Centrality dependence:
Raa decreases towards central

Jet Raa, Rcp measured by
ATLAS, ALICE, CMS
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- ATLAS+CMS: hadron+EM jets
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Good agreement
between experiments

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

85 T g Ch. particles Jets .
C F . | ALICE o | ALICE Ch. Jets R=0.3 ]
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Suppression of hadron (leading fragment) and jet yield similar
Is this ‘natural’? No (visible) effect of in-cone radiation?



Jet broadening: R dependence of Raa

Ratio of spectra with different R

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

However, R = 0.5 still has Ry, < 1
— Hard to see/measure the radiated energy
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Changes in fragmentation
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Again: background fluctuations

Toy model spectrum
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Background fluctuations
migrate yield to higher pr

—

1/Njgy AN, /dz

—
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1
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Fragment distributions (simulation)

[ [ [
Pythia
Pythia+Hydjet
z-subtracted

RN
= d
R

© 1 10 F

PbPb Vs=2.76 TeV
0-10% (Hydjet)
anti-k;, R=0.4, lyl<3

0

o 1 2

At fixed pr: pick up

|
3

|
4
S

I
5 6 7 8

above-average background contributions

Ez4<:>pTSZGeV

9809°'60¢ L-AlXJe ‘e 18 Lelode)
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Jet Quenching Summary |

So, jet Raa is not close to 1

Large out-of-cone radiation, low pr, large angles

NB: even the fragmentation measurements do not capture the
‘Initial energy’

What is the (dominant) mechanism?
Several lines of investigation

No angular ordering the the medium; large angle radiation allowed
(Mehtar-Tani, Salgado, Tywoniuk)

Interplay of scales: medium density/mean free path vs opening angle of
radiation

I\/Iultiple Interactions ‘thermalise’ the radiation (Renk, Wiedemann, Caselderrey-
Solana)

Kinematics, (trigger-)biases also play a role
Thorsten Renk: effect of Angular Ordering is small in Pythia
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Comparing to energy loss models

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

JEWEL: Rcpvs R Mehtar-Tani, Tywoniuk, arXiv:1401.8293
% Ii T ‘ T ‘ T T ‘ T ‘ T T ‘ T ‘ T ‘ T ‘ T ]
= ;A o Coh
—*— ATLAS data N Coh e Decoh
.| T JEWEL+PYTHIA Reo.s 1w 4 Vacuum
c _' 1o CMS Prelim.: medium, 0-10% e
i — . . . . ., 1 © ) CMS Prelim.: vacuum
% g 1 o { 3t
[ I =
E ~ 2t
107" - R=0.3 (x107) —
: . L X 1
# ) ¢ T T T T T ] 2.
- 1 A 0
u 1 N )
5 9 Coh + Decoh
1072 — R=0.4 (x107%) — * A CMS Preliminary, 0-10%
AR S i e e e S g 15
- 1 © &e
u ] 1
103 R=0.5 (x1073) — 0.5
A .
o [T = 0 1 2 3 4 9
—L I ‘ - ‘ L1 1 ‘ I ‘ L1 1 ‘ I ‘ - ‘ I ‘ | g
40 60 80 100 120 140 160 180 200
p1 [GeV]

JEWEL gets the right suppression for R=0.2, Fragment distributions sensitive

but not the increase with R to coherence effects

(Treatment of recoil partons?) (NB: no geometry model yet)



Hadron trigger vs jet trigger

Question: if hadron and jet Raa are similar,
are the biases similar as well?

20-50 GeV Trigger, 0-10% 2.76 ATeV PbPb

Hadron trigger: strong “surface bias” .
o _ Hadron trigger
maximizes recoil path length 7

x [fm]

YaJEM, LHC (2+1)=D hydro

Jet trigger
Full jet trigger: no geom. bias

y [fm]

partially cancelled by bkg fluctuations

-8

Centrality and reaction plane biases:
- Finite, but only weak trigger pr dependence for high p;9

806790 G80¥d Musy'L



Geometry and path length

Motivation: mechanisms

- Elastic L

- Radiative L2 AE, ~ oGl
» Strong coupling L3



Geometry: unfortunately not a brick

Initial profile: Glauber density Density along parton path

q (GeV%im)

—
-
-
-
—
—

15

Differe;’qce 1/7\vs Hydro

= 1/t expansio
Profile at t ~ 1, known I ?.HY".’ °,e’£p?".

X (fm)
Longitudinal expansion: medium dilutes
while parton propagates
=> Large effect

Energy loss formalisms derived for constant density, L
- Correct treatment of expanding medium unknown (Interference!)
- Most tractable in parton transport/MC models (JEWEL, BAMPS)

36



R, VS @ and elastic eloss

Out c_>f Plane

In Plane

Elastic E-loss gives
small v,

Data require L2 or
stronger path length
dependence

However, also quite sensitive to medium density evolution

0.8

~ 0.6

04

AuAu 200 AGeV. 40 - 50 %

[ ' |

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

1061G0 '¢80Hd ‘Ie 18 usuIAny [ ‘G06%790 '9.04d Musy 'L
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[GeV 1]

corr

1/Njet d*Njet/dp 1 dAg

MC/data

e e
(@) o N
Ul A\ Ul

o
o

0.55

0.5
1.4

1.2

0.8

Azimuthal modulation of jet yield

5-10%

(5-10)%, 45GeV < p| < 60GeV

- —e— ATLAS data =
—— JEWEL+PYTHIA

[GeV™1]

corr

1/Njet d*Niet/dp1 dA¢

MC/data

o
3
Ul

e
3

o
o
S

Q
™

0.55

0.5
1.4

1.2

0.8

20-30%

(20-30)%, 45GeV < p| < 60GeV

- —e— ATLAS data =

f —— JEWEL+PYTHIA ]
E% ]
- ! =
- | =
SN SN N N N R AR A
B —t+— ,_|_:
jllllll‘lll‘lll‘lllllllll‘ll?
0 0.2 0.4 0.6 0.8 1 1.2 1.4

A¢

JEWEL: MC sampling of Bjorken-expanding Glauber profile

Reproduces observed azimuthal modulation of jet yield

9€GG ZLE LA e ‘ddez
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PbPb/pp

18

1.6 |

Exploring path length dependence

‘Minimalistic’ model; try to capture the main physics

and see which observables are sensitive

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

Strong Coupling wesss
iative m—
Collisional s
Data +—e—

0-10%

Fragment distribution
sensitive to L dependence?

Nq/Ng

2.4

2.2

1.8
1.6
1.4

1.2

2

I

I I I

1

Strong Coupling e
Radiative s

Collisional wesem

In| <2

100 < Pr < 150 GeV

98€°G0V L:AIXJe ‘[e 1o eue|0S

1

| I ] I
0-10% 10-30% 30-50% 50-70% Vac

Centrality

g/g ratio depends

uum

on energy loss mech + L
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An unexpected angle on path length
dependence: di-hadron correlations



Path length Il: ‘surface bias’

Near side trigger,
biases to small E-loss

) . d+Au

z| 3
OlF 04l J-
o
-|_E
z
0.2l
Lol oo
0 Ab

Away-side large L

Au+Au, 0-5%

"y

0.4}

LA A

Combinatorial
background

Ad n

Away-side (recoil) suppression I,» samples longer path-lengths

than inclusive Raa

In detail: Balance between surface bias and medium expansion

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

Model ‘calibrated’ on single hadron Rua

AuAu 200 AGeV 0-5% centrality

trigger 8 - 15 GeV

(a)

|

o STARI data I
e AdS, hydro I

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

— ol o

o

L3 (AdS) slightly below

4 (%.6 0.8
L2 (ASW) fits data

AuAu 200 AGeV 0-5% centrality

trigger 8 - 15 GeV

|

- (b)

o STAli data |
e YalEM, hydro I

» YaJEM, hydro II
YaJEM-D, hydro I
YaJEM-D, hydro II

- el oH

1@+

—@—taeil | |

OVL1L 90LL:AIXIe "OHd Nusy 'L

(S
o
=

L (YaJEM): too little suppresion

L2 (YaJEM-D) slightly above

generates increase at low z;

Modified shower
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Recoil Jet Al,,PYTHIA

fa L I - o/ wl<0.6
gﬁ 1 4”'_ R=0_2 Signal trigger hadron: 20<p:"°< S0 GeVic
f,g E Reference trigger hadron: 15 < p:"' < 20 GeVic
. . vy s " 12—
High-pT trigger hadron, recoill jet: N
- Data-driven background subtraction F L
. E ] |
- Corrected for bkg fluctuations o ! ! F 14 t 1
St t |
and deteCtOF effeCtS 0.4}— Pb-Pb 0-20% |, =2.76 TeV
E anti-k,, R=0.2, p:““' > 0.15 GeVic
0.2— ALICE ——4—— Diagonal element of covariance matrix
- PRELIMINARY Shape uncertainty
. . 0 (] Correlated uncertainty
Recoll Suppression less o‘“‘1'0“"2'0““30““4‘0‘“‘sb““eb“p“(‘cs;v‘/;)
than inclusive
" 3l kg™ P 108
(similar for hadrons) G RE04 e e e
; 1.2f~
3 4
J 15- ---------------------------------------------------------- T ------------
. . 0_3; ° | [ ]
Similar Al,,"YTHIA for R=0.2 and R=0.4 : aRERES !
06— 1 I
No visible broadening within R=0.4 sl ;\\%_,\ P 0:20% 5. =276 TeV
(Wlthln eXp UnCeI’talntleS) 0.25-— RLICE ‘m—“;kr—.R;(:.a;:rE:“e;ror;::tiel\::,:vafiance matrix
p PRELIMINARY Shape uncertainty
0 l , | I Corrflated uncertainty 1 .
o e e e e e T e g

- 70 '
p. '(Gev;c)

Tje
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Model comparison I

Pb-Pb | 5,,=2.76 TeV

o 1.8~ * Centrality 0-10%
' [[37] ALICE Charged Jet

1.6
F et A PYTHIA+JEWEL
1.4/
i Charged Jets
1o Anti-k, R=0.3
L py*e > 0.15 GeV/e
| oA SR ——— |-
0.8
0.6|
0.4} -
L = B R m m W
02{—*——@——@— ‘ -
‘ll | Jll.lllll llll llll l[ll‘l
% 40 50 60 70 80 9 100 110

pch (GeV/c)

T,jet

JEWEL correctly describes
Inclusive jet Raa

JEWEL: Zapp et al., EPJ C69, 617

«_1.6
8 [ anti-k, R=04,p®™ >0.15GeV/c  Pb-Pb 0-20% |s,, = 2.76 TeV
S e ALloEAlmH'A(zo-so)-us-QO)
T8 = YAJEM I, M"(20-50) 0-10%
4 [ [C=_J JEWEL A [[)™(20-50)-(15-20)
1.2
23 L
S | O ECEGEE TR PR R 1 ----------------------------------------------------
0.8 .%I__i_—l:_i | 3 ]
B — I:{ i |
- o [ | [
0.6— =T H J
B = -
0.4 - .
B " "
°2C ALICE -
~ PRELIMINARY
O_
_IIII|IIII|IIII|IIII|IIII|IIII|IIII|III
0 10 20 30 40 50 60 70
pS" (GeV/c)

T,jet

JEWEL Al ,~0.4, below measured
YAJEM agrees with measurement

Difference in energy loss or geometry?
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Summary
Hard probes: use pQCD to learn about the QGP

* p+Pb: mostly reference for high-pt production

- Effects of nuclear PDFs generally small, but visible in e.qg. di-jet n

- Centrality not well understood: interesting biases/selection effects

- PbPb energy loss — medium density

- Absolute normalisation of relation medium density — energy loss not known

- Jets lose energy in the QGP

- Everything points to large angle radiation at low pr

- Mechanism not clarified; under study (antenna radiation; MCs etc)
- Path length dependence physically interesting

- Modelling difficult; mapping to static medium not quantitatively understood
- JEWEL, YaJEM seem to get most of the features right — implies radiative
+elastic energy loss (L to L? in a static medium)

Expect discussions on all of these topics at QM
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Generic expectations from energy loss

Ejet ‘kT“’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 kt
— In-cone = broadening of jet-profile
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A consistent view of jet quenching
G. Roland@QM2012

arXiv 1205. 5872
CMS Prellmlnary L,,,t = 140 pb
3= 2010, 0-30%, Leadingjet -
o 2011, 0-10%, Inclusive jet
2 5~ 2011, 10- 30%, Inclusive jet |- )
o)
%15
g 1 Change
1 e e S ST 4 from
, ] “ey 73 "
05 = & to pT
Jet P, > 100GeV/c 1
Le vv s la v s ba g s by v v byvw gl
0 0 1 2 3 4 5
£ =In(1/2)

Consistent with 2010 result

Recall (2010 vs 2011):
«Track pr >4 GeV vs pr> 1 GeV

*Leading vs inclusive jet
*0-30% vs 0-10% and 10-30%

M|

N
T

——
0-10%

L) I L) L) L] L]

% 1.5} CMS Prelummary 1o t .
O Ly = 129 ub™ g p': >100 GeV/c :
= 4t 12 15 Il <2 ]
D 0-10% 1§ 4 4
& | e |8 __Is
é 0.5} . ] g_ 1@ o B :
ﬁ 0- ----- o B -.-."00000 é::\ 05 :
0.5f ] = .
0 ol 0\ La s o o1 o o o .0
1 10 0 0.1 0.2 0.3
pra (GeVic) radius (r)
0.4
No change at
small r, high p+
gs_r- 0.3 ‘/
5 s Narrowing/depletion
Q 0.2 . .
2 at intermediate r, py
01 A/ Broadening/excess at

0

01 02
Radiusr

(~2% of jet energy)

large r, low pt
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CMS (* preliminary)
1 T 1 T

A consistent view of jet quenching
G. Roland@QM2012

PbPb\s,,, = 2.76 TeV

300

| | T I T | T T 1 T T

i 4 EmE - Z (0100%) p) > 20 GeVic |
18 .[ LS S=AC e M= W (0-100%) p > 25 GeVic 1 [ ]
1.6 — @ Isolated photon (0-10%) —  — I
1.4 E b-quarks (0-100%) _‘ B —:
(via secondary J/v) g - giget (0-5%) <2 -
1.2~ ~E— *b-jet (0-100%) <2 _
3 T S I . i :
0.8— + - ]
0.6 Q | L + ﬁ

o @ .
04ﬁﬁngooo¢¢ ¢_-l _‘:J..... ¢ . ™ |
0.2_ @J ~5.. Charged particles (0-5%) _j | _-:
T I 1
. 0 20 40 60 80 100 100 150 200 250
p.(m ) (GeV) jetp_(GeV)
Charged particles from LOOkmg at the same
pr=50-100 GeV: parton pt range
z = p+(track)/p+(jet) = 0.4-0.6
— &<1

2.

5

th
T T7T

S e 0-10%
- Jet P > 100GeV/c, n| < 2
- Track Py > 1GeVic, r<0.3

Ty TYTYTY T -"y-q,

CMS Prellmlnary L= 129 ub™’

PbPb/pp

©
wn
T T

—
TT L

o
T

PbPb fragmentation function = pp for ¢ <1

Consistent message from charged hadron Raa,
inclusive jet Rya and fragmentation functions!
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Hadron-triggered recoill jet distributions

G. de Barros et al., arXiv:1208.1518

10" &=
E e Trigger P, 10-15 GeV
N e Trigger P, 15-20 GeV
102 e Trigger P, 20-50 GeV
= HI.ICE
~ PERFORMANCE X
107 & ?‘?**
S # s+¢+
i "y *H Ly
¢ 4
104 &= - l
= PbPb \s,, = 2.76 TeV 0-20% + .I,. ®
: O ..
, B anti-k_ R=0.4 A>0.4 pe"*'>0.15 GeV T *
107 &= '
- t (3 T
| 1R | 1 1 A A A A

-40 -20 0 20 40 60 80 100

< , p#’}et—p’ew pA (GeVlc)

~
Prjet< 20 GeVic: “ J

No change with trigger p; h

Combinatorial background Prjet” 2_0 Ge_Vlc:
Evolves with trigger p;

Recoil jet spectrum

»
o
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Background subtraction: A

Remove background by
subtracting spectrum with
lower pie:

Arecoil =[(20-50)-(15-20)]

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

10°

10

10°

I lllllll

| llll]lll |ILLURLLLL

L lllllll

T

.

ALICE

PERFORMANCE g

L
"

#
1

4

n

+

T
[
-
.

t

b
%

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

1'

0

1,

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

PbPb |, = 2.76 TeV 0-20%

T

|

ITI | | l*l l L 1 1 L

-50

90

100 150

200

pch =p*°-p A (GeV/c)

Tjet

Aocoi Measures the change of the recoil spectrum with pt9

Unfolding correction for background fluctuations and detector response
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Dihadron yield suppression

Near side

Yield of additional
particles in the jet

trigger

Near side
associated

-

Near side, |A(| < 0.63
Sy ST R e

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

N'- A d+Au min bias
a1 8 <Prug<15GeV o AuvAu 20-40%
i X T o Au+Au 0-5%
I,
L} ¥
-4
-
107} f" -
g{;;
¥ 1]
| STAR PRL 95, 152301
L ll A Ll b — l l l
3 VI ! | ! | | |
©
S l ﬂ
g | ﬂ : i > 9|
31 >
R ' |
| !
) Il‘ l _L I I J
g L] } E 0
| LI N O Y
0| 1 l' I 8 l L 1 L 1 ' ‘l'L L 1 L 1 ' 1 ' L:
0.4 0.6 0.8 1 0.4 0.6 0.8 1

Near side: No modification
= Fragmentation outside medium?

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

Away side

Yield in balancing
jet, after energy loss

trigger "

Away side associated

Away-side: Suppressed by factor 4-5

=> large energy loss
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Di-hadrons and single hadrons at LHC

Need simultaneous comparison to
several measurements
to constrain geometry and E-loss

Here: Ryp and lap

Three models:

ASW: radiative energy loss

YaJEM: medium-induced virtuality

YaJEM-D: YaJEM with L-dependent
virtuality cut-off (induces L?)

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

< 1
o - B ALICE b’
3 — Renk ASW
08— ... Renk YaJEM
i --=-= Renk YaJEM-D
0.6
2
2_: [ 0-5% Pb+Pb .
[ 8<p, <15GeV ;§ ______ i
1.5} AT
~ p _'._.+ -
L,/!/i—p
1_
m ALICE (v2 bkg)
0.5 — Renk ASW
i --- Renk YaJEM
i - = Renk YaJEM-D
M PP B P
% 3 6 8 10
P (GeV)

552- ALICE. arXiv:1110 1
L -
1.5}
~ 0 = U
1-— ® ‘f
0.5}
] 1 1 ’ l 1 4 L ’ 3 1 l 1 1 1 l 1 4
% 2 3 6 8 10
P> (GeV)
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Hadrons vs jets Il: recoll

Hadrons
é i I I I I l I I 1 I I I I I I I I I i
- Away-side ALICE - %
2.0 - o N
i 0-5% Pb-Pb/pp  60-90% Pb-Pb/pp 1 8
_ O Flat bkg m Flat bkg 1o
- o v, bkg ¢ v, bkg - 8
1.5 O n-gap ® 1-0ap 18
1.0 ---- g - gz -- - :
: ST " §
n g% il
- f 7] i
0.5 - § E ﬁ .
I I TR T N T S A SR A
0.0 4 6 8 10
P t,assoc (GeV/C)

Hadron [, = 0.5-0.6

In approx. agreement with models;
elastic E-loss would give larger I,

Pythia
(el

A,

Pb-Fb
"\lecol

Pythia
ALy

1.6
L ll'n:‘rig. ‘;":coil.:l<o'6
14~ Signal trigger hadron: 20 < p'T"" < 50 GeVic
' [~ Reference trigger hadron: 15 < p':" < 20 GeVic
1.2~
1 :- -------------------- Jessscnccmsssnmssssssnsssnssnnssnsnannn T ------------
0.8 | i $
= + 4 1 7 I
0.6 — 1
0.4 % Pb-Pb 0-20%\s,,, = 2.76 TeV
- anti-k,, R=0.4, p>=*"* > 0.15 GeVi/c
0.21— ALICE —+— Diagonal element of covariance matrix
In PRELIMINARY Shape uncertainty
O [ Correlated uncertainty
paaalesgallesastanaalessalanasstsnaggllynsg
0 10 20 30 40 50 60

o 70
me (GeVic)

Jet I, =0.7-0.8

Jet |,a > hadron |y
Not unreasonable

NB/caveat: very different momentum scales !
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Modelling azimuthal dependence

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

0'66 8 10 12 14 16 18 20 0-5 g 10 12 14 16 18 20

pr (GeV) pr (GeV)

Raa VS reaction plane sensitive to geometry model
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Path length dependence: Raa VS @

Out qf Plane

PHENIX, arXiv:1208.2254

Au+Au 20-30% | s,,,=200GeV

[ ==+ AMY-pQCD (in)
In Pla " = AMY-pQCD (out) # +
R O + i+' ‘

= N S
< Y Lt L
- —
o
\2 ~o- 0°<AdD < 15°
m< - 75° < AD < 907 (a)
o -1
> 10

—
|
'
'
'
'
'
'
'
'
J
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
J
'
'
'
'
'
'
'

" ==+ ASW-pQCD (in)

- —— ASW-pQCD (out) # +
L - e - + + _#: ........ Q

—o- 0°<Ad < 15°
-a- 7157 <« A < 90° (C)

1 A A S !
-
o
-

e . . l.
.

E - = « HT-pQCD (in)
- —— HT-pQCD (out) # +
e O e S + # ’

~o- 0°<Ad < 15°
- 75 < Ad < 90° (b)

- ==+ ASW-AJS/CFT (in)

- e ASW-AJS/CFT (out) #
R ' St S o

~._.__'__'_—if

—o— 0°<Ad < 15°
—a- 75° < Ad < 90° (d)
" R B B B

S | I R PR TR DR R S
10— ) 10 12 14 16 18

Suppression depends on angle,

l ' A A l A A A
6 8 10 12 14 16 18 20
P, (GeV/c)

path length

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

- CMSL,_ =150ub™

int

0-2_— PbPb \s,, =2.76 TeV

mi<i @ cMms 2011

O ATLAS

0-10% 1

O CMS 2010, Inl<0.8

CMS, arXiv:1204.1850
[ 10-20%

0
T s 1 s0e0%
0.2 % t ]
>0.1 ﬁ% ﬁ%!%% +
ﬁlﬁ. > : 4?. ¢ .

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

R — — r -
L CMS L, =150 ub™” 40-50% centrality 4
! PbPb {5 =276 TeV  |n|<1 1

02 O -
@ |
® 9 -
H o — L2, Glauber .
i - - L%, CGC-fKLN ]

0.1} S

i

l

0.0

P, (GeV/c)

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

1 (NB: simplified geometry, E-loss;

| paper claims scale-dependence of as main effect)
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Medium-induced radition

Landau-Pomeranchuk-Migdal effect
Formation time important

radiated
gluon

propagating
parton

-
~ -
=~ e

Radiation sees
length ~t; at once

|
Energy loss depends on density: A < —

P

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

A

Transport coefficient ¢ =

AE [GeV]

Zapp, QM09
100 Z
20 2 -~
SOF T = —— g N\
f k2 L7y
T 2
60 F SR\
R\
40 L7
20f i _
7 LC = Tf max
0 = - 1 1 1 1

0 1 2 3 - 5

If A < T, multiple scatterings
add coherently

AE = ~ao gL’

me
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Large angle radiation

Emitted gluon distribution
Opacity expansion

> | L=2fm
~ i T = 300 MeV
W & |
E 15
= 107
=
/CT S
g 10
, = |
p (o .
@ 1 102
o '
S 5
o > g r
L
T - 10°

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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Getting a sense for the numbers — RHIC

n0 spectra Nuclear modification factor
~10"
& I o3
= 102 @ 2 = : o P82
'O'_ . X - .
g- . 3 0.8 B PHENIX =° =p;? ® AE=3.0GeV
5 )
S - ; i «p*? ® AE/E =0.23
= : i}
ZS 10 e __ «p S 0.6—
- N J _ = B
. —— «p?* ® AE =3.0 GeV S -
«p®2 ® AEE = 0. 9 4 _m
10-6_ o —e pT ® AE/E =0.23 é 04_ - = + _
b - . + —
3 i ol LN .-
~ 0.2(— N e —
5 i
10'8— B : /
0 L L 1 1 'l 1 1 L L L L 1 1
0 5 10 15 2
] p, (GeV)
1070 Oversimplified calculation:
® Dep (PHEND) .. -Fit pp with power law |
B Au+Au 0-10% (PHENIX) -Apply energy shift or relative E loss
R — e Not even a model !
0 5 10 15 20
p, (GeV)

Ball-park numbers: AE/E = 0.2, or AE = 3 GeV
for central collisions at RHIC
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Path length | centrality dependence
Comparing Cu+Cu and Au+Au

Raa: INClusive suppression

—~ 2 [ I [ AL L R N LA B BB
Q PHENIX preliminary
% : ®Integrated R = 200 GeV
O 15r ® Integrated R_ 200 GeV
o CuCu |
N ....V. Pantuev hep-ph/0506095 -
A 1B e cnaan M. o
- § B. Sahimuller, QM08 y
Q -
D05 -, . .
o | NS ) 1
: '. ............... . .;
ol L T o 1 3 ! ]
0 100 200 300
Npart

Away-side suppression

* A Au-Au
® CucCu
----. Au-AuPQM G=4,7,14

~=== Cu-CuPQM G=3,55,9

- -

—  Au-Au modified frag
Cu-Cu modified frag

- 6 < Pryig < 10 GeV

STAR prediminary T
lO. Cattlj, QMZOIOS "~l . l

111111111111111
1000 50 100 150 200 250 300 g 350
N33

Modified frag: nucl-th/0701045 - H.Zhang, J.F. Owens, E. Wang, X.N.
Wang

Inclusive and di-hadron suppression seem to scale with N,
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Ncoll / 0'5Npart

Npart SCaling?

| T
o PHOBOS Glauber Monte Carlo ,0° 0_
Q
Inel _ o
oine! = 42 mb g0
o 0 © :
o
o o]
o O
.r".o
2
.
.B
_r ° Au+Au B
v * Cu+Cu
I |
100 200 300 300
Npart

.E. -
—— 4
A |
—
v b
3+ .
! . o
| ® A
o
2.~
1 4 Au-Au
® Cu-Cu
0 1 | ] 1 1 1 ] l |
0 100 200 300
PQM - Loizides — private oart

communication

Geometry (thickness, area) of
central Cu+Cu similar to peripheral Au+Au

Cannot disentangle density vs path length
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Background jets

Raw jet spectrum

Event-by-event background subtracted

®  Inclusive
B 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 at

. A]et>02|n 1< 0.5
low pr possible 2 v e plt > 0. 15 GeV/c
-Og »:
o
3 ':‘:".’.
— "‘_"
Next step: Correct for background E e 4
fluctuations and detector effects by < gl e L s ]
folding/deconvolution — pe TR 80 100
HRToEing pse —paw g A (GeV/c)
T,ch jet T,ch jet ch
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Removing the combinatorial jets

Raw jet spectrum

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

o .“. Célntrality: 0-10%
o < ® charged Jets
> Py ¥ 3 .
“él*— Anti-k; R=0.3
Q o 4+, ® IA;et>02|'7 | < 0.5
P + Tt e P > 0. 15 GeV/c
-Og . .“l::!

0’ + = i

1 %
*

Z = I ol
1_= * + | e

3 L | "Q?*
Z | l L1 1l 1 111 J L1 1 l 11 i L1 1 l 11 l L1 1 l |
— 40 20 0 20 40 80 100

psub = praw - p A (GeV/C)
T,ch jet T,ch jet

Fully corrected jet spectrum
Pb-Pb \s,,=2.76 TeV

10°E .
- Centrality 0-10%
i ® Inclusive
5| + Leadingtrackp_>5 GeV/c
10 E m Leading track p_> 10 GeV/c
10°© ;— Charged Jets
B track
T : p; > 0.15 GeV/c
107 E
: ]
B (.
10° 3 o
E o
N ="
107 £ w N, uncertainty e
-] correlated uncertainty S
- shape uncertainty
10“01'1]|111111'11111111.
0 20 40 60 80 100
GeV/c
p T,ch jet ( )

Correct spectrum and remove combinatorial jets by unfolding

Results agree with biased jets: reliably recovers all jets and removed bkg

€e90' LLEL-AIXIe JOITV
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Jet broadening: R dependence of Raa

AFT T T[T T T[T T T[T T[T T[T T T [TTTI[TTT[T]
05;\..;“_——.—.— ................................................................................. + ..................... ? .......... 4:
0-10% j
O—|||||||||RAAD|R'I'O|2|||||||||||—
40 100 120 140 160 180 200
p_[GeV]

AFT T T[T T T[T T T[T T[T T[T T [TTT[TTT[T]
0.5 ::7/‘7” ........ ® .. .= o ... = L, T T ¢ o } "

I 0-10%

O_—||||||||R|A||H_OA|.||||||||||||5
40 60 80 100 120 140 160 180 200
p_[GeV]

i | | |
271
o | ATLAS Pb+Pb \'s, =276 TeV
@ 1.5:‘0-10% Centrality fL dt =7 ub”
AP =TT
[ 158<pT<18ZGeV
0_5:_ ................ ¥ e  S—————————— I T I
ok | | |
ok | | |
1f | | |
[ 50 < p_<58 GeV
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ok | | |
1f | | |
[ 38<pT<44GeV
05_ ................. e YN .
ok | | |
R=0.2 R=0.3 R=0.4 R=05

/98180 L:AIXJe 'SV 11V

Jet Raa increases with R (but slowly)



Jet fragment distributions
PbPb measurement

— 1 IIIIITI 1 | I I | RatIOtO pp
N
= 104|Eo . ATLAS Prellmmary 1% - —rrrr
2] o _ 1 -
e o, PRAPD\Sy=2.76 TeV 3 g 16 ATLAS Prellmmary
o I L Pb+Pby/s,,=2.76 TeV
A T R=0473 3 1.5 .
E:*OG': > \ AADOO E§ Llnt:0.14 nb .
zrv s o e 1.4 a_ntl-kT R=0.4
10°F Yoy # & e igi® =4 O et
= Vv**'ooo :AOO ; § 1.3-_ pJT >100 GeV
- e R B ] 0-10%/60-80%
et N 1.2/1
10.’:_ v x on 3 ™
RS E 11k M. Rybar@QM2012
" ©0-10% x 2° R F >
0 5 Vo o -
b ©10-20%x 2 AN 1
= £ 20-30%x 2 e : g
- © 30-40% x 2° s 0.9F "y
10-1’_040-50%XZ2 VOJ : 1 r 3 32 333l 1 1 L1 1 111
= *50-60% x 2' % - 10" 1
~ v 60-80% E
-2 L 1 [ N 111 LOW pT enhancement z
10 e 1 _
) soft radiation
Intermediate z:
NB: z is wrt observed E; # initial Ep,on depletion: E-loss
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"antlkjetsR 03f -O-Pbe II&IIIIIIIIIII%
p‘e‘>100 GeV/c 1 __ = pp reference I I I &
I =0=ptra°k >1 GeV/c: =@= 1 =9= I =9= 1 e o ] X
S o 1 == | 1 3
1; - o= 13
[ == =9= 1 1 S
I -o- == . !
107, 70-100% -  50-70% =
I 1 o I I | L |

_ i O
1.5_ | ] C%
8 | T
: T >
_Q\Q 1_+_+__+___++ Ci)

o
s 1 T | e e =
a | 1
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O'5—| ] ] |— ] ] L+ v o1 w

Jet broadening: transverse fragment distributions

CMS, |5y = 2.76 TeV PP, fL dt_53pb PbPb, fL dt = 150 ub”

Jet broadening: radiation at large angles @
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Jet broadening: R dependence

Ratio of spectra with different R

rm

Al 2 T T T T T
28 | Po+Pb 5, =2.76 TeV |
o 1.8;det=7Mb1 ATLAS
r f ST °
16 i e o
e *
Larger jet cone: T t Ty K b
‘catch’ more radiation : ._-. {'

-> Jet broadening

0-10 %

my

|

O !

=
I|IIII|IIII|IIII

/981802 L:AIXIe 'SV

0.8
40

50 60 70

However, R = 0.5 still has Ry, < 1
— Hard to see/measure the radiated energy
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R (2,0°=1.69 GeV?)

(2,Q°=100 GeV")

Pb

[

R

Initial state effects: nPDFs

NPDF results shown as ratio to proton

Pb Pb Pb

Ry Ry Re:
1.4 B IIIII| |||||||I| T TTTTT IIIIII| IIIIIIII| IIIIIIII| T TaTTIT IIIII| IIIIIIII| T T 1.4

12 L Q’=1.69 GeV> 3 .
1.0 FER IS R / P Bty ""“ 1.0
0.8 F - . P T e 0.8
0.6 - + === 0.6
04 F — 0.4
02 F - 0.2
1.4 - T TTTH T TTTT T TTTTTH T T TTTT ] 1.
12 f - 12
1.0 ¥ Ry L it =X~="% 1.0
08 F + 0.8
0.6 — — H- 0.6
0.4 | — This work, EPSOONLO_|_ Irt 104
R HKNO7 (NLO) T 4
0.2 - —— DS (NLO) T m 102
0.0 IIIIIIII| IIIIIIII| | IIIIIII| LI 1 1 IIIII| 1 1 IIIII| 1 IIIII| Illllh 1 1 IIIII| 1 IIIII| 1 IIIII| | LI 0.0
10* 10° 10 10" 10" 1070 10° 10" 10" 100 107 10
i i X
Valence quarks Sea quarks GlUONS
u-u + d-d u+u + d+d

Sea quarks ‘follow’ gluons

Enhancement

at intermediate x:
‘anti-shadowing

Low-X suppression:
shadowing

Significant effects in gluons at low Q2

No experimental information for small x
(large uncertainty)
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0.8 &
0.7

1.3 -

Effects of shadowing/anti-shadowing

70 spectra at RHIC

) 0 PHENIX 2007 7° |
O STAR 2006 7t + 7 -

F\

— EPSOONLO  _|

y:
| | | | __I- I<|1\IO7 (1|\ILO)| ]
2 4 6 8 10 12 14 16

prGeV]

Raau > 1 at intermediate pr
could be anti-shadowing;
shadowing at higher pr

Direct y at RHIC

2 55 d+Au e virtualy
- |syw=200 GeV o gl-tagging
o[ Cronin+lsospin
e P S Cronin+lsospin+Shadowing
< 1 53, Cronin+lsospin+Shadowing+AE, .
© I
1;__ | b CID_{) {) {) %’ ® )
0.5E. } ¢ 14 9 4
O:| | | L L | | % | |

Photons: largest effect: isospin

Shadowing (EKS98) has only
small impact at mid-rap, higher pr

10 12 14 '16'p'T'zé'e'V';8

€2 1802 L:AIXJe XINIHJ
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Q= dlf"/dp,rl(‘r:““"' do,,/dp.)

p+Pb centrality continued

Nuclear modification with three different centrality measures

Central multiplicity Forward+backward multiplicity Forward multiplicity
— b p-Pb at|s,,, = 502 TeV o —_ p-Pb at | s,,, = 5.02 TeV = ) p-Pb at | 5,,, = 5.02 TeV )
—— i< 0.3 % S g% < 0.3 S — % h<0.3 S
; - " 2 ,7/‘l|l \
o —— %W CL1 ALIGE | 1 2 ' ALIGE | § 2| = ALICE
S COMMON : emor g commaon ¢ S COMmmon ¢ . error
‘—‘_gc__n_l_gg % NOrMaksalion crror PR:LXMXNRRY ?Eg -cmleo novmatgamnc 1O VOM PRELIMINARY < l—oomeo‘sgfnormalsabmouof PRELIMINARY
-'-. -_-b‘“" - o !
i L A § % ——_ o o VOA
[ i e e § | S TTme— S FrmTme
- & | T £ - S ‘
| < 1 1- |
L : n L e —_— llg ettt ¥ —— — —
o m—— s Tt —_—t
i T —r C£ \ © & ——— e ——- ¢
¥ v ————r—_____
P PN T Y P Pl P - e ] asa ol bt IPENIP [PUPUNE IPEPH] [PUPRP IPUPOPN BIPIRS P baaal (1 R e R G S o L R S R SRR .
O 2" a6 "8 10 12 14 16 18 20 22 T TR TR TR T R 0 274 e e 0 2 e e e 20 22
p, (GeVic) p, (GeVic) P, (GeVic)

Clear self-bias
(measured range is
selected range)

Strength of effect depends on classifier

Peripheral is suppressed:
Suggests problem with centrality selection/N¢oi calculation

No clean experimental handle (yet) on geometry
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