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In a nutshell: The QGP at RHIC

At RHIC we see the
hottest T=200-400 MeV ~ 3.5-1012K
densest c=30-60 ¢
matftter
ever studied in the laboratory that

nuclear matter

flows large “elliptic” flow

as a (nearly) perfect fluid
with systematic patterns consistent with

quark degrees of freedom valence quark scaling

and a viscosity to entropy density ratio
lower
than any other known fluid

and it is high-pT suppression
opaque to colored objects

All hint towards a strongly coupled quark-qluon system: “s”QGP
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How can one study the QGP in more detail: “Tomography”

Detector
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How can one study the QGP in more detail: “Tomography”

Detector

Human body

‘Hard’ processes/probes have a large scale in the
calculation that makes perturbative QCD applicable:

e high momentum transfer, Q2
e high mass, m
e high transverse momentum, pr

N.B.: since m#0 heavy quark production is ‘hard’ process even at low pr
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A variety of “hard” probes ...

Jorn Putschke

A noiyip Juswainses|)

Hadron production
Heavy flavours

Jet production

— ete- — jets

— p(bar)+p — jets

Direct photon production

Focus in this talk: Jet production

Theory difficulty



Why jets? Jets connect theory and experiment

pQCD factorization:

Bo 5 5 da.ab—md 5 5
Es x faja(Ta, Q%) @ fio/(1s, Q%) ® py RDpje(26,Q7) @ Dy yq(za, Q°)
PDF Partonic x-section Fragmentation function
\’\/d
Jet spectrum
Jets are the experimental signatures
2 PT particles = PT jet of quarks and gluons. They reflect the
kinematics and “topology” of partons:
‘ Rcone

* pQCD calculates partons

Hard scattering * experiments measure fragments of
partons: hadrons

Goal: re-associate (measurable)
hadrons to accurately reconstruct
partonic kinematics

Tool: Jet-finding algorithms:
Apply same algorithm to data and
theoretical calculations
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“Seeing” jets is “easy” ...

Event : 73268 Rum : 138396 EventType : DAT A | Unpresc: 0,32,33,2,3,4,5,7,8,9,11,13,16,17,18,19,20,21,53,22,23, *

ATLAS Nov/Dec 2009

SETEeD Vs=2.36 TeV

RHIC p+p @ Vs = 200 GeV
p+p JP trigger p:::t ~21 GeV
STAR Preliminary

p: per grid cell [GeV]
a

| atleastin p+p collisions,
Dby, » | but how to define a jet ...




Jet definition < Jet algorithm

The construction of a jet is unavoidably ambiguous.
On at least two fronts:

e Which particles get put together into a common jet?
e How do you combine their momenta?
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Jet definition < Jet algorithm

The Ca.ln.n.'hu_l.n:k:.n.la_n.Ln_;.ni 1 simeviniaAlabb i cvnlbni vt i

On at
e Wh
e Ho\

Jet Definition

particles
4-momenta,
calorimeter towers

+ parameters (at least the cone radius/
resolution parameter R)

+ recombination scheme
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Jet definition < Jet algorithm

Snowmass accord (1990)

Several important prnp;erti;ss_ that should be met by a jet definition are

[3]:
1. Simple to implement in an experimental analysis;
2. Simple to implement in the theoretical calculation;
3. Defined at any order of perturbation theory:
4. Yields finite cross section at any order of perturbation theory;

5. Yields a cross section that is relatively insensitive to hadronization.

And more ...
— Physical results independent of your choice of jet definition

— Jets should be invariant with respect to certain
modifications of the event:

» collinear splitting
* infrared emission

This reduces the list of potential jet-finding algorithms to:

- kt/Anti-kt (recombination algorithms)
- SISCone (infrared, seedless cone algroithm)

all part of the FastJet package: M. Cacciari, G.P. Salam, G. Soyez, JHEP 04, 005 (2008), 0802.1188
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Before we can utilize hard probes/jets (and their
modifications/tomography) to probe the medium in
heavy-ion collisions we first have to establish that:

1) The probe is calibrated:
Comparison of pQCD calculations with p+p measurements

A@[ Jet
p+p

<4 "=
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Before we can utilize hard probes/jets (and their
modifications/tomography) to probe the medium in
heavy-ion collisions we first have to establish that:
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Before we can utilize hard probes/jets (and their
modifications/tomography) to probe the medium in
heavy-ion collisions we first have to establish that:

1) The probe is calibrated:
Comparison of pQCD calculations with p+p measurements

“[ Jet
ptp
< * =

2) Control experiment:
Measure initial state/Cold Nuclear Matter (CNM) effects;
Probe the “cold medium” via d+Au collisions (compare to p+p)
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Before we can utilize hard probes/jets (and their
modifications/tomography) to probe the medium in
heavy-ion collisions we first have to establish that:

Phys.Rev.Lett.91:072304 (2003)

g 250 e d+Au FTPC-Au 0-20% |
m% - NSTAR & d+Au Minimum Bias i
2 ] _
- X | [ p+p, p,,: 10-20 GeVic | d+Au, p_,: 10 - 20 GeV/c
KO0 — 1 ,
150 g - Orraw = 2:83£0.05GeVIc | [ Gy, = 2.98+0.08 GeVic
- S .
- - GeV/c
1b— 3 I
N QL 100
- < AR
- R, (p;)= I i
05t anlPr) T4 do” dpydn A ninary
B I I <Nco|||> I I: 5 6 4 2 0o 2 a4 5 8 10 n_'jslll-li”‘-‘lt‘”-lzllll‘) Héllli‘ IslI IP_H?O
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 kr=Pr1*sin(Ad)
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Before we can utilize hard probes/jets (and their
modifications/tomography) to probe the medium in
heavy-ion collisions we first have to establish that:

1) The probe is calibrated:
Comparison of pQCD calculations with p+p measurements

“[ Jet
ptp
< * =

2) Control experiment:
Measure initial state/Cold Nuclear Matter (CNM) effects;
Probe the “cold medium” via d+Au collisions (compare to p+p)
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Jet-quenching theory from an experimentalists view

Gluon radiation

Multiple final-state gluon radiation off of £ , o=(1)E
the produced hard parton induced by gf‘gguctior T
the traversed dense colored medium Jrarw g § 3
A Medium
. Partonic spectrum Nuclear geometry Energy loss Fragmentation
General form: ., ® ; X AE(E,) ) D(E, ,AE)
e Mean parton energy loss A lot of theories/models on the market:
o« medium properties:
—AE ~ pyon (gluon density) g~ 2-10 GeV/fm

—AE~ AL?2 (medium length)

— ~ AL with expansion no quantitive agreement* (based on the

available measurements) at RHIC so far!

e Characterization of medium Naive summary:
via transport coefficient ¢ To varying extent all theories (except
IS mean pt2 transferred from the AdS/CFT) predict a softening of
medium to a hard gluon per unit the fragmentation and an overall
path length A broadening of the jet shape!

Jorn Putschke *Remark: The differences might be due to NLO corrections !? (Thesis and Nucl. Phys.A820:115C-118C,2009)



What we ideally want to measure ...

« MLLA: good description of vacuum fragmentation (basis of PYTHIA)
* Introduce medium effects at parton splitting Borghini and Wiedemann, hep-ph/0506218

Borghini and Wiedemann, hep-ph/0506218

141 in medium ,’ s
P \
\
MU 21 ,, \\
4

c'\o 10 | /' Ejot =100 GeV ,
Z
©

| ) 3 4 5 6
% = In(Ejet/phadron)= In(1/Z)

Modification of the fragmentation function/jet structure due to
partonic energy loss in the medium, at a well defined
partonic/jet energy, of an unbiased jet population

(no geometric/kinematical biases as in single or di-hadron measurements;
single/di-hadron are indirect measurements of jet quenching)

Jorn Putschke
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Seeing jets in HI collisions ...

p+p JP trigger
STAR preliminary

N

(=2}

(3.}

F N

w

p: per grid cell [GeV]

Jorn Putschke

P ~21 GeV
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Seeing jets in HI collisions ...

20% n'ec
p+p JP trigger prec ~21 GeV Au+Au 0-20% pt,jet 21 GeV

t,jet

STAR preliminary STAR preliminary

-J
—
o

|l|

Qo

E -
T

p: per grid cell [GeV]
o i

p: per grid cell [GeV]

well, at least some are clearly visible!

But how to correct for the underlying heavy-ion background?
How to determine the jet energy scale?
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Full jet reconstruction: (Hard) Lesson from RHIC

< 2r . .
o | of PHENIX Preliminary “A jet is what you ask for!”
Or * 0-20%
16 ° 0—100%,(z>: 0.7 (PRL 101, 162301)
14F Phenix for example:
1.2F jet-finder based on unmodified jet-shapes
JE oo = veto against modified/quenched jets
0.8
0.6/ i & JF J( - L
o Ty t g | pT cut to minimize background
_E Run—5 Cu + Cuf5 = 200 GeV = bias towards non-interacting jets
0'25 Gaussi‘an fiIter‘,o =03 ‘ ‘ ‘ ‘
% 5 10 15 20 25 30 335 L ) ,
PP (GeV/c) Anti-quenching” biases are “everywhere”!
u.l'- 1 u.l.- 1;—
w _10% T F Au+Au 0-10%
i i Sof A“IAB“T There are no shortcuts!
° -z: 4 A -Tri ° ~2ig & -Trig i
10 ?E‘ *f;‘ m ,:CB;—:agled p+p 10 §§ ‘A‘_._ ] Nbin Scaled p+p We have to deal Wlth the
o E . wEE e full complexity of the
0k w'EE e heavy-ion background!
1o‘é—§ 10°F -
wk KT R=0.4 wf KT _ :
) wf T cut>2Gév BUT: The tools are available!
E; [GeV]

Jorn Putschke
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The challenge: Heavy-ion Background

A jet in HI collisions schematically:
pr (Jet Measured) ~ p; (Jet) + p A £ F(A)

Three main components:

1. Overall background energy density per unit area p
with A the jet area (determined by FastJet algorithm)
p A~ 45 GeV for Rc=0.4 (S/B ~0.5 for 20 GeV jet)

2. Background fluctuations:
A priori unknown background fluctuation
distribution F(A). In a gaussian approximation:
~ 6-7 GeV for Rc=0.4

3. “Fake jets” = signal in excess (due to jet
clustering) of background model from
random association of uncorrelated soft
particles (i.e. not due to hard scattering)

o (GeV/area)

- STAR Preliminary E

—10*

—10°

| INIE AT TS IS WA e N |

-Illll 1 L 1 1 1 1 L 1 L 1 1 L 1 L 1l
0300 350 400 450 500 550 600 650 700 750

Multiplicity

- -
N L
| T T

-
o
|

Background fluctuations [GeV]

" AuAu 0-20%

e P> 0.1 GeV STAR Preliminary

o PO > 1 GeV
- p>2GeV

Remark: 1. can be corrected for on an event-by-event basis,

2. (and 3.) only via a statistical method = “unfolding”

Jorn Putschke

o v b b b b b b b by nay
014 02 03 04 05 06 07 08 09 1

Rc
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As an example: Focus on background fluctuations

-
o
1]

Simulation

—— Pythia ‘

—=— Pythia smeared
|

-=- Pythia unfolded

1/NRandom Cones/Akt*c":TB/CIp

—
e
\

iy

e
)
\

-

S
&
\

10" -

4+ Random Cones
v FastJet Akt Emb.

© FastJet Akt

— Poisson ® I integral

-5 ﬂ”\ 1
10%

5 10 15 20 25 30

Jorn Putschke

Jet spectrum in Au+Au (schematically):

dapp
— F(A
dpt @ ( 7pt)

doaa
dpy

Effect of background fluctuations F(A,pt)
= substantial “feed-up” in the jet x-section

Conceptually F(A,pt):

F(A,p;) = Poisson((M(A)) @ T'(M(A), (p:))

F(A,pt) can be measured in data:
- “packground jets”: pr-p A< O
- “spectrum” at 90deg. wrt to a di-jet

Non trivial issue, further studies actively
being pursued, but we have all the tools!
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Putting it all together: Spectrum Unfolding

Corrections for smearing
of jet p; due to HI bkg. non

uniformities:

1) raw spectrum

2) removal of “fake”-
correlations

3) unfolding (bayesian) of
HI bkg. fluctuations
(“gaussian approximation”)

4) correction for jet
energy resolution

Jorn Putschke

raw counts
— — — — — —-—
() Q (] () () [
N w N [3,] =] ~J
[ lIIlIII| [ IIIIIIII | IlIIII[| [ lIIlIII| | IIlIlIII | IlIIIlIl [ lIIIIII| T TTTI

-
o

1

-1
10 0

5., + Raw data
oo, ® o "Fake" jets removed
o= o, = HI background corrected

. e, o P resolution corrected

SR R
3
>':‘::vﬁlﬁ

gl

IlIIIIIlIIlIlIIIlIllIlIIITIIH

STAR Preliminary

10 20 30 40 50 60
pft (GeVlc)
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Inclusive jet x-section in heavy-ion collisions

Au+Au collisions 0-10%

Q_u—10'3§
2 lines=unfolding
% 104 uncertainties
B STAR Preliminary
10° =
10°
b ktR=04 .\
- ° anti-kt R=0.4 \\,ﬁk N
0L " ktR=0.2 IN
- o anti-kt R=0.2
10'9I|l||l|l]|l|l]|l|ll|l I—ll‘lllllll
0 10 20 30 40 50 60

p‘T'et (GeVic)
* Inclusive Jet spectrum measured in
central Au+Au collisions at RHIC

» Extended the kinematical reach to study jet
quenching phenomena to jet energies > 40 GeV

Jorn Putschke

17



What do we learn from the Au+Au jet spectrum ?

Energy shift?

RJet Cross-section ratio
do ,, A4 AuAu/pp
dE . 1
Absorption? J— ——
Au+Au
E, E;

Momentum and energy is conserved even for quenched jets
If full jet reconstruction in heavy-ion collisions is unbiased

= Inclusive jet spectrum scales with Ncon relative to p+p

Jorn Putschke
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Jet Raa in central Au+Au collisions

Jorn Putschke

Au+Au and p+p at\/s,,=200 GeV/c

Au+Au: 10% most central

=l

—— anti-kt R=0.4

Inclusive Raa

) STAR Prellmlnary
107000000000, T P T N ST ST T

10 15 20 25 30 35 40 45 50
#et (GeV/c)

We see a substantial fraction of jets
- in contrast to x5 suppression for light hadron Raa

kr and Anti-kt known to have different
sensitivities to background
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First look at the jet energy profile

0.8
0.7
0.6

0.5

Yield Ratio: R=0.2/R=0.4

0.4

0.3

0.2

0.1

[llustration: Gaussian 1D profile

Au+Au and p+p at\/s,=200 GeV/c

Redistribution

:_ A of energy results in
N 1o -> shift of jets p;
- Au+Au: 10% most central —— Au+Au kt with fixed R
N ) ] —— Au+Au anti-kt
- STAR Preliminary — p+p kt
N —=—  p+p anti-kt
:_ a * 08 06 04 02 0 02 04 06 08
E o RED: p+p
C —— — BLUE: Au+Au
f— ‘Mﬂ/ - N\ p+p: “Narrowing” of the jet
f_ _QA;J;// \ structure with increasing jet energy
;_ ™\ AutAu: “Deficit” of jet energy for
:I | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 | | L1 1 1 | L1 1 1 | | jets reconStrUCtEd With R=0'2

15 20 25 30 35 40 45 50

pf‘ (GeV/c)

Strong evidence of broadening in the jet energy profile

Jorn Putschke
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Recoil jet spectrum Raa

Q .
£ 4.4 STAR Preliminary v AntiKt R=0.4, p"*>10 GeV
S L o AntiKt R=0.4, p"°>20 GeV
N — .
: ; S 1.2 —— Background uncertainty 6., _+ 1 GeV
Trigger jet 120 1eHare bko
< = % e Trigger jet energy uncertainity
= B
D
R
0.8
- |
/0x 0.6
0.4— =
0.2
B Inclusive Raa
B 1 1 1 | | 1 1 1 1 | | 1 1 1 | | | 1 1 I | | 1 | l | | | 1
qO 15 20 25 30 35 40
P, rec(recoﬂ)

e Selecting unmodified trigger jet maximizes pathlength for the
back-to-back jets: “extreme” selection of jet population

e Significant suppression in di-jet coincidence measurements

Jorn Putschke
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Towards fragmentation functions: Jet-Hadron correlations

High Tower Trigger (HT): tower 0.05x0.05 (nx¢) with Ei> 5.4 GeV, Anti-kt, R=0.4, prut>2 GeV/c

0.2<pt,assoc<1 O GeV

3E
- STAR Preliminary
SE 0-20% Au+Au

1IN, dN/dAG

pt,assoc>2.5 GeV

=
3 8F
%z 76 Open symbols p+p
z_' C
< 6F
s STAR Preliminary
°F 0-20% Au+Au
3F

Jorn Putschke

Jet axis

1 . O<pt,assoc<2 . 5 GeV

w
T

Open symbols p+p

1N, gNIdA

Trigger jet

AssocC.

A(I):(I)Jet - (I)Assoc.

In general: ¢tig # dpsec and depending on Pt tig, NOt
necessary every trigger particle has to come from a jet!
Jet-hadron correlations cleaner interpretation in terms
of jet-quenching.

Extended kinematical reach!

Significant broadening and softening
visible on the recoil side!

Caveat: “Jet v2* contribution in background subtraction under investigation

22



Almost there: “Modified Fragmentation Function”

trig

+ 10<p, <15
i STAR Preliminary tet

i e

I % 0-20% Au+Au v 15<ptrj'§t<20
(not really for public yet; tri

no vz and jet energy . 20<pt;':t<50

scale uncertainties)

P T
—

IIIIIIE

¢

Yf
B
- :d

Inclusive Raa Note: This is not z!

-1 1 1 | L1 1 | L1 1 | 1 | | L1 1 | L1 1 | L1 1 [ L1 1 | L1 1 | L1 1 / The jet energy dependence
107, 2 4 6 8 10 12 14 16 18 20 is not normalized out!
pfss°° [GeVic]

Au+Au(0-20%)/p+p (Recoil assoc. yield per jet)

e Enhancement at low-p: and suppression at high-p: of assoc. yield
wrt p+p = “modified fragmentation function”

e Out-of-Cone energy: Energy deposit outside the “cone” R used in
jet-finding can be determined and is of the right order to describe
the observed di-jet coincidence suppression/ FF measurements.
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NN

¢ 7°0-10%,z) = 0.7 (PRL 101, 162301)
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—=— anti-kt R=0.4
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1.2

AutAu (central collisions): .
g B Directy (PHENIX Preliminary) I R o et s (N R N =
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D i SC u Ss i O n . o 1.;;P.|'|§|jlz)(ol‘;:eliminary

&€ |  Au+Auand p+p at\/s, =200 GeV/c E + n°0-10%,(z) = 0.7 (PRL 101, 162301)

Raa

Au+Au: 10% most central -  ktR=0.4 ‘) 1.6F
—=— anti-kt R=0.4 C
| STAR Prellmlnary; iR=02 ( ° ) 1.4
AutAu (central collisions): [ 1.2
B Directy (PHENIX Preliminary) | -
10 ¥ Inclusive h (STAR) 1E
° 0.8

Algorithmic o.e?%ww%ﬂ.% H§ + ’ -

E 0 (PHENIX Preliminary)

C GLV parton energy loss (dN’/dy = 1100)

: i 0.4
differences OZJun 5 Cu + Cusy, = 200 GeV

li+f$f+*f%%fff ol - Gaussn‘anﬁltero 03 ‘ ‘ ‘

[ e i TR T P P U BN BN T o- S
. 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35
%% i rﬁ*;ﬁﬂil ] Py (GeV/c) pr P (Gev/e)

"~ Picture emerging:

Current jet-quenching measurements at

RHIC can be qualitatively explained by a
significant broadening of the jet structure
due to partonic energy loss (gluon radiation) ..

8<p?<16GeVic

0.5 < p™*°“ < 16 GeV/c

|n the medium (QGP)

gt | |
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D'E__ LIl | °® AuAu 0. 72<|A1’]|<‘| 44 —_ g 1: ------ Trigger jet energy uncertainity
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From RHIC to LHC: The hard probes factory!

Heavy ions at the LHC:

- fireball hotter and denser,
lifetime longer than at RHIC

- dynamics dominated by
partonic degrees of freedom

- huge increase in yield
of hard probes!
(but needs triggering: EMCal for jet studies)

p; [mb Ge\fz]

N

do/dyd
. 3

—
ol

-

o
N
N

LO p+p y=0

N\ (h+h)/2 Js = 5500 GeV

Remark/Caveat: Full EMCal acceptance not available for first Pb+Pb collisions;
= Full-jet reconstruction not possible in ALICE = Di-hadron measurements first ...

Jorn Putschke




Di-hadron correlations: Lesson from RHIC

B AuAu ]

\

oHE ®®
Bl | | | | |
-1 0 1 2 4
A9
Phys. Rev. Lett. 97 (2006) 152301
| ‘ ‘\\\\\\\\\\\\\\l|\\\‘\\\‘\\\‘\\\‘\\\‘\\\l
| ® (0-12% Au+Au | (b)ﬁ/n' =m0 etei(p+p)/ ()

Py

A 60-80% Au+Au - Hwa:Recombination

O d+Au

== Fries:Coalescence+Jet

Transverse Momentum P, (GeV/c)

Simulation: Thermal toy model + Pythia jets (no vz)
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>
o
0

>
N

435 | |

——i—— Pythia + BG, trigger inside jet cone

—#—— Pythia + BG, trigger anywhere

Jorn Putschke
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/

High pitfi9: geometric biases; limited sensitivity to
partonic energy loss mechanisms

Lower pi'9: Possible Mach-Cones and
near-side Ridge (An matters!)

BUT: Not every trigger part of a jet;
recombination/coalescence!?
= Interpretations in terms of “jet” physics complicated!

Also ambiguities in “jet” vs. background/hydrodynamical flow!

Example: Thermal toy model + Pythia jets (v2=0):
= Dilution of “jet-like” associated yields !!!

Can be studied in data via “di-hadron”
correlations “in/out” of a fully reconstructed jet!

Larger effects, especially on shapes, by including va!
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Day 1 Pb+Pb: Hadron/Di-hadron measurements in ALICE

Eskola, Honkanen, Salgado, Wiedemann
« NPA747(2005) 511

> PHENIX 7
v STARh High-p; behavior at the LHC?

3
otz 4 PHOBOS h
' BRAHMS h
(1) Raa at high ~
0 u
AA at NIgh-pt
- | o o -
l ."" - -
i b - et -
PR R NaS —— B *ﬂ_......--:'.‘ ____________ -
15

(Il) High-p: di-hadron correlations:
- high-pt elliptic flow/v> measurements: “jet-flow”

- wrt to reaction plane:
“pathlength dependence of jet quenching”

(Il) Ridge measurements:
- high-ptand wrt to reaction plane
- PID at high-pt

Does the ridge/jet yield scale with collision energy !?
Ridge connected to pQCD jet properties?
Or initial state/medium?

Remark: Is there already a ridge in p+p at the LHC ?
A. Dumitru @ RBRC Workshop March 2010

Jorn Putschke

Phys. Rev. Lett. 93 (2004) 252301
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Jet x-section measurement in ALICE

1/2n d2oie*/dedn [mb GeV/c™|

—
<

=
Q
N

—r
=]
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=
Qe
H

% stat. and syst. uncertainty _

Jorn Putschke
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ALICE EMCal PPR (2009)

EMCal acceptance: n|<0.7, A¢p=110°

—e—— (PYTHIA spectrum

_.“_‘,‘ systematic uncertainty
X (uncorrelated)

systematic uncertainty

(100% correlated errors from p+p,
uncorrelated bkg fluctuations)

Pb+Pb \/S,,=5.5 TeV
\ N 10% Central

-1
~.. 0.5nb

S e
A -~

. ~‘
r—0—
N

Anti-k . R=0.4
G=17 GeV4fm

‘s
—©®
.

Pb+Pb cross section uncertainty

o

40 60 80 100 120 140 160 180 200 220

pjTet [GeV/c]

EMCal needed for triggering
and neutral jet energy
component:

Large kinematical reach
in 1 year ALICE running

Precise measurement:

Effect of background
fluctuations in jet spectrum
suppressed due to harder
underlying partonic
spectrum!
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Jet quenching measurements in ALICE

ALICE EMCal PPR (2009) ALICE EMCal PPR (2009)
22 JET Ry, S 12- JET BROADENING
T e — b nlé : Pb+Pb \[S,y, = 5.5 TeV
o ~ P e [ —— [—— [» .................
i systematic error 1 Pb+Pb \[s\, = 5.5 TeV -8 C }
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& study QCD evolution of jet quenching S 4p T ldealR=10pt=00
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. . 4 3 35
Reduced SyStematIC uncertainties g 35_ Annual ALICE run statistics
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to RHIC measurements jo oD 0-10%: <=0
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= Precise jet quenching measurements J:
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partonic energy loss at LHC with ALICE!

S
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N
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Jérn Putschke Remark: DCal upgrade funded; allows di-jet studies in ALICE!



Lesson from RHIC: Initial state effects at LHC ...

peripheral central
kH
2 0.016F S o0.03F
%’7“0 orf Lt d+Au %Tﬂ S d+Au
AN A " 2Sooms) Hy!
jgo 012 _ .b»‘ 'H-+ +++ 8 E i
L > . + 4 ++ o~ - + +
= o/ A + =t ‘é\ 0.02 o/ +
e O + 2 L F g bt
§‘§o oos;:—-ﬂ"ﬂL Iﬂ + »++ + §§ f H ++1E _ii rh + ++ L
29 i iy Phey B 0.01514 ‘H::H— bl
0.006 i
; 0.01F prfMS)>2 0GeV
v | orFMS)>1 0GeV
0.002F /STAR 0.005-% STAR )
' WA
cbrelimingry - Preliminary
Ay Ay

Forward rapidity d+Au measurements at RHIC (y~3)

10° — -\ probe similar x-region as at mid-rapidity at LHC
. | s X4 2= (M/IVs)e® >
;:” 10° |- ' Recent forward correlation measurements at RHIC
- suggest suppression/de-correlation in central
el VAT LT Vv d+Au collisions. Onset of CGC !?
107 | Control experiment p+Pb at LHC necessary to
measure with high precision initial state effects
10°

to allow an unambiguous interpretation of
jet-quenching measurements in Pb+Pb collisions!
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Summary

Qualitative picture from RHIC:

Landscape of hard probes:
Jet-quenching measurements

can be “consistently” explained Z < % | Annual ylelds In ALICE

by jet-broadening/softening due U S0 T [ reromneme |

to radiative energy loss in the medium! "54 ey Sealng from be?
2 ppE——

Large kinematical reach and precise &

(full) jet measurements in ALICE:

= Quantitive constraints on

underlying partonic energy loss

mechanisms (for light quarks)! a0 T T W I

1 1 L 11 | 1 1
0 20 40 60 80 100 120 140 160 180 200
E (GeV) or p°T“t (GeV/c)

But this is just the start!
The landscape of hard probes is rich at the LHC!

Measure heavy quark energy loss (b-tagged jets), still open theoretical
issue to describe heavy and light flavor energy loss in a consistent framework!

Jorn Putschke 32






Surprise No. 2: Shock-Waves/Mach-Cones ...

Increasing pttrigger

>

2.5<p"™®<3.0 GeVic

6.0 <p*<10.0 GeV/c

O d+An:

o | 3.0< pt:g <4.0 GeV/c 4.0< p'TIrig <6.0 GeV/c
< L 0.5<p:s°°<1.0GeV/c
O T ; ;
Z |
I )
-00_5_ ® L ® Ry L
o |
Z ™ s g
_________ —— o O . = _ o _ - L,

\ PEFEErS IFEPETErS EPEPITES IPATETErS APEVAS APETErrS I | SRS EPErErSl BPEATArS AT AP A | PEFETE
-

o Au+Au

O Au+Au IAnl < 0.7 r

0-12% Au+Au

(@)

? [

Sl oat i i +

3 02 i : i iy
= [ % %

(/)] ooQb > %

© U000 oo0 PO OOIOIGs s¥O0TIO s OO wAOOT IO orscAOOUIUOTIIOOn DTN M AN
9 o 2.5 <p™**° < 4.0 GeV/c

&)

S | g . STAR Preliminary |

Caveat: Large, elliptic flow modulated background has to be subtracted !

Double-hump structure for
lower pr.rig Observed (similar
observation in 3-particle
correlations)

Is interpreted as conical
emission/Mach-Cones of
partons traveling faster then the
speed of sound in the medium!

Why only visible in selected
kinematic ranges? Punch-
through jets? Ambiguities in our
background subtraction? At
lower prig NOt every trigger
particle has to come from a jet!?

Naive calculation of time averaged
velocity of sound in medium:

Cone angle ~ 1.36 radians = cs = 0.2¢
(a bit too small)
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Surprise No. 3: Even on the near-side, the “Ridge”

Looking closer on the near-side: Including An correlations ...

d+Au, 200 GeV Au+Au 0-10%
3< pt,trigger <4 GeV
> 2 GeV

pt,assoc.

x10"

= 4600

g 450_
T e A A e 4 i 5 é
1004 -- oA DA RIS ‘ w
410_

1.5

0
-0.5
-1 M\ Away-side
(and v,)

Near-side An 1
independent ridge 49 s A5

d+Au: “jet’-peak, Au+Au: Additional correlation strength
symmetric in ¢, n at small A¢ and large An: The “Ridge”

What is the origin of the ridge ?

Jorn Putschke 35



The ridge: A closer look ...

Ridge characteristics:

e approx. independent on An

e persists up to highest trigger p,
=> correlated to jet production

¢ spectrum ~ “bulk-like”

e energy roughly a few GeV

e A/KO ratio in ridge ~ inclusive B/M ratio

e comparable in strength Au+Au and Cu+Cu at same N

e ridge yield/jet yield independent on collision energy

change in jet yield can be explained by pQCD, but why
does the ridge scale? Ridge properties correlated to

jet/pQCD properties?

Are we seeing vacuum fragmentation after
energy loss on the near-side in central
Au+Au collisions with the lost energy
deposited in the ridge ?

Jorn Putschke
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The ridge: A lot of “qualitative” models ...

Jet broadening Medium response  Trigger/Initial effect

nm

Long. flow Long. flow Long. flow Long. flow
Soft gluons due to Extra yield due to medium Trigger selects existing
partonic energy loss heating/drag or structure in the medium
couple to longitudinal flow propagating parton (underlying event, color

flux tubes)

All models are currently in qualitative agreement
with the measurements; but they predict different behavior
concerning collision energy, ridge width and extend ...

Experimental tests ongoing ...

Jorn Putschke 37



Where can we look for further details ?

1. Final State

Yields of produced particles: Thermalization,
Hadrochemistry

2. Probes of dense matter
“Tomography” with “hard probes”

3. Early State

Hydrodynamic flow from initial spatial
asymmetries

Jorn Putschke
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Recoil Fragmentation Function in Au+Au collisions

| large uncertainties due to background R=+/(An)% ¥ (Ad)?
(further systematic evaluation needed)
I
e il II&
- i
S 107 AntiKt R=0.4  Purec(AuAu)>25 GeV / %
— Ve
% = = < Prec(pPp)> ~ 25 GeV II s
3 _—A——‘— /,\ .
Z STAR Preliminary I Fragmentation
T 10 S process
— —_——
— —‘_
: —_—— 4
1 — _': A
- 4
4L 4 p+precoil .
10 1 = pTp A
- & Au+Au recoil
¥ Au+Au recoil unfolded J
10.2_]1[[1lllllllllllllllllllllllllllllllllllllllllll

0 614 02 03 04 05 06 07 08 09 1
z,ec=pta r°“/pt'rec(rec0|l)
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Recoil Fragmentation Function in Au+Au collisions

AuAu(0-20%)/pp

-1
% 01 02 03 04 05 06 07 08 09 1

Jorn Putschke

large uncertainties due to background
(further systematic evaluation needed)

Da—

Ptrec(AUAU)>25 GeV
= < Pirec(Pp)> ~ 25 GeV

STAR Preliminary

--------
T I T A il o S ="
e,

¥ AntiKt R=0.4
—— Background uncertainty 6., = 1 GeV

[~ eeeees Trigger jet energy uncertainty
............ Fake uncertainity + 20%

llllllllllllllIlllllllllIllllllllllllllllllllllll

=nyhad :
Z,ec=P, a ron/pt rec(rec0|l)

R=y/(An)? + (A¢)”

/ s
I pd
| Ve
I
/7\ .
I Fragmentation
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Recoil Fragmentation Function in Au+Au collisions

large uncertainties due to background
(further systematic evaluation needed)

AuAu(0-20%)/pp

v

lllll

20<pirec(AuAu)<25 GeV
= < Pirec(pp)> ~ 18 GeV

STAR Preliminary

AntiKt R=0.4
— Background uncertainty ¢

+1 GeV

bkg
Trigger jet energy uncertainty
Fake uncertainity = 20%

llllllllllllllllllllllllllllllllllllllllllll

-1
107 0.1

Indication of modification in the fragmentation

02 03 04 05 06 07 08 09 1
z,ec=pta r°“/pt’rec(recoﬂ)

function for lower jet pt < ptrec(pp)> ~ 18 GeV

Jorn Putschke
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Fragmentation
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Experimental setup/data-sets

p+p JP trigger P, ~21 GeV

t,jet

STAR preliminary

Jet-finding is performed on a
o “qrid” using pyEx from:

N

O ..__,.<.A.,_,Af::f‘--ﬂ:ﬁfff-..ff:f"--.__.. « charged particle p: (TPC)

(=]

(3,}

e =, = .u.._,_:::fﬁﬁ:f.u.__f::fﬁ:}.,‘.“,:::"-..A.._::Z * neutral tower E; 0.05x0.05

'S

I (nxd) (EMC)

w

p: per grid cell [GeV]

- corrected for hadronic energy.
- Electron correction applied.
- EMC provides fast trigger.

Analyzed STAR data-sets:

* p+p (2006) High-Tower (HT) trigger (single tower E:>5.4 GeV)

* p+p (2006) Jet-Patch (JP) trigger (nxd=1x1 with sum E>8 GeV)
* Au+Au (2007) High-Tower (HT) trigger (E:>5.4 GeV)

* Au+Au (2007) Minimum-Bias (MB) trigger

Jorn Putschke
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Cold nuclear matter effects: kr broadening in d+Au

J. Kapitan (STAR), ISMD 09 | p*p, p_: 10 - 20 GeVic [ d+Au, p__: 10 - 20 GeVic

" 6. =2.83+0.05GeVic =2.98 + 0.08 GeV/c

" OkTraw — <-09L U. wol- CkT,raw
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= : ?‘ 1.5 <Py 1ee00 < 2.0 GeV/c i % 2.0 <Pqee0c <3.0GeV/c ] £ :
S o020 : 4 0.2 ! 1 5TAR Preliminary
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RIS T ot A8, of {Q é v % nuclear effect on kr
0 2 4

broadening observed
A¢ (rad) Aq> (rad)

Jorn Putschke
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The underlying event in p+p collisions

Jet #1 Direction

“Toward-Side” Jet

tracks (GeV/c)
()
C )]

4.5
4 © Jet STAR Preliminary
Y Max UE ]
= Min UE i

|

I|III |IIII|IIII|IIII

N
o
O
—

“Away-Side” Jet

p+p JP trigger Pu« ~21 GeV

T Leading jet
2
8 - P — SISCone
= — Kt
O'_ = I — — Anti-Kt
o l15 :_ N — Pythia
[} 1—_
s — ~— .
: 'n 'm! = = = m
0_5:— —— " B &= - - ——
0: vy b b b e b Ly
0 5 10 15 20 25 30 35 40

Lead Jet p _ (GeV/c)

e Underlying event is decoupled from
the hard scattering

« Small initial and final state radiation
at large angles at RHIC energies
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The underlying event in p+p collisions

Jet #1 Direction

(0] Jet - . I e—
“Toward-Side” Jet 4 0 Max UE STAR Prellmlnary |
............ L
il 3 Y

Leading jet

O

Mean p . of charged tracks (GeV/c)

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

25
N — SISCone
o — Kt
. — Anti-Kt
15 — — Pythia
1
- - = = = ="t
05 el = = = = ——
“Away-Side” Jet | | | | | |
) 5 10 15 20 25 30 35 40

Lead Jet p . (GeV/c)

e Underlying event is decoupled from
the hard scattering

« Small initial and final state radiation
at large angles at RHIC energies
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The underlying event in p+p collisions

Jet #1 Direction

~ 1
(&) —
“T ard-Side” Je S - o " mgm . - -
oward-Side” Jet E: 09 Insensitive to initial/final state radiation
AP ¢ 08 Sensitive to initial/final state radiation
y ca®8 ] B B \ § 0 7E |
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1 - - = i " & 1 ]
: S 0.6 T —— 1T
< = ——
........... _E, 0.5;_ 4 l I i * _l_
S - b= T —=
o 0.4:— | 1!
g :
2 0'3; O Max UE
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Away-Side” Jet 0.1 -
0:I L L I 1 1 1 1 | 1 1 1 L I L 1 1 1 | 1 1 1 1 | L L 1 1 | 1 1 1 1 | 1 L L L
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30 35 40
Lead Jet P, (GeV/c)

e Underlying event is decoupled from
the hard scattering

« Small initial and final state radiation
at large angles at RHIC energies
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Systematic corrections

Trigger corrections:
— p+p trigger bias correction

Patrticle level corrections:
— Detector effects: efficiency and pT resolution
— “Double* counting” of particle energies
* * electrons: - double; hadrons: - showering corrections
 All towers matched to primary tracks are removed from the analysis

Jet level corrections:
* Spectrum shift:
— Unobserved energy
— TPC tracking efficiency
* EMC calibration (dominant uncertainty in p+p)
* Jet pT resolution
* Underlying event (dominant uncertainty in Au+Au)

Full assessment of jet energy scale uncertainties

Data driven correction scheme !

Jorn Putschke
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“Fake-Jet” contribution

“Fake” jets: signal in excess of Se T, amke-dan
background model from random 0 antikt - "fake” ots
association of uncorrelated soft particles LA
(i.e. not due to hard scattering) ::

1042 K ”**H
Inclusive jet spectrum: Wb sran Pre,,m,%‘Hry Tﬁﬂ ‘ H T
Spectrum of “jets” after randomizing HI event 10452050 D o

in ¢ and removing leading jet particle

“F Trigger jet p, > 10 GeV |

pTcut,particIe =0. 1. (??V .AU+AU HT 0-20%

p.. recoil jet (GeV)
o
o

T
>
=]

I.|I-|II|IIIIIIIII

Di-Jet / Fragmentation function:
Background di-jet rate

= “Fake” + Additional Hard Scattering
Estimated using “jet” spectrum at 90 deg.

.:STAR Preliminary

PHENIX: 5 25 PHENIX Prefiminary . g, >49 (GeV/cF
Gaussian fake-jet rejection; use overall 3 o g & i
. . . . . rT,2“ [ 75<p,  <11.5Gev/c %

shape of jets for discrimination. 5

15 ) oL g > 17.8 (GeV/c)?
a i g >274(GeV/c)
&
!

;
Caveat: If quenching distorts jet-shape substantially, 0sh wfj {5
danger of vetoing quenched jets! g:&i:%ﬁgﬁ{ i)
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Exploring pathlength dependence for recoll jets

Trigger on high pr n® and look at jet recoil spectrum

STAR Preliminary

—
!

Increasing
pathlength
of recoll jets

ratio: h-recoil jet Au+Au/p+p

« Au+Au/ p+p pf>6.o pP>6.0
« Au+Au/ p+p p:‘>6.o pP>4.0
« Au+Au/ p+p pf‘>6.0 pP>2.0

. Au+Au/ p+p pf>6.0 pP>0.5

10-1llllllIllllllllllllllllllllllllllll
0 5 10 15 20 25 30

p‘T"ET (GeVl/c)

Significant suppression in hadron-jet coincidence
measurements of the unbiased recoil jet spectrum

Jorn Putschke 45



Effect of elliptic flow

Simple MC model of heavy-ion background: event-plane aligned with jet-axis (extreme case)

» 250 .
;GE) - Input Ideal case (all particles) v2 modulation
o | dashed: Pb+Pb, v,=0 R¢=0.4 and p>0.1 GeV
# I solid: Pb+Pb, v,(p,)=0.1
200_—
N N
150— -
100— |
50:_ :"'- "E
_I';‘l 1 -I--‘-E 1 1 1 I 1 1 1 | l} :--i--i 1 1 | 1 1 1 | | 1 1 = .
% 20 40 60 80 100 120 140 160 180 200 Eecolnzt L(‘jc_te% S"Jet
excluded in bkg.
Pt rec determination)

Elliptic flow can have a size-able effect in the background estimation !

Jorn Putschke, LNS Seminar, MIT Oct. 2008 46



Effect of elliptic flow cont.

Simple MC model of heavy-ion background: v2(pt)=0.03 and event-plane angle randomly generated

O 250
_g - Input Ideal case (all particles)
S ~ dashed: Pb+Pb, v,=0 Rc=0.4 and p>0.1 GeV
* [ solid: Pb+Pb, v,(p)=0.03
200_—
150 =
- e
100~ i L
50_— a
o_l"i | ]--..":"‘ I 1 l L1 l | - - l | --- 1 l L1 I L1 1 l | -
0 20 40 60 80 100 120 140 160 180 200

pt, rec

Elliptic flow in a more realistic scenario has a smaller but still visible effect.
Caveat: Different jet-energy response will affect the missing jet-energy correction with respect to p+p

Jorn Putschke, LNS Seminar, MIT Oct. 2008



Jet broadening and “Modified FF”

trig

-
N

I|III|III|III|III|III|III|III|III|II

T = )
E — . o trig
£ - 10<pt,jet<15 g ¥ . 1O<pt,jet<15
= trig o | tri
o v <p °< g
E « 20<p, <50 > . 20<p" <50
g * : 8 tjet
T
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0.6 S B ?
€ ;
£ L
0.4 2 ¥ ; .
. : :
0.2 o L 5 1 I
El
<
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S
<
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ptass°° [GeVic]

e Significant (gaussian) jet broadening for recoil jets wrt p+p
e Out-of-Cone energy can “account” for di-jet spectra suppression

¢ Enhancement for low-p: and suppression at high-p: assoc. yield
wrt p+p = “modified FF”

Jorn Putschke



qPythia vs. RHIC data |

Jorn Puts
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qPythia vs. RHIC data Il
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% 0.73_ Au+Au: 10% most central o pp :::)i-k:
o - . . —— Au+Au kt
5 0_GZ_STAF{ Preliminary . ,u.auantix
g o5l —
o 0.5:— ¥ t
[ N o
2 04 == ——
0.3 A
0.1
:IlIIII|IIII|IIII|IIII|IIII|IIII|IIII|I

15 20 25 30 35 40 45 50

pf‘ (GeV/c)

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Ploskonamos  JET BROADENING

F & p+p STAR

- A AURAUSTAR  Au+Au \[s, = 200 GeV

E ’’’’’’ =_a*= l

|- /—-"‘._*_. —

I N

e *\

- - ===

- gPYTHIA —\a/gc;:um 10% Central

- qryiny - !

6= CeVifm 42 ¢ Anti-k;

N —g=17

- | | —a= 61[ | IRHICI
20 25 30 35 40 45

pft (GeVlc)

gPYTHIA predicts more suppression (smaller R,,) and
less broadening that observed

Jorn Putschke



Unsubtracted Jet-hadron vs. di-hadron

High Tower Trigger (HT): tower 0.05x0.05 (nx¢) with Ei> 5.4 GeV

s °r o 19 1.0<pt,assoc<2.5 GeV
g - 4.0 < pT'gl <6.0 GeV/c C
° B 1.0 <p7** <25 GeV/c 1831 STAR Preliminary
z *°C aF 0-20% Au+Au
- - o STAR Preliminary -
B . * 0-12% Au+Au C
N 17.5
- . 17— Jr
C . . - T {
23-5;/\__ 16.5 - T }
;: " -
B 16+ 1 + +
23l | | | L | | | -
-1 0 1 < 3 4 5 sl T R T T L R R N | v b
A -1 0 1 2 3 4 5
Ad=br— _
(I) d)THB (I)ASSOC' A(I)_(I)Jet_(l)Assoc.

¢ No apparent v2 modulation in Jet-hadron vs. di-hadron
e jet axis not correlated wrt to the event plane (?)

¢ v2 unsubtracted di-hadron correlation does not show
mach-cone like structures, only after v2 subtraction (!?)

Jorn Putschke



Away-side structure: di-hadron vs. jet-hadron

I I I I I I I I I I I I | I I I | I
»

{

4.0 < ptTrig < 6.0 GeV/c
1.0 <pI™* < 2.5 GeV/c

STAR Preliminary
0-12% Au+Au

1/N,,;,dN/dAQ

n »*

05—
» >

I iﬂ_ : . :' ﬂ_
'+"#ﬁ##"+'++~+“
I R B R R R T*' I N S

B &+ + ."’&.'£+-+ +i+"*"' :

I I I I I I | I I I | I I I

High Tower Trigger (HT):
tower 0.05x0.05 (nx¢) B
with Ex> 5.4 GeV

1.0<pt,assoc<2.5 GeV
0-20% Au+Au (scaled x 1/3) —

=

M .+:H-

1.0<pt,assoc<2.5 GeV

-1 0 1 2

3 4

trig

6.0 < p. < 10.0 GeV/c

Jet-hadron away-side significantly narrower than di-hadron
=> can not be explained by punch-trough only/ no wings (!)

Jorn Putschke




Surface and other bias effects

,

. L PQM: Dainese, Loizides and Paic
Surface bias’:

- Trigger, associated selection favours short path lengths

—_
o
T

y, [fm]

Surface bias is not the only possibility:
- Energy-loss fluctuations (at fixed path length) potentially large

- Fragmentatlon bias Wicks, Horowitz, Djordjevic, Gyulassy

nucl-th/0512076

o ® A MO DN A O ®
; DT

Are we selecting pairs, events with small energy-loss?

ST I I I I A MW W S s
-10 8 6 4 2 0 2 4 6 8 10

X-N Wang, PLB 595, 165 (3003

-10,

Alternative: L T T
. . . . <L Au+Au—>h h™(0-5%) |
Shape of di-hadron fragmentation changes little if e }Szz(oo Ge&:
underlying partonic spectrum shape unmodified Y p9=4,6,8,15,20 GeV/c |
;{08 - pr> 2 GeV/c, Iy,/<0.5
o _
. . . . ~ B i
This calculation underpredicts suppression O :
So4 | =

Note also: possible low-z enhancement from fragmentation of induced o2 | ]'
gluons. Outside measured range, awaits confirmation 'm = STAR preliminaryi ]

0 | | | | | | | | |

0 0.102030405060.70809 1
ZT=pT/thrIg

General form: Partonic spectrum ® Nuclear geometry ® Energy loss ® Fragmentation

Ejet L AE(E;q) D(E;., AE)
Need full calculations, a la PQM Different observables probe different parts of convolution
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Extracting the transport coefficient “via suppression” @ RHIC

Di-hadron suppression

2
Away 5|de [A$ - | < 0.63 qoto (GSV )
:'- '}\ A d+Au min bias 1 2 3 4 5
a1k O Au+Au 20-40% 1.0 p——p—osr—or—sr-—s—r-—r—s—r-—r-—r—sr—r-—-r-—-r-—-—-r""r"—"T"T—TT——7 20
.- o Au+Au 0-5% " ° .
[ 7 ' AuAu—-r 200GeV 0-10%
¥’. b L — - .- -
08 b, . Di-hadrons 416
: l- b\ g — Inclusive hadrons 1
= = » R
g S \
10k ... | N . Zhang, H et al, nucl-th/0701045
i 3 J§_ T 206 . 12
" e
I~ .
D
“d
P T B B
04 0.6 0.8 1

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

Inclusive hadron suppression

Au+Au (central collisions):
3 B Directy (PHENIX Preliminary) ]
x 10 ¥ Inclusive h* (STAR)
E ® =0 (PHENIX Preliminary)
GLV parton energy loss (qu/dy =1100)

(dE/dx), (GeV/fm)

ity
P UL N

++gm{,¢ 44 #H % * Di-hadrons provide stronger constraint on density
05)1 p1(‘<15eVI¢.:I)6

Extracted transport coefficient from singles and di-hadrons consistent

g = 2.8+ 0.3 GeV2/im

BUT: Different models extract different transport coefficient values ...

Jorn Putschke
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Energy dependence of jet quenching: LHC

ALICE for example ...
LHC enables measurements

of a “logarithmically large”
variation in jet energy

= study QCD evolution
of jet quenching

Jorn Putschke
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Benchmark observable: Modified Fragmentation Function

* MLLA: good description of vacuum fragmentation (basis of PYTHIA)
* Introduce medium effects at parton splitting Borghini and Wiedemann, hep-ph/0506218

th
d§

(£,7)

= OPAL.Vs5=192-209 GeV
14— vacuum, E;=100 GeV

12 -- in medium, Ej,;=100 GeV
o * TASSO; Vs=t4GeV
--=- in vacuum, E;=7 GeV
8 - —-—inmedium, Ej,=7 GeV,
6 “ N
4 ‘\‘
* \|
2
e N N
* —
1 2 3 4 5 6 g_ln(EJet/ phadron)

Jet quenching = fragmentation should be strongly modified at p hadron~1-5 GeV

Can we measure this at RHIC @ 200 GeV ?

Jorn Putschke
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Summary

e Jet reference measurements (p+p and d+Au) well understood

e Significantly larger fraction of the jet population measured
via full-jet reconstruction wrt to single inclusive measurements
(STAR, Au+Au), similar suppression in Cu+Cu (Phenix)

e Strong evidence of broadening in the jet energy profile

e Significant suppression of di-jet coincidence yields
in central Au+Au collisions

e Only small modifications of the recoil-jet fragmentation function

e Jet-hadron correlations show a significant broadening and
softening of the recoil jet = “modified” fragmentation function

Jorn Putschke 58



Towards a complete study of jet-quenching

Di-hadrons are indirect measurements of jet quenching !

To study the full spectrum of jet quenching
in an unbiased way we need new techniques

Two approaches:
1. y-jet: clean, but limited
kinematic reach due to x-section

2. Full jet reconstruction:
large kinematic reach, but
complex analysis

Jorn Putschke



Hard = pQCD + Factorization + Universality

Hadron production cross-section in an AB collision where AB=pp,pA, AA is:
d3oy,

S
dp? X Z /dzcd%dmzz—gfi/A(fElaQQ)fj/B(@aQQ)

a,b,c,d

E

Collins, Soper, Sterman,

. (ab—>cd) D Nucl. Phys. B263 (1986) 37
Do ) s ur 10 ()
Assumptions:
Factorization assumed between the h
perturbative hard part and the Lo
universal, non-perturbative "'f:ix’,’:'ragmentaﬁon
fragmentation (FF) and parton (non-perturbative)

distribution functions (PDF)

Universal fragmentation and parton
distribution functions Hard Scatter
(e.g. PDF from ep, FF from ee, (perturbative)
use for pp) "

Parton Distribution
in nucleon
(non-perturbative)



Hard = pQCD + Factorization + Universality

Hadron production cross-section in an AB collision where AB=pp,pA, AA is:

d3o S
E dp?’h X E /dzcdmleEQZ—in/A(xl;QQ)fj/B(anaQQ)
a,b,c,d ¢

Dh/c(zcy QQ)

Collins, Soper, Sterman,

d@'(ab_md) Nucl. Phys. B263 (1986) 37

dt

5(S+u+t)—i—0<A)p

m

Perturbative QCD

do/dt = hard partonic cross section h
calculable in QCD in powers of
(stm

e n=0: leadings order (LO) (non-perturbative)
e n=1: next-to-leading order (NLO)

e & /{5 Hard Scatter

(perturbative) ,-" o
. / : Parton Distribution

\m«<\ ' in nucleon
/ (non-perturbative) 50




Hard = pQCD + Factorization + Universality

Hadron production cross-section in an AB collision where AB=pp,pA, AA is:
o
dph X Z /dzcdxlde sz/A(xlaQ )fg/B(@,Q )

a,b,c,d

E

Collins, Soper, Sterman,

d@'(ab_md) Nucl. Phys. B263 (1986) 37

A p
Dh/c(zcaQQ) dt 5(S—|—u—|—t)—|—0 (E)

Perturbative QCD

do/dt = hard partonic cross section h
calculable in QCD in powers of
(stm

e n=0: leadings order (LO)

e n=1: next-to-leading order (NLO)

'/’/I’:ragmentation
(non-perturbative)

STTER -

Pt

!

Hard Scatter .
(perturbative)

£ Parton Distribution
{ﬁ% o ' in nucleon
% (non-perturbative) 50
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Examples: Fragmentation Functions

e Usual power ansatz for light quarks: 102\ ““““““““““““““““ AAAMLAM A
10% =
DMz,Q?) = Nz%(1-—z)? :

e Peterson: Dm0

sioop e fTunEm N
h 2 T i N
Dg(z,Q5) = N[(l —x)? + ex)? of M=91.2 GeV
10_4(;"‘b‘.i"b‘.z””0‘.3”‘b‘.zi"b‘.s”‘b‘.é"b‘.7‘”b‘.é”b‘.9”‘\\71
. . Z
Lingo: hard FF = frag. dominantly at large z
soft FF = peaks at low z
16 35 F
- 18 g - (b)
L ] r (S]
“E 2p o ¢ CLEO. §§§ % 5 25 A SLDOIGeV ﬁ i
o 10 i N M r
8| : o s ,- Bmeson L
o 8 n 4 % E "8 [
§ 6 i §§ 2 5 15 F &
6 Or X ] = : )
= 4: ﬁé Iy ] 1 L ¢#} #
[} - AsdA 7 r
2 @g A.A“A~ DI YL i 5% +
2 iﬁ% Aﬁ“.A ® ol 05 e é?
[ AD‘“ %A: i 7¢f¢j
00 0.1 02 03 0.4=0./5 06 07 08 09 1 OOLMOTHO%ZOB0140150160l70l80191
X =PIy . 61
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Measuring the radiation spectrum

Limited sensitivity of current measures to energy loss distribution P(AE)

Need to better constrain parton energy (in an unbiased way) to measure P(AE)

P(AE) tests theory !

Salgado and Wiedemann, Phys. Rev. D68, 014008

2 )
%1 _— BDMPS
o : Vo e GLV (ac:wc) i
1.5 Es: “.“‘ __________ Gl_\/ (562006/3) TWO apgroaCheS-
1.25 || 4 ]
1 1. Full jet reco.
0.75 e 23 'Y'jet
0.5 | F TN

] 1 | ! 1 | | ! 1 1 1 1 I | | 1 L

If full jet reconstruction in heavy-ion collisions is unbiased
= Inclusive jet spectrum scales with Npinary relative to p+p

Jorn Putschke



Parton energy from y-jet and jet reconstruction

Second-generation measurements at RHIC - first generation at LHC?

Qualitatively:

| ® ®
dp T | hadr

Full deconvolution large uncertainties (+ not transparent)

Fix/measure E, to take one factor out

Two approaches:
~ y-jet
- Jet reconstruction
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Relating jets and single hadrons

High-p; hadrons from jet fragmentation

Qualitatively: aN = dN ®D(pT,hadr /pT,jet)

de hadr de

jets

_&(

Single hadrons are suppressed:
- Suppression of jet yield (out-of-cone radiation) R, ¢t < 1

- Modification of fragment distribution (in-cone radiation)
softening of fragmentation function and/or broadening of jet structure
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Jet-medium interaction

QED: Bremsstrahlung QCD: High energy partons lose Medium characterized by the
is dominant energy energy via gluon radiation (QCD transport coefficient ghat:
loss mechanism at high bremsstrahlung ) squared momentum transfer per
energy limit unit length (mean free path)

Hard
Production

A Medium v -

Partonic energy loss in QCD medium is proportional:
* to squared average path length (Note: QED ~ linear)
* to density of the medium

1/22/2010 Hirschegg 2010, MPloskon
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Factorization in HI collisions

1/22/2010

Hirschegg 2010, MPloskon
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“Missing links”

‘%!ml |

“Soft” to “Hard” ridge: Study “soft ridge” with varying pr cut (already underway)
Is the ridge caused by jet-quenching ?

Study jet shapes in An (and Ad), energy dependence (energy scan at RHIC)

08T T T T T

m AUAU _ sy=200GeV PHENIX Total 3-Picle Jet Corrln.  Cent = 10-20%
= e AuAu|An<0.72 ] 2:5<pri<4 GeVic A* ~
{<ps=oe 55 GeV/ n PH ENIX
® AuAu 0.72<|An|<1.44 . P23 < eVie

STAR Preliminary

0-12%

PHENIX Preliminary

Is there really a Mach-Cone !?
Study di-hadron correlations (varying pT) in(out)-side a reconstructed jet

Jorn Putschke 67



“Missing links”

ATH ]

Ly

49 2 77 a5

- 2 i

“soft” to 4| | think we have all the tools needed

Is the ridg jn order to come up with a coherent

Study jet ¢ . .y . n at RHIC)
and consistent (quantitive) picture

4 of jet quenching at RHIC.

y underway)

sssss

®  AuAu 0.72<|An|<1.44 7 1<p7,, <2.5 GeV/c
STAR Preliminary

0-12%

=
===,

PHENIX Preliminary

Is there really a Mach-Cone !?
Study di-hadron correlations (varying pT) in(out)-side a reconstructed jet
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N.S.
dNNS/dz.

Energy loss in action

Near side yield
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Au+Au / d+Au

T I 1T T I 1T 1 I 1T 1
L 4

Energy loss in action

Near side yield ratio
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Au+Au / d+Au

Energy loss in action

Near side yield ratio Away side yield ratio
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Near- and away-side show yield enhancement at low p+
Away-side: gradual transition to suppression at higher p;
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Energy loss in action

Near side yield ratio Away side yield ratio
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ZszTassoc/thrig ZszTassoc/thrig

Near- and away-side show yield enhancement at low p+
Away-side: gradual transition to suppression at higher p;
Possible interpretation:
di-jet — di-jet (lower Q?) + gluon fragments

‘primordial process’ High-p; fragments Near side: ridge

as in vacuum Away-side: broadening
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From long
version ...




More specific: “Hard” = pQCD + factorization + universality

Hadron production cross-section in an AB collision where AB=pp,pA, AAis:

do S
E h X Z /chdiUleUQ;fz’/A(xl,Q2)fj/B(x2,Q2)

dp?
a.b.c.d Collins, Soper, Sterman,
T Nucl. Phys. B263 (1986) 37
da.(ab—md) ANP
2
Dy, /e(2e, Q) o(s+u+t)+ O —
dt m
Parton Distribution Functions Fragmentation Functions Perturbative QCD (pQCD)
Flux of incoming partons (structure DéZ) in OédherJO relate jets to do/dt = hard partonic cross
functlor)s) from Deep Inelastic g_;erve /Ea rons section calculable in QCD
Scatterlng =EHadron/ EParton in powers of (152+n
1 10— * n=0: leading order (LO)
0.9 F=— H1 PDF 2000 Q% = 10 GeV? 3E O OPAL e:e: \E=189 GeVgluonjet e n=1: next-to-leading
E=== 7FUS-S PDF 107 e OPALee quarkjet E
0.8 22227 CTEQS6.1 - A DELPHI e*e \s=180 GeV gluon jet 1 Ol’der (NLO)
1 02 A DELPHI e'e” quark jet |
3 F ]
> 10: E T T Y
S i A
A"&; § '-... .. § AT - (gv I (€€(
Z 107 “s.
= g E \\W<
10 é— A —§ //
10°F b
10-4: \ | | | |
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Outline

(Short) Introduction

* \What do we want to measure?
e And how can one measure it?

Jet-quenching at RHIC
e Jet-quenching 101

e The rocky path towards full-jet reconstruction
and surprises along that way ...

e Connecting the dots (?): Jet-Hadron correlations
e Discussion/Interpretation

Jet quenching at the LHC with ALICE
* Advantages / applying the lessons learned at RHIC

Summary and discussion

Jorn Putschke
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The Phases of QCD: Creating the Quark Gluon Plasma (QGP)

< 250 Early Universe Quark Gluon Plasma:
) A state of matter without
% color confinement that
= 2006 cHENOS QGP exhibits collective effects
N N
N Critical
@ Point
S
150 Q
)
100
Hadron Gas
50 -
Vacuum Nuclear Color Flavor
Matter Locking Phase
O | | | | | | | |

| |
0 200 400 600 800 1000 1200 1400 1600 1800 2000
ug (MeV)
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The Phases of QCD: Creating the Quark Gluon Plasma (QGP)

< 250 Early Universe Quark Gluon Plasma:
% A state of matter without
< Q G P color confinement that
= 200¢ CHEN \ Q exhibits collective effects
N
N \gri_tical
S Qint
150 SJ
S
100
Hadron Gas
\
50 \
Vacuum >« Nuclear Color Flavor
Matter Locking Phase
0 1 1 1 1 SO | 1 | | |
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Jorn Putschke

_ o | ug (MeV)
Basic Idea: Smash heavy nuclei at highest possible energy

=> create conditions (hot and dense) sufficient to “melt” matter
into a QGP (the state of all matter ~6 us after the Big Bang)
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Jet definition < Jet algorithm

The construction of a jet is unavoidably ambiguous.
On at least two fronts:

e which particles get put together into a common jet?
e How do you combine their momenta?

Jorn Putschke
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Jet definition < Jet algorithm

The_caonstriiction of a iet is 1unavoidablv ambiniioniis

On |
e W
o Hj

Jet Definition

particles
4-momenta,
calorimeter towers

+ parameters (at least the cone radius/
resolution parameter R)

+ recombination scheme

Jorn Putschke
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Jet definition < Jet algorithm

The construction of a jet is unavoidably ambiguous.
On at least two fronts:

e which particles get put together into a common jet?
e How do you combine their momenta?

Modern Jet Finder Algorithms

Sequential Recombination Cone
* bottom-up * top-down
e successively undoes QCD e centred around idea of an
branching ‘Invariant’, directed energy flow
» kt algorithm » CDF JetClu » ATLAS Cone
» anti-kr algorithm » CDF MidPoint » PyCell/CellJet
» Cambidge-Aachen algorithm » DO (run ll) Cone » Getlet
» PxCone » SISCone
» CMS Iterative Cone

Jorn Putschke
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Further conditions a jet algorithm has to fulfill ...

Snowmass Accord (1990):

Several important prnﬁcrti-es- that should be met by a jet definition are
[3]:
1. Simple to implement in an experimental analysis;

2. Simple to implement in the theoretical calculation;

=]

. Defined at any order of perturbation theory;
4. Yields finite cross section at any order of perturbation theory;

5. Yields a cross section that is relatively insensitive to hadronization.

Recent Additions (> 2000):
— Physical results independent of your choice of jet definition

— Jets should be invariant with respect to certain
modifications of the event:

* collinear splitting  _, known as infrared and collinear safety
- infrared emission

This reduces the list of potential jet-finding algorithms to:

- kt/Anti-kt (recombination algorithms)
- SISCone (infrared, seedless cone algroithm)
all part of the FastJet package: m. Cacciari, G.P. Salam, G. Soyez, JHEP 04, 005 (2008), 0802.1188
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In short: The probe is calibrated !

—&— Combined MB

10%E T T T T LI I
& (a) =
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= [ p+p = jet+ X ]
S10°E \s=200 GeV 5
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=10°E Tone=0.4 IE
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U: 4 = —
s10°E =
s E 3
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>1.8E Systematic Uncertainty (b)é
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o
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=
o
S

K; D=0.7
—=— CDF data(L=1.01b")
Systematic uncertainties
—e— NLO: JETRAD CTEQ6.1M
g corrected to hadron level
5...'

™ Ug=Up =max py /2=y,

[ N PDF uncertainties

I
L] ~
\H&'\ 'ﬂ‘*!f'\
.\.. e oy 97 (4
e =l FZSM!‘
o s V0 ly"*"1<0.1 (x 10°)
."- e -
-, Sa .
‘Q RS =
, ™ S 0.1<ly”"1<0.7 (x 10%)
s F\.-'\ -A-'-\v-\
S .
"y W 0.7<ly""I<1.1
.aia e <y I<1.
.:h..\ = S
= 11dy™I<1.6 ( 109)
R
~e- Tevatron

1.6<ly’""1<2.1 (x 10°%)

0
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Jet x-section: data and theory/pQCD agree over many
orders of magnitude < probe of underlying interaction

Many more measurements available which show the success of pQCD ...

Jorn Putschke

006), 252001
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Initial state/CNM effects at mid-rapidity

Phys.Rev.Lett.91:072304 (2003)

\III|I||IEIIII|IIII|\I|||

Yo
N
X

-o-d+Au FTPC-Au 0-20% |
4—d+Au Minimum Bias

R u, (pT) =

p; (GeVic)
AN ™" 1 dp..dn
T,.,do"™ /dp,dn
-~
<Ncoi>

Final state CNM effect, Ry, >1

=

Initial state effect, Ry, < 1

Jorn Putschke

Nuclear modification factor Raau:

Small final state effect “Cronin enhancement” at
intermediate pr; At high-pt collision scaling Ncol,
as expected from pQCD processes.
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Initial state/CNM effects at mid-rapidity

Phys.Rev.Lett.91:072304 (2003)

4250 ~e-d+Au FTPC-Au 0-20%
n:?é - NSTAR & d+Au Minimum Bias i
2| -
15 -
1= -
050 -
C | | R I L]
0O 2 4 6 8 10
p; (GeVic)
R (p ) _ dN A /dp,dn
ARSI do?? ldpdn
\m
<Ncoi>

Final state CNM effect, Ry, >1

=

Initial state effect, Ry, < 1

Jorn Putschke

Jeti

-

X | r ptp, P, 10 - 20 GeV/c d+Au, P, 10 - 20 GeVic
BO0O— ' )

g " O raw = 2-8310.05 GeV/c oo OkTraw = 2:98 £ 0.08 GeVi/c
Lo I +

5 Jor 10 - 20 GeV/c

3

=) )
E " STAR R
-

0 8 6 -4 2 0 HZI 4 6 _'I_B 10 0

kr=Pt,1*sin(Ad)

Nuclear modification factor Raau:

Small final state effect “Cronin enhancement” at
intermediate pr; At high-pt collision scaling Ncol,
as expected from pQCD processes.

No significant cold nuclear effect on kr broadening in
di-jets observed (also in jet-like yields)

= Initial state and CNM effects are small/

well known at mid-rapidity at RHIC! J
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Probing Dense Matter

Calibrated probe (high-pt partons instead of X-rays)
Calibrated interaction (beam of known energy and direction, geometry)
Calibrated/measured initial state and CNM effects

Jorn Putschke

77



Probing Dense Matter

Calibrated probe (high-pt partons instead of X-rays)
Calibrated interaction (beam of known energy and direction, geometry)

Calibrated/measured initial state and CNM effects

p+p/d+Au Collision leading particle
jet
quark or gluon & quark or gluon

Jorn Putschke



Probing Dense Matter

Calibrated probe (high-pt partons instead of X-rays)
Calibrated interaction (beam of known energy and direction, geometry)
Calibrated/measured initial state and CNM effects

= All modifications in the jet structure are due to interactions with the medium!

Au+Au Collision leading particle

jet

Jorn Putschke



Jet-quenching 101: High-pr hadron production

Yield (A + A) Expectation for hard (pQCD) processes:
Yield(p + p)x{N_;) Raa=1 & Ncai scaling

R, (pr)=

Au+Au (central collisions):

3 B Directy (PHENIX Preliminary) 1 () Direct (colorless) photons are not
0F & . e suppressed - N_,, scaling works
B N GLV parton energy loss (ng/dy =1100)
i 'H' (II) Hadrons (colored) are suppressed
‘1 g H.ﬁ{.fﬂ{,,], J( in central heavy-ion collisions by
- H%j ‘ f a (huge) factor of 5
5 P98540 1b4 #H
. o B (Il) Hadrons are not suppressed
we oo in peripheral collisions; less
o 2 4 6 8 10 12 14 16 dense medium created

p; (GeV/c)

sQGP - strongly coupled - colored objects
suffer significant* energy loss

* Side-remark: Large suppression in ratio of yields on steeply falling spectra # “arge” energy loss!
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Au+Au 0-20%
STAR preliminary

pt,et=21

pt per grid cell

Au+Au 0-10%

#entries

AuAu
AuAu |An|<0.72
AuAu 0.72<|An|<1.44

e d+Au FTPC-Au 0-20%

—— p+p min. bias ‘ﬁpn

* Au+Au Central

1/Npygger IN/d(40)

“and some surprises on the way ... -




Full jet reconstruction: (Hard) Lesson from RHIC

“A jet is what you ask for!”

Phenix for example:

Using a jet-finding algorithms based on
unmodified jet-shapes vetos against the
modified jets one want to study!

< 2F -
o - PHENIX Preliminary
1.8« 0-20%
1.6 ¢ n°0-10%,z) = 0.7 (PRL 101, 162301)
1.4;*
1.2
| S
0.8 _%
0.6 i}% %{’ ¢ o+ Jr -
S S ‘ﬁ’% 8
0.4 H : +
0.2 ~Run-5Cu + Cu\/si\,,\, =200 GeV
= Gausswan fllter‘,o =0.3 ‘ ‘ ‘ ‘
% 5 10 15 20 25 30 35
prTec_p” (GeV/c)
ur 1 u.l.- 1 E 0,
s Au+Au 0-10% 2 Au+Au 0-10%
i A i 9z s A MB-Tri
102F ., MB-Trig 102Ee &
N3 - =, W N, Scaled p+p JEE ‘. = W Ny, Scaled p+p
10°f S ", ks,
10f Y 10 pe e .
F Y [ ] Foc
10°F “% 10° i ++++
- FU»n
10 ‘r 10°F -
E N £ —a—
107 g‘ KT R:O_4 107 3 KT
10°F pT cut > 0.1 GeV 10* — pTcut>2 GeV
E, [GeV]

Jorn Putschke

Using a pt cut to minimize
background contributions
biases the jet population
towards less/non-interacting
jets!

“Anti-quenching” biases are
“everywhere”!

There are no shortcuts!

We have to deal with the full
heavy-ion background
problematic!

BUT: The tools are available!
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As an example: Focus on background fluctuations

—— Pythia

—=— Pythia smeared

-=- Pythia unfolded

—
e
\

1/NRandom C:[les/Akt*dFTB/dp
S
\

-

S
&
\

10" -

4 Random Cones
v FastJet Akt Emb.
© FastJet Akt

— Poisson ® I integral

Jorn Putschke

-5 ﬂ”\ 1
10%

5 10 15

Jet spectrum in Au+Au (schematically):

do A a dopp
— ® F(A,
dpy dpy ( pt)

The effect of background fluctuations
(gaussian approximation) F(A,pt) in heavy-ion
collisions is a substantial “feed-up” in the
jet x-section, due to the steeply falling
underlying partonic spectrum.

Conceptually F(A,pt) for statistically
independent particle emission:

F(A,p;) = Poisson((M(A)) @ T'(M(A), (p:))

F(A,pt) can be measured in data using
“background jets”: p+-p A < 0 and/or by utilizing
the “spectrum” at 90deg. wrt to a di-jet (modulo
corrections for 2nd hard scattering)

Non trivial issue, further studies actively
being pursued, but we have all the tools!
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Connecting the dots ... Jet-Hadron correlations

High Tower Trigger (HT): tower 0.05x0.05 (nx¢) with Ei> 5.4 GeV

0. 2<pt,assoc<1 .0 GeV

hdPhi2

89'5;_ STAR Preliminary
8o 0-20% Au+Au

© h
o
TTTTTT 7T

1/NJet dN/dACI)

|

Mean
RMS

Entries 3649278

2.008

1.81

87.5F
87k
86.5F
86 +
85.5[-
}‘Illlllllllllllllllll llllllll I
1 0 1 2 A(|)5
hdPhi2

pt,assoc>2.5 GeV

Entries 31152

6

1/Nyet dN/dACI)

8t
. I STAR Preliminary
U3 0-20% Au+Au

Mean
RMS

1.577

1.759

Jorn Putschke

P

1 /NJet dN/dA

1. O<pt,assoc<2 .5 G eV

- STAR Preliminary
0-20% Au+Au

-

o

(5]
I

-
0
I

-

N

(5.
I

hdPhi2

Entrles 699162

Mean
RMS

2.087

1.807

A(I):(I)Jet - (I)Assoc.

In general: ¢1ig # drec and depending on pitrig, NOt

Jet axis

Trigger jet

AssocC.

necessary every trigger particle has to come from a jet!
Jet-hadron correlations cleaner interpretable in terms of

jet-quenching.



Connecting the dots ... Jet-Hadron correlations

High Tower Trigger (HT): tower 0.05x0.05 (nx¢) with Ei> 5.4 GeV

O.2<pt,assoc<1 0 GeV

< =
3 3f
Z t STAR Preliminary
_#55 0-20% Au+Au
= af
1.5
t
°-5§
0
-0.5§
-1
-1 0 1 2 3 4 5
Aq’.:q’.let.q’assoc.
pt,assoc>2.5 GeV
<
3 8-
S ik Open symbols p+p
z_' C
< 6F
s STAR Preliminary
o 0-20% Au+Au

Jorn Putschke

Jet axis

1 . 0<pt,assoc<2 . 5 GeV

w
T

Open symbols p+p

1IN, dN/dA)

Trigger jet

AssocC.

A(I):(I)Jet - (I)Assoc.

In general: ¢tig # dpsec and depending on Pt tig, NOt
necessary every trigger particle has to come from a jet!
Jet-hadron correlations cleaner interpretable in terms of
jet-quenching.

Extended kinematical reach!

Significant broadening and softening
visible on the recoil side!

Caveat: “Jet v2* contribution in background subtraction under investigation
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Di-hadron correlations: Lesson from RHIC

High pii9: geometric biases; limited sensitivity to
partonic energy loss mechanisms

\ Lower pitrig: Possible Mach-Cones and
near-side Ridge (An matters!)

BUT: Not every trigger part of a jet;

T
©® 0-12% Au+Au
A 60-80% Au+Au
O d+Au

.......

2 / recombination/coalescence!?
’ = Interpretations in terms of “jet” physics complicated!

Also ambiguities in “jet” vs. background/hydrodynamical flow!

Example: Thermal toy model + Pythia jets (no v2):

Simulation: Thermal toy model + Pythia jets (no vz)

0 2 4 6

120 2 4 6 8
Transverse Momentum P, (GeV/c)

< 48
<
O 475
Z

) 47
o0 46.5

46

I/N tri

45.5

45
44.5
44

——i—— Pythia + BG, trigger inside jet cone

—#—— Pythia + BG, trigger anywhere

TR L ocas gy L (5(6) + bay)
Ntm’g dA¢ N Ntrig =
e Bk e tri
Nt’r‘lg Nt{"z; + Ntmgg Nt{%; (]‘ + f) with f Ntht
rig
) YEmb. 1
I5m — = ,,
YPy- 1+ f

= Dilution of “jet-like” associated yields !!!

43.5]

Jorn Putschke

r ll|lIllllllIIlllllllllllllllllllllll
Lz—%}

Can be studied in data via “di-hadron”
correlations “in/out” of a fully reconstructed jet!

Larger effects, especially on shapes, by including va!
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First: “Poor man’s” jet-finding ...

Au+Au —?7??
(STAR@RHIC)

p+p —jet+jet
(STAR@RHIC)

Jorn Putschke
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First: “Poor man’s” jet-finding ...

o8
Au+Au —?7??
(STAR@RHIC)

p+p —jet+jet
(STAR@RHIC)

is not that easy ...
First have a look at a jet-like approximation:

- - [T T L L L L L L L B ]
Di-hadron correlations [ ]
= 02 — p+p min. bias * _|
associated %l i 4<p, (trig)<6 GeV/c AR
pa rticles E - pr(assoc)>2 GeV/e -
o o i
5 0.4 —
2 - .
= L ]
= - i
= i i
A¢ (and o trisser .. o o ]
triager _ i g8 Phys Rev Lett 90, 082302 |
g0l N orinan)
particle -1

A ¢ (radians)
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Di-hadron correlations in central Au+Au collisions

The measurement that started it all ...

Phys.Rev.Lett.91:072304 (2003)

B I 1 I I | I | I I I 1 I I 1 I 1 I I 1 I I_
. e d+Au FTPC-Au 0-20% -
~ 0.2 —
S . ——p+p min. bias SSTAR -
5 a _
= - ! * Au+Au Central .rlw -
{ 3 .

© B | -
g 01— 4, —
o - .
= i ’
< _

~~ B ' s . .
h | . , . U:_ ) ,*‘,,_
el LE & il & SoE S it e
| 4<p,"e<6 GeV/c and p,ssec>2 GeV/c B

1 I 1 1 1 1 l | | L 1 I 1 | L 1 I 1 1 L 1 | 1 1 1 1 I 1 1 1 1

-1 0 1 2 3 4

A ¢ (radians)

 Au+Au back-to-back (recoil) jets are suppressed!

* d+Au similar to p+p (as discussed before)
& Jet-quenching is a final state effect!

Caveat: In Au+Au collisions large, elliptic flow modulated background has to be subtracted !
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“One Surprise”: High-p: & “Punch through jets”

STAR, Phys. Rev. Lett. 97 (2006) 162301

d+Au

8<p.19<15 GeV/c
Aul+Au, .40-89%

Au+Au, 0-5%

0.02}

Jorn Putschke

=

9> I(oosée)ld >t ¢>(oosse)d>¢

9 < (oolsse)lld

At high-p; triggers:

Away-side yield is suppressed,
but finite and measurable!

BUT:

Suppression without angular
broadening or modification of
(high z) “fragmentation”

Surviving pairs seem to
favor conditions with
small energy loss!

Tangential (halo) emission, finite
probability for no energy loss
(energy loss fluctuations) or dilution
due to the expanding system

(Dainese (PQM) et al, T. Renk et al)
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More surprises from di-hadron correlations ...

0.4

0.3

dN
d(a9)

« 02

I

rig

0.1

Caveat: Large, elliptic flow modulated background has to be subtracted !

LA L R B B B I S B B B L B B L B B

STAR Preliminary
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Lovoa bvv i L I
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[ J o 1
| ° ° ¢ ° o

; oy °
il I P | L 1 | L H
1 0 1 2 3 4 5
A9

“Mach Cones” at RHIC!?
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More surprises from di-hadron correlations ...

04

0.3

dN
d(a9)

1

Ntrig

0.1

LN L L L L L L L
= AuA

STAR Preliminary
e dAu

(13 I OW” pttrlg

gm;lénllllllllllllllllllll'r

Phys.Rev.C80:064912 (2009)

d+Au, 200 GeV

1es

#entr

1003~

Away-side

d+Au: “jet’-peak,
symmetric in ¢, n

Caveat: Large, elliptic flow modulated background has to be subtracted !

3< pt’trigger< 4 GeV
>2 GeV

pt,assoc.

g 470

N £ 460

> S 450
T+

1.5 -
Near-side An

“Jet”'
peak

independent ridge

“Mach Cones” at RHIC!?

Au+Au 0-10%

What is the origin
of the “Ridge” ?

Caused by jet-quenching
15 or initial state (flux-tubes)/
medium+trigger bias?

0
-0.5
2 T s M Away-side

(andv,)

Au+Au: Additional correlation strength
at small A¢ and large An: The “Ridge”
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