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Recap of yesterday’s lecture

The matter we create in the laboratory at RHIC is the | sQGP

itis

fantastically hot
and has an

incredible energy density.
It

exists for only an instant
yet shows

many signs of being in equilibrium.
It flows like a

nearly “perfect” fluid
and appears to have

quark and gluon degrees of freedom
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Defining a probe - Hard processes

Matter we want to study

-
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Defining a probe - Hard processes

Matter we want to study

Detectors

Energy released
- in A-A collision
(27 TeV for Au-Au at RHIC)
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Defining a probe - Hard processes

Matter we want to study

Detectors
Self-generated &

calibrated probes

* Photons
e Partons (q, 9)
* High momentum particle

I Energy released

In A-A collision

(27 TeV for Au-Au at RHIC)
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Using “hard” particles as probes

‘Hard’ processes have a large scale in calculation — pQCD applicable:
e high momentum transfer Q?

e high transverse momentum pr
e high mass m (N.B.: since m>>0 heavy quark production is ‘hard’ process

even at low pr)

Early production in parton-parton Schematic view of ,jet production
scatterings with large Q? hadrons /
leading
/ / particle

q

: hadrons
leading
particle j
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Using “hard” particles as probes

‘Hard’ processes have a large scale in calculation — pQCD applicable:

e high momentum transfer Q2

e high transverse momentum pr
e high mass m (N.B.: since m>>0 heavy quark production is ‘hard’ process

even at low pr)

Early production in parton-parton
scatterings with large Q2

jet production in quark matter

hadrons

Direct interaction with partonic phases Ieadlng
of the reaction particle
l.e. a calibrated probe . g% .
Look for attenuation/absorption
of probe
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Hard probes of dense matter (Bricks)
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quark (color triplets)

gluons (color octets)

v*, Z: colorless b

y: colorless

QQ: color singlet/octet
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Hard probes of

quark (color triplets)

gluons (color octets)

v*, Z: colorless

v: colorless

QQ: color singlet/octet

en
;; “ iﬂ

se matter (Bricks)
®  « Induced Gluon vields:
' Radiation » transport
. coefficient
e Collisional
Energy Loss » Gluon
e Absorption as Density
R009q ., Pre-Hadrons » Energy
Density
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Hard probes of

quark (color triplets)

gluons (color octets)

v*, Z: colorless

v: colorless

QQ: color singlet/octet

-
| !
b e A. '

dense matter (Bricks)
>  * Induced Gluon vields:
' Radiation » transport
. coefficient
e Collisional
Energy Loss » Gluon
e Absorption as Density
R009q ., Pre-Hadrons » Energy
Density
° nothing >~ Control
(A > L)
S
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Hard probes of den

quark (color triplets)

gluons (color octets)

v*, Z: colorless

v: colorless

se matter (Bricks)

s ¢ Induced Gluon vields:
' Radiation » transport
. coefficient
e Collisional
Energy Loss » Gluon
e Absorption as Density
00y . Pre-Hadrons » Energy
Density
° nothing > Control
(A > L)
S
e Dissociation | Yields:
e Recombination] » Tacp
e Absorption . » Probe
e E-loss ? Deconfinement
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Hard probes of den

quark (color triplets)

gluons (color octets)

v*, Z: colorless

v: colorless

se matter (Bricks)

s ¢ Induced Gluon vields:
' Radiation » transport
. coefficient
e Collisional
Energy Loss » Gluon
e Absorption as Density
209, , Pre-Hadrons » Energy
Density
° nothing > Control
(A > L)
S
e Dissociation | Yi#fds:
e Recombination] » Tacp
e Absorption . » Probe
e E-loss ? Deconfinement
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T T

High ptproduction — a calibrated probe

(a) ) 10
107 STAR E ® PHENIX Preliminary 10 ¢ (w+n")/2 p+p 200 GeV
; p+p—)jet+x _g- 10 | Bands represents systematic error. - ( +_)/2 " 200 Gev
8106 \5=200 GeV e _Négggsiop(;{:w_wgebang) " ptp)iz ptp
3 X midpoint-cone - w=172p,, prs 2P, 1 ° —NLO pQCD AKK FF
=10 Lone=0.4 rx\b -
%1 " 0.2<n<0.8 S ;’o 10"
s 10° E )
T 4 = 10°
510 E
10? . £ 107
—&— Combined MB ©
10E" _e— Combined HT 10 E <'_’g 10
= w
1 —— NLO QCD (Vogelsang) 10,5
M R [ R R R
1.8 Systematic Uncertainty -6
%1‘4 wwnnn: Theory Scale Uncertainty (b) 1 E 10 1
£ E A 00 e L, o000 -
A 1 S = e = - 107
© lgim_‘ B ol b b e b by
§ 0.6 ¢ I 1 1 1 1 1 ! 1 1 | 1 1 1 1 11 ! 1 1 1 11 0 2 4 6 8 10
0-20 s - < i - a 6 8 10 12 14 16 18 Transverse Momentum P (GeV/c)
p; [GeV/c] pP+(GeV/c)
STAR : PRL 97 (2006) 252001 STAR : PLB 637 (2006) 161

S. Albino et al, NPB 725 (2005) 181

* Jet cross-section in p-p is well described by NLO pQCD
calculations over 7 orders of magnitude.
* Minimum bias y production in p-p well modeled

* Minimum bias particle production in p-p also well modeled.
Jet and particle spectra well calculated by pQCD
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Looking for attenuation/absorption

Compare to p-p at same collision energy

Nuclear Yield (A + A)

Modification R ,(pr)=
Factor:

R 14 r
1.2}

©c o o =
» oo o ©

"SOft"

o
N

o
o

Or1T T T T T T T T

1 2 3 4 5
Tranverse Momentum (GeV/c)

Yield(p + p) x <Ncoll> Average number

of p-p collision
in A-A collision

No “Effect”.
e R <1 at small momenta -
production from thermal bath

R =1 at higher momenta where
hard processes dominate

R<1 at high prif QGP
affecting parton’s propagation
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High-p+ suppression

Observations at RHIC:

1. Photons are not suppressed

Au+Au (central collisions):

B Directy (PHENIX Preliminary) LN .
¥ e h GTAR . Googj! y don'’t interact with
® =% (PHENIX Preliminary) m ed ium

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

e N, scaling works

Helen Caines - HPCSS - August 2010 8

Thursday, August 26, 2010




High-p+ suppression

Observations at RHIC:

1. Photons are not suppressed

Au+Au (central collisions):

e, e Good! y don'’t interact with
® = (PHENIX Preliminary) medium
GLV parton energy loss (ng/dy =1100) .
+ e N, scaling works
% ff'ﬁﬁ']’ff 2. Hadrons are suppressed in
¥ tral collisions
o L cen
#ﬁwﬁﬁg‘w {'{'H 1‘ * Huge: factor 5
10" +
I Y S S e T R R VR Y
p; (GeVic)
Helen Caines - HPCSS - August 2010 8

Thursday, August 26, 2010




High-p+ suppression

Au+Au (central collisions):
B Directy (PHENIX Preliminary)
¥ Inclusive h* (STAR)
® % (PHENIX Preliminary)
GLV parton energy loss (ngldy =1100)

Observations at RHIC:

.

Photons are not suppressed

e Good! y don’t interact with
medium

e N, scaling works

Hadrons are suppressed in

central collisions
e Huge: factor 5

. Hadrons are not suppressed

In peripheral collisions
e Good! medium less dense
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High-p+ suppression

Observations at RHIC:

1. Photons are not suppressed

Au+Au (central collisions):

: orec ::f';j:;re"mmam e Good! y don’t interact with
®  ° (PHENIX Preliminary) g medium
GLV parton energy loss (dN“/dy = 1100) . Nco” Scallng WOFkS
} Hffﬂ{r-]rff 2. Hadrons are suppressed in
W $ central collisions
{'?*ﬁﬁ.?#‘}% ++HTHH e Huge: factor 5
10"

o 2 4 6 8 10 12 14 16 3. Hadrons are not suppressed
In peripheral collisions

e Good! medium less dense

sQGP - strongly coupled - colored objects suffer large energy loss

Helen Caines - HPCSS - August 2010

8

Thursday, August 26, 2010




High-p+ subpression

5 at RHIC:
PHYSICAL ’

A REVIEW not suppressed

2, . [ ETTERS  On'tinteract with
e 14 January 2002

Volume 88, Number 2 g WO rkS

+ | Au;-Au s =l130IGeVI ' o l
H{IHTI “F suppressed in
I u.;jiI:HN-SH_.__.".:. FrPOIAL CERISFS 1 OnS

o or 5

T T T
@

-—
<
=N

o T
o
F-N
(=2}

: not suppressed
i collisions
Jium less dense

Member Subscription Copy
Library or Other Institutional Use Prohibited Until 2007

S Q G P -3 t ron g I! K@ Published by The American Physical Society arg e ene rgy IOSS
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Interpretation

Gluon radiation: Multiple final-
state gluon radiation off of the
produced hard parton induced
by the traversed dense colored

medium '

10.0¢ :

s
,/

7’
0.1F _»~*~ Hadronic Matter __
C e ]

§ (GeV2/fm)

| cold nuclear matter

0.01 R. Baier, Nucl. Phys. A715, 209¢
. C N ' MR | L L M | L L MR
0.1 1 10 100

¢ (GeV/fm3)

Hard

Production TqT~M
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Interpretation

Gluon radiation: Multiple final-
state gluon radiation off of the
produced hard parton induced
by the traversed dense colored

medium '

10.0¢

§ (GeV2/fm)

7’

_~""Hadronic Matter

,/

0.1

| cold nuclear matter

R. Baier, Nucl. Phys. A715, 209¢
L L M | L L MR
10 100
¢ (GeV/fm?3)

0.01

1

Hard

Production TqT~M

Medium

e Mean parton energy loss « medium
properties:
o AE|oss ~ Pgiuon (gluon density)
o AE, ~ AL? (medium length)
= ~ AL with expansion

loss

e Characterization of medium

« transport coefficient ¢

I e is (pt2) transferred from the medium to

a hard gluon per unit path length

4 ~5-10 GeV/fm
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The limitations of Raa

Insensitivity due to surface
emission:

@NN =200 GeV A. Dainese et al.,
Eur. Phys. J. C38(2005) 461

Distributions of parton production
points in the transverse plane
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The limitations of Raa

Insensitivity due to surface
emission:

Raa can’t go to zero even
for the highest densities

\

© PHENIX =°
Y STARh

A PHOBOSh
O BRAHMS h

q=0,no nlt:dilll'ﬂ\

4 =1GeV ¥fm

q=5GeV “fm

q=10,15GeV 7m
| 1 1 1 1 | 1 1

25
p, (GeV)

[Eskola, Honkanen, Salgado, Wiedemann (2004)]

By = 200 GeV

A. Dainese et al.,
Eur. Phys. J. C38(2005) 461

Distributions of parton production
points in the transverse plane

Rough correspondence:
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The limitations of Raa

Insensitivity due to surface
emission:

<T
<L
o 1.2

1
0.8

0.6

0.2 %

Raa can’t go to zero even

for the highest densities

By = 200 GeV

A. Dainese et al.,
Eur. Phys. J. C38(2005) 461

0.4 _. il

10 10
© PHENIX n°
Y STARh 10
— 4 PHOBOSh| Distributions of parton production
D . .
SRARMSM | points in the transverse plane

q=0,no nlt:dilll'ﬂ\

4 =1GeV ¥fm I

1 I TIT,_T"T_TJ} ,M ) q =3 GeV “im
et s A 1 1 I
s S R 2
| l I1 I lE,: 10,15 GeV “/fm
0 10 15 20 >
p, (GeV)

[Eskola, Honkanen, Salgado, Wiedemann (2004)]

Rough correspondence:

2 g

dy
2 g
fm dy

Need better tool
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Heavy quarks are gray probes

Dead cone effect implies lower heavy quark
energy loss in matter: W ——

dr
W Tw ‘LIGHT

dw | gEavy mo \ 2 ’
Q (1+(22) %)

Dokshitzer and Kharzeev, PLB 519 (2001) 199.
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Heavy quarks are gray probes

Dead cone effect implies lower heavy quark

dI
N w —_
energy loss in matter: oY _ | LiGHT 2
dw |yp avy ( mo 2 1
1+ (me) L
Q (52)
Dokshitzer and Kharzeev, PLB 519 (2001) 199. heavy flavorc,b — e Kv
2 [ (et+e)2

X L AutAu (central) Vsyn=200 GeV

10— ® STAR Au+Au 0-5% (PRL98, 192301)
VERT TN I ! A PHENIX Au+Au 0-10% (PRL96,032301)
- T r DVGL Rad dN,/dy = 1000
o8l | — — - BDMPS c+b g= 10 GeV?/fm
5 \\\ \\\\ G \‘\\\
06~ \ %, =
-~ \ o \ \\ ) \\\\
o Y20
\’G i N\ g‘ N 7
o« \ 2N ns
0.4 N )
| —— DGLV Rad+EL
01 L van Hees Elastic .
| ———— DGLV charm Rad+EL 7
0.2- ] i Collisional dissociation ]
L | L | L | L | L 1
I M;mw = 0 2 4 6 8 10
ool o L U by L p; (GeV/c)
0 2 4 6 8 10 12 14 16 18 20

Wicks et al, Nuck Phys, A784 (2007) 426 Heavy flavor JUST as suppressed
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It gets worse ... bottom not gray either

Can get Raaonly if:
Include radiation and elastic collisional energy loss
assume all non-photonic energy loss comes from ¢

-
H

B/(B+D)

0.8

0.6

0.4

0.2

~ @ oD’ (PYTHIA fit)

¥ ¢-D" (MC@NLO fit)

STAR & PHENIX BUT STAR and PHENIX show b

“I @ e-h, Run5 (PYTHIA fit) Preliminary contribution in p+p collisions

" A e-h, Run6 (PYTHIA fit) = ~55% at p1® = 6 GeV/c

@ PHENIX e-h, Run5+6 (PYTHIA fit), prel.

FONLL

Beauty appears equally

+ + + suppressed
0 + | { + We still don’t fully understand

energy loss

6 8 10 Neededtomeasure b and c Ry,
p._(GeVic)  independently AND accurately

A key measurement at the LHC
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Look for jets in Au-Au events

p-p —jet+jet
(STAR@RHIC)

nucleon nucleon

parton
jet

leading hadron
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Look for jets in Au-Au events

p-p —jet+jet Au-Au —?7?7?
(STAR@RHIC) (STAR@RHIC)

nucleon | nucleon
parton

jet

Seems almost impossible

leading hadron
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Jets in Au-Au collisions!
p-p — dijet

- Trigger: highest p track

» A distribution:
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Jets in Au-Au collisions!

p-p — dijet

1/Ny1ger AN/A(A0)

min. bias p-p col

lisions

T T T T I T T T T I T T]

— p+p min. bias

4<p. (trig)<6 GeV/c *STLR

pr(assoc)>2 GeV/c

trigger  Phys Rev Lett 90, 082302 ]
P Sruirail I S S S RS SR |

I L 1 1 1 I L L 1 1

-1 0

1 2 3 4
A ¢ (radians)
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Jets in Au-Au collisions!

p-p — dijet central Au-Au collisions

1/Nq g qer AN/d(A0)

L B B
- — p+p min. bias

* Au+Au Central

3 4

Ao (radiaZ/
A = 0: central Au-Au similar to p-p
A@ = 11: strong suppression of back-to-back
correlations in central Au-Au
Helen Caines - HPCSS - August 2010 14
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Jets in Au

p-p — dije

AP =

0: centre

>
S
n

TT: stronc
correl:

PHYSICAL

REVIEW
| ETTERS

Articles published week ending

15 AUGUST 2003

Volume 91, Number 7

NuwhkarModfcation Fxlor

-
T

-

1 T TN PO T TV TV YT TTTTTI IR - 4 - 1
153 323 T g E p.iGeve) 2
BRAHMS STAR
e A ne-i
E e 3 4 Aus &a Contrd
. I =
st CY I +d o+ hu Conlrl
_d"‘::- I %} - p+p Hnimun Bus
i ~‘a;"’“‘./--«\--.\."..‘- £
i g
/ L -
1 1 1 1 1 " e Ty Al EET et
} 3 : 3 3 9 w w I
pr [GeVK) A0 pogrecs)

PHOBOS

A L L L L U

PHENIX

Y

R +[

@& sasd fum

20-40r%

Library o Other Tretitutional Use Prodibited Untll 208

Member subscription Copy

% Published by The American Physical Society

Ilisions

A ¢ (radians
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Initial or final state effects?

e A clear difference between p-p and Au-Au observed:

Caused by initial state (quark/gluon shadowing) or final state
(energy loss in plasma) effects?

Initial State? Final State?
_ partonic
gluon saturation \\Z energy
d+Au loss
<= o = VS <= .

* To test need collisions where no final state effects due to plasma but
initial nuclear state effects present:
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Initial or final state effects?

e A clear difference between p-p and Au-Au observed:

Caused by initial state (quark/gluon shadowing) or final state
(energy loss in plasma) effects?

Initial State? Final State?
_ partonic
gluon saturation \\Z energy
d+Au loss
<= o = VS <= .

* To test need collisions where no final state effects due to plasma but
initial nuclear state effects present:

Use d-Au
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Expectations for d-Au
Raa

Final state effect, Ry, >1.

small enhancement?

A
| .
/}1_1.5 Cronin effect

RdAu

=

Initial state effect, Ry, < 1.

v

T
~2-4 GeV/c Py
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Expectations for d-Au

Raa
Final state effect, Ry, >1.

RdAu

=

Initial state effect, Ry, < 1.

di-hadron

Final state effect: pQCD: no
suppression, small broadening

due to Cronin effect.

Saturation models:
suppression persists due to

1/

small enhancement?

1115 Cronin effect

PN

v

T
~2-4 GeV/c Py

broadening?

I

mono-jets.

o

(Deuteron valence quark scatters of gluon condensate.)

0 /2 n suppression?

A¢ (radians)

Helen Caines - HPCSS - August 2010
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The results

Raa
— Au-Au highly suppressed

—d-Au enhanced in same prt range
— Suppression is a final state effect

AN™ I dp. dn
TdAudep /dedn

RdAu(pT) =

2.5 ~ed+Au FTPC-Au 0-20% |
- NSTAR ——d+Au Minimum Bias i
2 -
151 N
1h- -
0.5 N
C .

0 10
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The results

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

RaA S
— Au-Au highly suppressed 2
—d-Au enhanced in same prt range
— Suppression is a final state effect

}cﬁ%
N
2

lIIIIIIIIIIIIII

lllll]lll!lllllllllllll

AN | dp..dn 5

RdAu(pT)=T d pp . 0'5:_

dAu o /dedn r
R s S
pr (GeVic)
di-hadrons . dAUFTPC-AUO20%

— Au-Au Back-to-back jets
suppressed

1/Np g er AN/A(40)

—d-Au similar to p-p

A ¢ (radians)
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The results

4251 ﬁ ~e- d+Au FTPC-Au 0-20%

RAA 0:2 B STAR —4—d+Au Minimum Bias 7
— Au-Au highly suppressed - .
—d-Au enhanced in same prt range

— Suppression is a final state effect

AN | dp..dn

R =
dAu(pT) TdAudO,pp /dedT’

di-hadrons

— Au-Au Back-to-back jets
suppressed

1/Np g er AN/A(40)

—d-Au similar to p-p

Quenching is a final state effect

A ¢ (radians)
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Observation of “Punch through”

8<p.19<15 GeV/c

d+Au Au+Au, 40-80% Au+Au, 0-5%

If use high-p; triggers:

* Away-side peak re-emerges

e Smaller in Au-Au than d-Au

9> (dosse)d>t ¢ >(oosse)d>¢g

* Virtually no background

9 < (oosse)td

0 T 0
STAR PRL 97 (2006) 162301 Ad
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Observation of “Punch through”

8<p.19<15 GeV/c

d+Au Au+Au, 40-80% Au+Au, 0-5%

If use high-p; triggers:

* Away-side peak re-emerges

e Smaller in Au-Au than d-Au

9> (oosse)ld>t ¢ >(oosse)d>¢

* Virtually no background

High energy jets “punch
through” the medium.

9 < (oosse)td

0 T 0
STAR PRL 97 (2006) 162301 Ad
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Modification of the fragmentation

p and E must be conserved so quenched energy must appear
somewhere

Prediction that the fragmentation function is modified in the
presence of a QGP - more and softer particles produced

I T
dn” € « MLLA: good description of
d¢ vacuum fragmentation (basis
= OPAL. V5=192-209 GeV of PYTHIA)
14 in vacuum, E;=100 GeV :
IN_---- in medium, Ej =100 GeV _/ « Introduce medium effects
* TASSO—~Vs=ttGeV ) at parton splitting Borghini and
0 i vacuum Eju=7 GeV Wiedemann, hep-ph/0506218
8 = —-—inmedium, Ej=7 GeV;”

()

6 Ezln(EJ et/ p hadron)

Helen Caines - HPCSS - August 2010 19

Thursday, August 26, 2010



Modification of the fragmentation

p and E must be conserved so quenched energy must appear
somewhere

Prediction that the fragmentation function is modified in the
presence of a QGP - more and softer particles produced

I T
d_N](Sc 7) « MLLA: good description of
d¢ vacuum fragmentation (basis
= OPAL. V5=192-209 GeV of PYTHIA)
14 in vacuum, E;=100 GeV :
12 -- in medium, E;=100 GeV « Introduce medium effects
* TASSO—~Vs=ttGeV . at parton splitting Borghini and
0 i vacuum Eju=7 GeV Wiedemann, hep-ph/0506218
8 = —-—inmedium, Ej=7 GeV;"

Look at

away-side FF

()

6 Ezln(EJ et/ p hadron)
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Away-side di-hadron fragmentation functions

* Measure fraction of parton energy

each hadron carries

Z= phadron/pparton

* Without full jet reconstruction,
parton energy not measurable

* |nstead measure approximation

1 = pTassoc/ PTtrig

Denser medium in central Au-Au
than central Cu-Cu

Similar medium for similar N,

N|_ —— p+p theory
0 1= Cu+Cu 0-10% theory
Z o Cu+Cu 40-60% theory
S C
R
Z-l—'
~ 1
~ 10 ) d-Au o
A  Cu-Cu0-10%
®  Au-Au 30-40% #
P Saet e ©
= AUAUO-12%  Npart=20 "
S 10_27 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
< L -
T Ll AR Preliminary
o L
-
Q0
§ #
I S . S
1 : # % %-
f % : % 1T d
o)) P N B B N B
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
—~assocy . trig
zr=ptIPT

Vacuum fragmentation after

parton E, . in the medium
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Full-jet reconstruction in HI collisions

Di-hadrons indirect measurements of jet quenching !
* Full jet reconstruction needed

p+p JP trigger Py ~21GeV
STAR preliminary

In p-p jet clearly visible

Helen Caines - HPCSS - August 2010
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Full-jet reconstruction in HI collisions

Di-hadrons indirect measurements of jet quenching !
* Full jet reconstruction needed

p+p JP trigger Py ~21GeV

STAR preliminary

r grid cell [GeV]
o

In p-p jet clearly visible

p: per grid cell [GeV]

Au+Au 0-20% p:‘;:t ~ 21 GeV

STAR preliminary

In Au-Au more challenging

Underlying event background a significant challenge -
magnitude and fluctuations
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Background - central Au-Au collisions

Event-by-event basis:

p; (Jet Measured) ~ p; (Jet) + pA £ 0 VA

p - background energy per unit area

A - jet area

-
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Eog~ 45 GeV for Rc=0.4
(S/B ~0.5 for 20 GeV jet)
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Background - central Au-Au collisions

104

R

10°

Event-by-event basis: - 120b-
O B
pr (Jet Measured) ~ py (Jet) + pA £ 0 VA 5 ,F
>
5 80—
p - background energy per unit area = ol
A - jet area B
a0
e ] o Ebg~ 45 GeV for Rc=0.4
- AuAl:u?-ZOA - (S/B ~0.5 for 20 GeV jet)
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Both reduced significantly
by increasing preut
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What’s expected from Au-Au jet spectrum

p and E MUST be conserved even with quenched jets
e Study nuclear modification factor (Raa) of jets

Yield(A+ A) Average number

Yield(p + p) x <Ncoll> < of p-p collision
in A-A collision

R, (pr)=

* If jet reconstruction complete and unbiased Raa==1
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What’s expected from Au-Au jet spectrum

p and E MUST be conserved even with quenched jets
e Study nuclear modification factor (Raa) of jets
Yield(A+ A) Average number

Yield(p + p) x <Ncoll> < of p-p collision
in A-A collision

R, (pr)=

* If jet reconstruction complete and unbiased Raa==

* If some jets absorbed and/or not all energy recovered Raa<1

Energy shift? RJet Cross-section ratio
do A4 Au-Au/p-p
dE, - 1
Absorption? — e
Au-Au
L Ly
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Inclusive jet x-section in Au-Au and Cu-Cu

Au-Au collisions 0-10%

3 — 104
%'-10 = S 10 g PHENIX Preliminary
o - . . S 1075 Run-5Cu + Cu\/§NN =200 GeV/c
% 104L lines=unfolding quJ . F - Gaussian filter,o = 0.3
© - < Uncertainties = 107 _ uncorrected p + p compared to
sl NN = 1077 L- %'%% %o background—unfolded Cu + Cu
10 - \\\, STAR Preliminary 'Z.\ F 4, %Eoo
- \ N T 10%E ;i ue00,
6| \ Q.i\ - *** Q%’EOO
- W\ S 10°F S
ol KERE0A C10Fcurcu pApxT ZTV” : :
- - anti-kt R=0.4 = 11 °0-20% ©0-20% ;
: = 107"« 2040% = 20-40% !
108L = kt R=0.2 E 10-12F * 40-60%  40-60% T *
:  60-80% * 60-80%
- o anti-kt R=0.2 130 e e i Ll bl ol
10'9 _l I L1 1 | I L1 1 | | L1 | | L1 1 | - | | L1 | 10 O 5 10 15 20 25 30 35 40 45 50
0 10 20 30 40 50 60 DIECPP (GeV/
Jet . T
M.Ploskon QM2009 Py (GeVic) Y- Lai QM2009

‘ Inclusive jet spectrum measured in A-A collisions for first time |

Extends reach of jet quenching studies to pt > 40 GeV
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Jet Raa in Cu-Cu using Gaussian Filter

< - PHENIX Preliminary

* 60-80%
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0.2F Run—5 Cu + Cu\s,,, = 200 GeV

aussilan filterl,o =0.3 | |

I I 1 1 1
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rec—,
Y. Lai QMI2009 p; PP (GeV/c)

OO

Gaussian Filter: designed to find vacuum like fragmentation
* Reconstructed jets highly suppressed in central collisions
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Jet Raa in Cu-Cu using Gaussian Filter

< 2r . < 2r .
- PHENIX Preliminary o - PHENIX Preliminary
1.8+ 60-80% 1.8« 0-20%
- —600 1 N
161 ‘218_2342 1.6F * ™°0-10%(z)=0.7 (PRL101,162301)
1.4F « 0-20% 1.4F
0 ;5_ TR [ B
0.65_ . ] + + o -J O 8;_%‘%
o - 0.6F % f! -
0.4F * ﬁ oJE iagattttT T ¢ i
02‘_Run -5 Cu + Cu\s,,, = 200 GeV -
) -Gau55|anfllter0 03 0.2H - Run—5 Cu + Cu\s,,, = 200 GeV
o———rt——tl L s — -Gaussian filtero=0.3
0 5 10 15 20 25 30 35 ob——e b b b L L L
r
Y. Lai QM2009 pec PP (GeV/c) 0 5 10 15 20 25 30 35

prec PP (GeV/c)
Gaussian Filter: designed to find vacuum like fragmentatlon

* Reconstructed jets highly suppressed in central collisions
* Jets as suppressed as single particles
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Jet Raa in Cu-Cu using Gaussian Filter

< 2r . < 2r .
- PHENIX Preliminary o - PHENIX Preliminary
1.8+ 60-80% 1.8« 0-20%
- —600 1 N
161 ‘218_2842 1.6F * ™°0-10%(z)=0.7 (PRL101,162301)
1.4F « 0-20% 145
0 ;5_ TR [ B
0.65_ . ] + + o -J O 8;_%‘%
o - 0.6F % f! -
0.4F * ﬁ oJE iagattttT T ¢ i
02‘_Run -5 Cu + Cu\s,,, = 200 GeV -
) -Gau55|anfllter0 03 0.2H - Run—5 Cu + Cu\s,,, = 200 GeV
o———rt——tl L s — -Gaussian filtero=0.3
0 5 10 15 20 25 30 35 ob——e b b b L L L
r
Y. Lai QM2009 pec PP (GeV/c) 0 5 10 15 20 25 30 35

prec PP (GeV/c)
Gaussian Filter: designed to find vacuum like fragmentatlon

* Reconstructed jets highly suppressed in central collisions
* Jets as suppressed as single particles

‘ Energy shift or jet not reconstructed? \
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Look at the jet energy profile

0.g. AutrAuand p+p at\/s,,=200 GeV/c

Au+Au: 10% most central —— Au+Au kt

0.7

—— Au+Au anti-kt

STAR Preliminary — p+p kt

Yield Ratio: R=0.2/R=0.4

0'6;_ —=—  p+p anti-kt
0.5 . t <

- -
0.4 == —
0.3 = ,=,

- ¢ —
0.2 _E\.-V/_J‘/ \
0.1

. "Focussing” of jet
fragmentation with
Increasing jet energy

~~ Au-Au:

“Broadening” of jet

M. Ploskon QM2009

pf‘ (GeV/c)

fragmentation with
Increasing jet energy

De-focussing of energy profile when jet passes through sQGP
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Jet-hadron correlat/ons Au-Au vs. p-p

3 0 2<pt assoc<1 0 Ge

STAR Preliminary
0-20% Au+Au

1INdeNIdA

J.Putschke RHIC/AGS 2009

1IN, dN/dAG
ﬂ

(=]

Ptassoc>2.5 GeV

STAR Preliminary
0-20% Au+Au

Open symbols p+p

4
AP=0, 0

Jet 'assoc.

U

1IN, IN/dAG
an
I

1 O<pt assoc<2 5 GeV

STAR Preliminary
0-20% Au+Au

High Tower Trigger (HT):
tower 0.05x0.05 (nxd)
with E> 5.4 GeV

A(I):(I)Jet — (I)Assoc.
duet = jet-axis found
by Anti-kt, R=0.4,
ptcu>2 GeV and

pt rec(jet)>20 GeV
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Jet-hadron correlat/ons Au-Au vs. p-p

0.2<ptassoc<1.0 Ge

w

<|

g _ 1.0<ptassoc<2.5 GeV High Tower Trigger (HT):
Sysf STAR Preliminary
z_i

o

0-20% Au+Au tower 0.05x0.05 (nxd)
with Ex> 5.4 GeV

A(I):(I)Jet — (I)Assoc.
duet = jet-axis found
by Anti-kt, R=0.4,
Ptcut>2 GeV and

Pt rec(jet)>20 GeV

STAR Preliminary
0-20% Au+Au

1IN, dN/dA

N

J.Putschke RHIC/AGS 2009

* Broadening of

s’ Prassoi>2.5 GoV recoil-side
'E'g 6 STAR Preliminary
0-20% Au+Au .
j Open symbols pip * Softening of
) recoil-side
1 First direct measurement of Modified

Fragmentation due to presence of sQGP
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Summary of high pr studies

* p-p jet reference measurements are well understood - we have a
calibrated probe

e Cold nuclear matter effects on jets are small (d-Au compared to p-p)
e Large suppression of high pt hadrons in the presence of a sQGP
e Once parton escapes medium fragments as in vacuum

e Jets reconstructed in A-A assuming vacuum frag. show same
suppression as for single hadrons (Gaussian filter studies)

e Strong evidence of broadening and softening of the jet energy profile
(R=0.2/R=0.4, jet-hadron)

Results can be explained as due to significant partonic
energy loss in the sQGP before fragmentation -
numerous details left to be understood
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The LHC continues the investigation...

|2.8 BILLION YEARS AGO, — L= MZED
A FEW SECONDS BEFORE THE 757 Al eet.
CREATION OF OURUNIVERSE Lets fire upthis |
T r e Hadron Particle P

' l llider and cee f —
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RHIC vs LHC

RHIC LHC
Beams: p to U Beams: p to Pb
\s: 5-200 (p-p 500) GeV [Vs: 5.5 (p-p 14) TeV
Central Events: RHICs higher
T~2Tc T~4Tc luminosity and
e (GeV/fm3) =5 e (GeV/fm3) = 15-60 longer running
1(fm/c) = 2-4 T(fm/c) >10 time keep it
HI Running: competitive
12 weeks/year 4 weeks/year
Ave. A+A Luminosity
5x10%’cm-1s"" 5x10%6cm-1s""
20nb-"/year (50% up time) [500ub-'/year (50% up time)
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RHIC vs LHC

RHIC

LHC

Beams: p to U

Beams: p to Pb

\s: 5-200 (p-p 500) GeV

\s: 5.5 (p-p 14) TeV

Central Events:

T~2Tc T~4Tc
£ (GeV/fm3) =5 £ (GeV/fm3) = 15-60
1(fm/c) = 2-4 1(fm/c) >10

HI Running:

12 weeks/year

4 weeks/year

Ave. A+A Luminosity

5x102’cm1s

5x1026cm1s

20nb-"/year (50% up time)

500ub-'/year (50% up time)

The expectation:

LHC plasma hotter, denser, longer lived

Open questions:
same sQGP? different evolution?

RHICs higher

luminosity and

longer running
time keep it
competitive
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The LHC is a hard probes machine

An LHC Pb-Pb year:
1 month ~ 10° seconds

Need 104 “events” in a year to
make a measurement:
inclusive jets Et <200 GeV
di-jets Er <170 GeV
0 pr <75 GeV
inclusive y pt<45 GeV
inclusive e p1<30 GeV

- 6, (LHC) ~ 10 o, (RHIC)
- 6, (LHC ) ~ 100 o, (RHIC)

Hard probes are no
longer rare probes

T IIIIIIl

cut
T

T
<

[y
<,
I#;_.L.L.L-HJI—T*’— -1-F 1;? TI_‘—HI.:_] _TTII LIL|_

-

Annual Yield (E >E

[
<
| T T

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

< %: | Annual yields in ALICE

Pb+Pb minbias
binary scaling from p+p
L=0.5/mb/s; 1 year=10°s |
EMCAL: AnpxA$=1.4x110°

1

10?

| PHOS x 6 lower

| TPC x 3 higher

0

Graph from P.Jacobs

20 40 60 80 100 120 140 160 180 200
E (GeV) or p;Ut (GeV/c)
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Heavy ions at the LHC

What are the initial conditions
Is gluon saturation seen?

What is the measured Tcn from particle ratios?

Ten ~ T as at RHIC or higher - thermal models
interpretation?

IS VoLHC < V2RrHIC?
Time evolution of the medium

Is QGP still strongly coupled?
Behaving like a perfect liquid or more gas like?

Energy loss similar to at RHIC?
What is the mass/flavor dependence of the Eloss
Heavy flavor copiously produced at LHC
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Pb-Pb “First Physics”

First 10° Pb-Pb events: global properties, unidentified mult,
rapidity distribution, pt spectra, elliptic flow

First 105 Pb-Pb events: PID spectra, resonances, differential flow
analyses, particle correlations

First 107 Pb-Pb events: jet quenching and heavy flavor (charm)
production and energy loss

Ultimate analyses: energy density, temperature, pressure,
entropy, viscosity, energy loss mechanisms

And of course p-p as the baseline, and new basic understanding:
mult, baryon transport, PID spectra and cross-sections (including
c and b)
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First question: how many particles?

chh;'dnln:0 in Pb+Pb at\Js,,=5.5 TeV for N,,,=350

Saturation models Nch <2000

16 [Welschin et al. ,_g.._. 3 E i corr., RDM
Porteboeuf et al. E :. ' : EPOS
14 | Kharzeev et al. i ——i 3 E i saturation
Jeon et al. H H : data driven, limiting frag.
B i E Largest values from models
Eskola et al. : h . corr., EKS98+geom. sat. . . .
10_EI et al. i ._i.. E i corr., BAMPS Wlthout COIIeCtlve mOtIOn
Dias de Deus et al. E ° 5 E percolation
gfChenetal i i : P corr., AMPT+gluon shad.
Capella et al. . . , ; DPM+Gribov shad.
6 [ Busza P : data driven, limiting frag.
Bopp et al. E .i E ; corr_, DPMJET Il (dn/ay)
4-ToporPope1aI. E 3 ._.:_._. H corr.,HIJING.-'BEvzo 13 5o B IIII| roBa IIII| I IIII| I
Armesto et al. ‘o ' : geom. scaling T e THOBROS 200 GeV | ‘9'| =05 ALICE
2 |- Albacete E O i E ' corr., rcBK evolution " & RHIC comb. 130 CeV Aeﬁ =170 (2600)—
Abreu et al. ! 3 E ! corr., logistic evol. eq. - m PHOROS 5'5 GeV f_-" i
L 1 1 L |. 1 L L L I 1 L L 1 ] 1 1 1 L [ 1 1 1 L I 1 1 1 L ] 1 L L 1 [ L 1 1
o 0 1000 2000 3000 4000 5000 6000 »-—1; -0 NA49(ZPZ) fj 7
m 10 it
N. Armesto arXiv:084.4158 é‘* g %?&6 ESIT (AGS) fj _
/
A L a CDE el
= ot s .
= L Particle MUltIplICItleS // '(_12,00)_
. ; 4 Lo (1200)
First few events will : :
(11 117 I T
Kill” many models _ -
1 T —
ﬂlﬁl ||||||| 1 |||||||| 1 1 ||||||| 1 1 011111
L0 100 1000 L0000
s (Ge V)
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Each generation: new extreme of tracking

s/AR

Helen Caines - HPCSS - August 2010 35
8
Thursday, August 26, 2010




Each generation: new extreme of tracking

ALICE 'worst case' scenario:
dN/dy, = 8000

Alice event: 0, Run:0
particles = 36276 Nhits = 1943104

LR s
'
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First publication

volume 65 - numbers 1-2 - january - 2010

The average number of charged particles
created at mid-rapidity
in p-p collisions at 900 GeV is:
dN/dn = 3.10 + 0.13 (stat) £ 0.22 (syst)
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First publication

volume 65 - numbers 1-2- january - 201 The average number of charged particles
created at mid-rapidity
in p-p collisions at 900 GeV is:
dN/dn = 3.10 £ 0.13 (stat) £ 0.22 (syst) == TT
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First publication

volume 65 - numbers 1-2- january - 201 The average number of charged particles
created at mid-rapidity
in p-p collisions at 900 GeV is:
dN/dn = 3.10 £ 0.13 (stat) £ 0.22 (syst) == TT

National Geographic News (4 Dec.)
‘....amachine called ALICE....

found that a () proton-proton collision
e recorded on November 23
4 created the precise ratio
of matter and antimatter particles
predicted from theory..’
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First publication

volume 65 - numbers 1-2- january - 201 The average number of charged particles
created at mid-rapidity
in p-p collisions at 900 GeV is:
dN/dn = 3.10 £ 0.13 (stat) £ 0.22 (syst) == TT

National Geographic News (4 Dec.)
‘....amachine called ALICE....

found that a () proton-proton collision
e recorded on November 23
4 created the precise ratio
of matter and antimatter particles
predicted from theory..’

It took:
= 20 years to built ALICE
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First publication

volume 65 - numbers 1-2. january -2010 The average number of charged particles
( : created at mid-rapidity
@ Recogrized by European Physical Society

in p-p collisions at 900 GeV is:
dN/dn = 3.10 £ 0.13 (stat) £ 0.22 (syst) == TT

National Geographic News (4 Dec.)
‘....amachine called ALICE....

found that a () proton-proton collision
e recorded on November 23
- created the precise ratio
of matter and antimatter particles
predicted from theory..’

It took:
= 20 years to built ALICE
= 40 minutes to take the first data
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First publication

C

“
@ Recognized by European Physical Sodiety

The average number of charged particles
created at mid-rapidity
in p-p collisions at 900 GeV is:
dN/dn = 3.10 £ 0.13 (stat) £ 0.22 (syst) == TT

National Geographic News (4 Dec.)
‘....amachine called ALICE....

found that a () proton-proton collision
e recorded on November 23
- created the precise ratio
of matter and antimatter particles
predicted from theory..’

It took:
= 20 years to built ALICE
= 40 minutes to take the first data
= 1 hour to get the prel. result (£10%)
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First publication

C

“
@ Recognized by European Physical Sodiety

The average number of charged particles
created at mid-rapidity
in p-p collisions at 900 GeV is:
dN/dn = 3.10 £ 0.13 (stat) £ 0.22 (syst) == TT

National Geographic News (4 Dec.)
‘....amachine called ALICE....

found that a () proton-proton collision
e recorded on November 23
- created the precise ratio
of matter and antimatter particles
predicted from theory..’

It took:
= 20 years to built ALICE
= 40 minutes to take the first data
= 1 hour to get the prel. result (£10%)

= 2 days for the final result
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First publication

C

P
@ Recoguied By Earopeenitaeial Soccly

The average number of charged particles
created at mid-rapidity
in p-p collisions at 900 GeV is:
dN/dn = 3.10 £ 0.13 (stat) £ 0.22 (syst) == TT

National Geographic News (4 Dec.)
‘....amachine called ALICE....

found that a () proton-proton collision
recorded on November 23
created the precise ratio
of matter and antimatter particles
predicted from theory..’

It took:
= 20 years to built ALICE
= 40 minutes to take the first data
= 1 hour to get the prel. result (10%)

= 2 days for the final result

! = and 3 days to agree on the Authorlist |
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A closer look at the Vs dependence

UA1 (pp) NS
UAS5 (pp) NSD

CDF (pp) NSD
CMS (pp) NSD

O & = > O &

STAR (pp) NSD

ALICE (pp) NSD

energy slightly shifted

4 points at the same

arXiv:1004.3514
| | L1111 I|

l| T T T T TTT

« H 4 & »

ISR (pp) INEL
UAS5 (pp) INEL
PHOBOS (pp) INEL
ALICE (pp) INEL

ALICE (pp) INEL>0
1 1 | I I I| 1 1

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

10?

correct

10°

10*

Energy Vs (GeV)

Even PYTHIA “ATLAS-CSC”
doesn’t get the % increase as amascsc
function of collision energy

Data appears to have a power
law dependence but as yet no
real physics motivation for this

PHOJET

PYTHIA
Perugia-0

PYTHIA

PYTHIA
D6T

l

ml <1

0

ALICE INEL>0
0.9 TeV — 2.36 TeV
— 0.9TeV - 7.0 TeV
O | ]
O | ]
O | |
Od 0 u
arXiv:1004.3514 = S R R R L
20 40 60

‘ Some physics missing from all models \
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Summary

The LHC is up and running successfully

The p-p data is being analyzed and already reveals surprises
The models of p-p collisions need some serious tuning

First Pb-Pb data is scheduled for November 2010

The QGP at the LHC is expected to be longer-lived and hotter
than at RHIC

With the LHC and RHIC programs running in
parallel the 2010°s promise an exciting decade for
Relativistic Heavy-lon Collision Research
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