


‘5 Exploring QCD at high temperatures

Quark-gluon plasma
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¢ . Phase diagram of nuclear matter
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6;‘ Simple Expectations for Heavy Ion Physics at LHC .

SPS RHIC LHC
Vs (GeV) 17 200 5500 28x
dN_/dn~700 ~1200 ~2000-8000  2-7x
T/T 1.1 1.9 3.0-4.2 Hotter
e (GeV/fm’) 3 5 15-60 Denser
Toor (fm/c)|<2 2-4 >10 Longer lived
RHIC and LHC:

Cover 2 -3 decades of energy (V S~ 20 GeV =5.5 TeV)
To discover the properties of hot QCD at T ~ 150 —-600 MeV

—
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Size: 16 x 26 meters (Drift ) (Pixel )
Weight: 10,000 tons S —
Detectors: 18

ZDC
~116m from |.P,

DIPOLE
MAGNET
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Pb+Pb collisions

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:29:42

Fill : 1482

Run : 137124

Event : 0x00000000271EC693
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> ~1000 members
@ ~30 countries .
¥~1 00 institutes

A
A




¢ The ALICE Collaboration

1A

ltaly

~1000 Members
63% from CERN
member states

~30 Countries
~100 Institutes

~150 MCHEF capital cost
(+magnet)

France

Germany

= 11 Institutions 53 members (inc. 12 grad. Students)
Cal. St. U. —=San Luis Obispo, Creighton
University, University of Houston, Lawrence

g f
“ Ly Berkeley Nat. Lab,Lawrence Livermore Nat.

Lab, Oak Ridge Nat. Lab,Ohio State University,
Purdue University, University of Tennessee,
Wayne State University, Yale University

‘—] Countries member of the
ALICE Collaboration (04/2008)}
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Sorensen

Christine
Nattrass *EMCal hardware support
: *EMCal Simulations and calibrations
*Measurements using EMCal
* 11’ mesons
* heavy flavor

Ken : £ ’ _. ' " : ' J .. ° jets

Irakli Martashvili e transverse energy
Rebecca Scott i y | *Upgrades

Joel Mazer { " * Di-jet calorimeter

 Forward Calorimeter



The Electromagnetic Calorimeter

—
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EMCal

Lead-scintillator sampling calorimeter

13 k towers

Each tower AnXAep=0.014 X 0.014

Shashlik geometry
Avalanche phototodiodes
An=1.4,Ap=107°
o(E)/E=0.12/AE + 0.02

« EMCal: -0.7 <n< 0.7, 80°<p< 120° 1n 2010
— 80°<@< 180° in January 2011

— Ahead of schedule!
« DCAL: -0.7 <n< 0.7, 260°<¢p< 320° in 2013

\\\\\\\\

LY
il
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EMCal Assembly

@ 3072 1dentical modules, 2x2 towers
@ 1.5° taper 1n n

@ Tower granularity on = o0¢ = 0.014
2 20.1 Xo

@ 77 layers Pb:Sc =1.44 : 1.76 mm

aa
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Physics goals

—
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¢ Capabilities

n’: Single particle energy loss

0
e Measurements of Y and y: Thermal photons — temperature

 Heavy flavor measurements

Flavor-dependent energy loss
e Charm and beauty quarks
 Measurements of jets

e Access to quark and gluon momenta  Ppartonic energy loss

Main differences between ATLAS and CMS
 Low momentum tracking (p_>100 MeV/c vs p_>900 MeV/c)

e Particle identification

—
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< % | Annual yields in ALICE
% G geom
< %% Pb+Pb minbias

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

ALICE hard physics capabilities: E,t_o ;
@ Electron/hadron discrimination (TRD, 510 -
EMCal) S
@ 1 measurements(forward muon arm) @10 ?
@ Good y/m discrimination (EMCal, PHOS) 2 108%1
@ Fast trigger on jets(EMCal) > 8
S 107 ;'?
Hard Probes statistics in ALICE: E &
10*/year minbias Pb+Pb at nominal luminosity” v ?
@ Inclusive jets: ET~ 200 GeV 10° -
@ Dijets: E ~ 170 GeV
@ m:pr~75GeV/c 10
@ Inclusive y: pt~ 45 GeV/c 0 i_
@ Inclusive e: pr~ 30 GeV/c ?
*One year of running = one month of Pb+Pb collisions 10°
0

20 40 60 80 100 120 140 160 180 200
E<™ (GeV) or p;“t (GeV/c)
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¢ 1 measurements

(".:_l_“ :I T T rTrid I TTTT L I T TTT | L | TTTT | L | LB t
cif - ]
@ -
U] = 3 3
B. u o 3
S 8 i . ALICE performance T
_;'3,1 0 E o pp—1( ¥ emea Yoo X 3
o F T§ \'s=7 TeV E
O : [-T 17 May 2011 .
© 8L _
B 10°E te
B ff. ]
- T —
¥

10" ¥ o =
= T I
— L .
B L e _

T o
1 06 E [ ] EMCAL+conversion photons = 3
- LT :
: ] EMCAL+EMCAL photons, ALICE preliminary * i * :
10°E te
:I | | I O Y | I L L ] | L:L-:L..:l. I L.l i_.] | I A | | | I | Lo L] | Ll i} 1_—
0 1 2 3 4 5 6 7 8 9
P, GeV/c

5000

4000

3000

2000

1000

4< pT’W <6 GeV/c

' ALICE performance

| pp @\s=7 TeV
EMCAL

B 08/10/2010

|

A =4057.37 £ 34.92
n=135.565+ 0.076

o =9.864 + 0.094
p, = -1402.8 + 170.3

P, = 29.8 + 2.6
p,= -0.1£ 0.0

|y NP AN

0 50 100

150 200 250 300
M, (MeV/c?)
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& Single particles

e Measure spectra of hadrons and compare to those in p+p
collisions or peripheral A+A collisions

o Ithigh-p hadrons are suppressed, this 1s evidence of jet

quenching

» Assumption: sufticiently high-p_hadrons mostly come from jets

e Unmodified spectra:

R,a,_:t-l A4 :
1.2 -
1.0 - =
0.8+
Ry d*Naa/dprdn 06 R 1

 Tyad?or?/dprdn -
0 - ﬂsﬂﬂ:n
02=-
7 3 1 5 &

Transverse Momentum (GeV/c)

—
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Experimental results

01

©«0-5%  Pb-Pb\s,=276TeV

© 70 - 80%

[Phys. Lett. B 696 (2011) 30-39

0

5 10 15 20
P, (GeV/c)

|| <= No suppression

4— (bserved

¥ [fm]
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http://arxiv.org/abs/1012.1004

o

Heavy flavor

Christine Nattrass (UTK), ORNL Brown Bag Seminar, March 9, 2012
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& Why study heavy flavor?

* Produced in early stages of the collision
* Must be from energetic collisions because of mass

* Energy loss and flow are related to the transport properties of
the medium in heavy ion collisions

e Light quark data indicate

- Medium evolves as 1f a fluid of quarks at equilibrium
- Energy loss in medium is large
e Heavy quarks may propagate through the medium differently

—
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Heavy flavor decay

Decay Fraction
D” |e"v_anything 16.07+ 0.30 %
D’ |e" anything 6.49 £ 0.11 %
B* |I" v anything 10.99 +0.28 %
B" |1"v anything 10.33 £ 0.28 %

Christine Nattrass (UTK), ORNL Brown Bag Seminar, March 9, 2012
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P Measuring electrons from heavy flavor

 Identify electrons

e Background subtraction — Complicated analysis

e Efficiency and acceptance

o Heavy flavor p_spectrum  — Requires identification
of electrons at high
o Heavy flavor R | momentum

e Separate charm and beauty

e Measure angular dependence of electron distribution

Stolen from Rebecca Scott's thesis proposal

—
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ALICE performance

pp @ 7 TeV

work in progress

I

\ .-—:~..700:"|""|""|"
= C
- 600 —
S
— 500
E -
o 400 - TPC dE/dx t
® 300 — 0~5-6%
S 200 -
= 100 E¢
-3
dEdX distribution (ITS signal, truncated mean) | | Entries 148725 |
?700_ T "7 Tpp @ 900 GeV (passd) | -
t:::" . ITS standalone -
§600 _ Cuts: chi2<10, DCA<0.8, 4+1 ITS pts —: E
%300 P Vertex detector E ]
e -\ pr(min)<100MeVic 3 4o
400 e T - ;
300; _f E
2002— —f 1
100:— _:
- e - - 2 :
0:"" : T -4

107

momentum [GeV/c]

-1 0 1 2 3
Rigidity (GeV/c)
L Fi"
10—
0.8 _—
-~ - ALICE Performance
— p+p at Ys = 900 GeV (2009 data)
0.6 TOF
- 150k channels!
oal F  0=90ps
..... Pl b b b by by by |y
0 05 1 15 2 25 3 35 4

momentum p (GeV/c)

—
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40;_ 5.5::p$<:6.5

Entries

e Electron m<p

e E/p=1 for electrons

e E/p<I for hadrons

 EMCal can be used to
1dentify electrons even at
very high momenta

ALICE Performance
pp at\s=2.76 TeV
EMCal Trigger Events

May 13, 2011
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Non-photonic electrons

Rpaa |y]<0.8
> o N

- =k
-

0.8
0.6
0.4
0.2

Without EMCal

PbPb,\ s,,,=2.76 TeV  Centrality 0-20 %
m e’ inclusive - cocktail
°‘ — ¢—e, from measured D°

|IT1|T1|II'IIT1IIIIF'|I_

5 ALICH (R__ shifted to 1. Error sizes kept) ]
in ALICE Performance T
- L bl il normalization uncertainty -
'-T | | a1 | ' | | | -:
2 2.5 3 3.5 4 4.5

°

—
[]
®
=
o

e

ALI-PERF-10573

With EMCal

| Efficiency corrected non-photonic electrons

— MC Electrons

-k
=l'.!

—*—— Eff. corrected EMCAL MN-P electrons

- Systematic uncertainty

T

-k
<

-k
ﬂI'.».'l

Annual yield in EMCAL dN/dp_(GeV/c)™

3

=i
= [T TTTTT]

35 40 45 50

15 20 25 30

P, (GeV/c)
= °F
=
o f
= 'I:—
0.5 ;—

4 i5 20 5 30 35 a0 a5 50

R
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Jets

—
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o
¢ . Probes of the Quark Gluon Plasma

N

nucleus

Want a probe which traveled through the collision
QGP 1s short lived — need a probe created 1n the collision

e
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7=
¢ . Probes of the Quark Gluon Plasma

N

nucleus

nucleus

Want a probe which traveled through the medium
QGP 1s short lived — need a probe created 1n the collision
We expect the medium to be dense — absorb/modify probe

e
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Jets — hard parton scattering leads to back-to-back quarks
or gluons, which then fragment as a columnated spray of
particles

Christine Nattrass (UTK), ORNL Brown Bag Seminar, March 9, 2012 43



Inclusive spectra

1/2n d?6**"/dp_dn [mb GeV/c|
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2 RAA: From RHIC to the LHC

o< F
=01 JETR,,
i Au+Auys,, =200 GeV
1 :—I -
-+, . 2
- £
- £
L '__——--——___________ 2
————a
0.1 E_ g
- p_cut>0.1GeV/C &
: *AutAu STAR Nucl.Phys.A830:255¢c-258¢,2009
qPYTHIA a=1 0-10% Central
0.015 [ = Gev¥fm —§=6 Anti-k;, R=0.4
n Jet Energy E| =17
i Scale =61
| I HJrI]CIerl-tallrptYl [ |ql L1 1 | L1 11 | | I | | [ IRlHlllgl
20 25 30 35 40 45 50 55
p#‘"t (GeVic)

R Jet

AA

0.1

JETR,,
B R L TR F
B systematic error ; Pb+Pb \/s,, =5.5TeV
systematic error 0

B Pb+Pb cross section uncertainty A;g_ﬁ' C;’ltgzl
| p+p cross section uncertainty kr, R=0.
[~ —_-—-__-_-"——
[ —q=6 ALICE+EMCal
N qPYTHIA q=17 1 year of data
- [G] = GeV/fm — g =61 LH C
| L I L 1 L I 1 1 1 l 1 1 1 l 1 L l I 1 1 1 | 1 1 1 I L 1 L

60 80 100 120 140 160 180 200

e Much greater kinematic reach at the LHC

e Smaller systematic errors

e Comparison between RHIC and LHC: studies of partonic energy loss

at different regions on the phase diagram

—
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Conclusions

—
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¢ Conclusions

e EMCal useful for measurements of

e Measurements of y and m

e Heavy flavor measurements
- Charm and beauty quarks
e Measurements of jets

- Access to quark and gluon momenta

Plus other things I haven't talked about

—
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Backup

—
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Jets — azimuthal correlations

p+p - dijet

p;(assoc)>2 GeV/c

— p+p min. bias -
d<p, (trig)<6 GeV/c ﬁs‘rln ]

1/Nyygqer AN/A(A0)

trigger
I

| Phys Re|v Lett 90,I 082302:
2 3 4
A ¢ (radians)

Select high momentum particles — biased towards jets



Jets — azimuthal correlations

nucleus
' - — p+p Min. bias .

* Au+Au Central

/Nyyigger AN/A(AO)

Big background subtraction A ¢ (radians)

Jet quenching — absorption of
jets by the medium




Jets at the LHC

. 2303 (2010)

Calorimeter ATLAS
Towers Calorimeter



http://arxiv.org/abs/arXiv:1011.6182

¢ Jet broadening

0.7

I | «ewsar  JET BROADENING]| & 1= JET BROADENING
Il 0.6 A Au+AuSTAR I - Pb+Pb \[sy, = 5.5 TeV
(1 - - C NN
1 : Au+Au \syy = 200 GeV % [ b P— Lo [ }
T 0.5F L T
~N B ____,_,_...—-':-*—:'2!-=-—-— a 0.8_— unfolding systematic uncertainty only
© o4 — T o= o -
o - = T os—m 10% Central
— C e ] - Y9F Anti-k
_':5.‘.} 030 —— _8 i nti-k;
0 :_ —k— — 0.4~
"E qPYTHIA —Vacuum 0-10% Central 0.0k — Vacuum
C [G] = GeVm g=1 Anti-k < gPYTHIA —q=1 ALICE+EMCal
0.1— _Hf‘?? T - [G] = GeVZm —g=f|57 1 year of data
- | | g=61| | |RHIC| 0; | | | g;’51| | L|HC|
0% =% 25 "30 35 a0 45 60 80 100 120 140 160 180 200
pft (GeVic) pf‘ (GeV/c)

« QPYTHIA not optimized (yet) —do not draw conclusions from shape differences
« Jet energy profile (Au+Au data) BROADENED indicating JET QUENCHING

« Small experimental systematic uncertainties in measurements (ratios from same data set) —a
precision measurement in ALICE

—
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Jet reconstruction algorithms

R=1\/(An)® + (A¢)?

Cone Algorithm:

1. Mid Point Cone: Merging & Splitting

2. SIS CONE
* Insensitive to "soft" radiation
j <\ * Splitting doesn't change jets
i/~~~ JFragmentation process 3. Leading Order High Seed Cone (LOHSC)

x outgoing parton
Hard scatter

Sequential recombination:
Cluster pairs of objects close in relative p.

4. K. (starting point: low p. particles)
KTjet Cone jet

5. Anti-K_ (starting point: high p. particles) Antik_jet

6. Gaussian filtering. Y. Lai, B. Cole arXiv:0806.1499

e
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o
2

¢ Background subtraction: Cocktail Method

II‘I\II‘Illll\II\llll\ll Es "

(e +e’)/2
AutAu @ \|5 =200 GeV | ¢ Datainclusive

O Data non-photonic
= Cocktail total

'
-

-
o

¥

10" = O, 00 | " - pe'e
Y conversion
-3 mimima n— Ye"’e’
10 n —ye'e
p— e'e

FS

&
o_IH| IIIIHII| IIIIIIII| IIIIIIII| IIIHIII‘ \HIHH| IIIIHII| IIIIIIII| [

nw—ete & o - nlete
. e -
DL b—oee &o—omnee
Direct y

1/(2% p,) dN /(dp-dy) [(c/GeV) 7]

10 Kaon K _; decay
10’ _é
LE N, e =
107 N ey, S _
. (a) e 5
10 i | | | i | | "|": =
05 1 156 2 25 3 35 4 45 5

Steps for the cocktail method:

a) determine all other processes producing electrons

b) determine the relative weight

¢) determine the momentum and rapidity distribution
Photonic electrons: y - e ¢ ,n° —>ye e,n—>7ye ¢ ..

—
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Centrality dependence of dN /dn

2.76 TeV

(AN /(N 072) s,

()

()

- [n[<0.5

- ¢
L,

. @0 Pb+Pb, Vs =2.76 TeV

% pp NSD 2.76 TeV
i x pp Inel 2.76 TeV

PRL 106, 032301 (2011)

e
6 9@
g o®

/
g

~

2.5% bins

Interpolation between
2.36 and 7 TeV pp

] | ] | | |
0 100 200

200
(N

| I |
300
part

)

RHIC data
scaled by 2.1

PHENIX
PRC 71, 034908 (2005)

dN_/dn =Number of

charged tracks per unit
pseudorapidity

n = pseudorapidity
= - In[tan(6/2)]

n=0

oropr 1n=0.88

/

06=45°

8:101:1,_,_.-—-41" =244
0=02—> T|=°°

—
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¢ Centrality dependence of dN_/dn

0 K )

[ ]

— |n|<0.5 PRL 106, 032301 (2011)

2.76 TeV

. @0 Pb+Pb, Vs,,=2.76 TeV

¥ pp NSD 2.76 TeV
x pp Inel 2.76 TeV

(AN /(N 12) s,

o Au-Au 0.2 TeV

\\_

2.5% bins

Intp.
} "1 pp Inel 0.2 TeV

I I
0 100 200

I
300

(N

L
400

)

part

RHIC data
scaled by 2.1

PHENIX
PRC 71, 034908 (2005)

dN_/dn =Number of

charged tracks per unit
pseudorapidity

n = pseudorapidity
= - In[tan(6/2)]

n=0.88

/

0=45°

6=10q,_,...-—-—-¥1" =244
a=02—> Tl:oo

N = number of
part

participating
nucleons
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¢ ITransverse Energy

|12 .
< [ = ALICE (from E% £ =0.55) |,
8 - ¥ STAR x2.5
S 10+ PHENIX x2.5
£ n {; o} o e,
=z B__ { ; l - -
. - u
= 6 =l
- |
- |
W I
i G ]
2‘@8 q) ()
ALICE Prelirminary
PBPY g}\l'_l =276 TaV |
D 100 2nn 300 40!]
PRC71:034908 (2005) N
PRC70:054907 (2004) part .

Centrality dependence similar to
RHIC (PHENIX)

E * from charged hadrons directly
measured by the tracking detectors

ft N from MC to convert into total ET

From RHIC to LHC

e ~2.5Increase
dET/dr]/ (0.5 >"Npm)

Energy density (Bjorken)

1 dE
e=- S R=1124Y3fm

R%t dy

€T ~ 16 GeV/(fm’c)
RHIC: €1 =5.4+0.6 GeV/(fm’c)
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‘g 4 Vs__dependence

. chh/dn/(O.S*Npm) ~ 8 o dET/dr]/(O.S*Npm) ~ 9 1n 0-5%
e 2.1 x RHIC o ~5% increase Opran (353 — 383)
1.9 x pp (NSD) at 2.36 TeV 2.7 x RHIC

(consistent with 20% increase of <p >)

« growth with Vs faster in AA than pp

Grows faster than simple logarithmic scaling extrapolated from lower energy

~—~ 16 -
- ~ had, _
[ @ AA(0-5%)ALICE . pp NSD ALICE @ [ @ALCE(fromE f =0.55)
1ol ™ AA@-5%)NASO O pp NSD CMS S 14— HPHENIX

~~ "L 4 AA(0-5%) BRAHMS : pp NSD CDF ~. [ ¥STAR

E — % AA(0-5%) PHENIX < pp NSD UAS 015 g8 12— /. NA49 4

Q g [1 AA{D5%)STAR  + pfs NSD UA = € L[ Owae
<  °| ¥ AA(0-6 %) PHOBOS » pp NSD STAR o 10— [JE802/917 ALIGE Praliminary
1,1 B * - — — — A+B"In{ys) PbPb @ y5=2.76 TeV +
o o 5 8- EKRT
= ° ok
—— —
S [ - 6
) B v C
-E 4— C

e | 4—
< [ n
E 2+ 2—

[— u_ 1 Imlll 1 1 ||||||| | 1 ||||||| 1 1 |||||||
oL_PRL105, 2523801 (2010) , , ..y R 1 10 102 10° 10°
10? m {GEV) 10° \'Shn (GeV)

\/SNN = Center of mass energy per nucleon
—
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Probes of the Quark Gluon Plasma

—
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i
¢ . Probes of the Quark Gluon Plasma

N

nucleus

nucleus

Want a probe which traveled through the collision
QGP 1s short lived — need a probe created 1n the collision

We expect the medium to be dense — absorb probe
e
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& Single particles

Measure spectra of hadrons and compare to those in p+p collisions
or peripheral A+A collisions

It high-p_hadrons are suppressed, this 1s evidence of jet quenching
Assumption: sutticiently high-p_hadrons mostly come from jets

Unmodified spectra:

R].“-:
121
___UNZ &N ldndp, )
NG (UNE)A N dndp, 50 /0
0.6 - 4 A
041 [ "soft"
02 =
I

Transverse Momentum (GeV/c)

—
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& Nuclear modification factor (R )

T I T T T T I T T T T I T T T T I T T T T r
ALICE, charged particles, Pb-Pb

\Syy =276 TeV, 1| < 0.8

=T
=T
-

a5y sgé
o® i{ i
@ H'}{ { i { { i
l;i
Unidentified hadrons- w,K,p |
@ ®0-5%
®20-40%
ALICE Preliminary
®40-80%
0.1 P B R |
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P, (GeV/c)
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Christine Nattrass (UTK), ORNL Brown Bag Seminar, March 9, 2012 62



& Nuclear modification factor (R | )
AA

..:': L T T :I T T T T '|
EEq: ALICE, charged particles, Pb-Pb
\Syny = 2.76TeV, [n | < 0.8 @

I S

ALICE Preliminary |

® ALICE Pb-Pb\'s=2.76 TeV (0-5%)
> ® PHENIX Au-Au\ 's=200 GeV (0-10%) |
b ® STAR Au-Au\ s=200 GeV (0-5%)

107 g—— | ' — 30 ' | T
pT(Gerc]
_ 1IN d* N dndp,
AN (LINZYE N [ dndp,

—
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& Nuclear modification factor (R | )
AA

16—m—mmmm———7mm7mm——m
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= ]
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. i
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S
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. 0
¢ Baryon anomaly: A/K”_

X 25 Pb-Pb at \[S,, = 2.76 TeV, |y|<0.75 .
< L —+— 0-5% centrality -
~ —=— 20-40 % centrality -
2— o —»— 40-60 % centrality —
~ Preliminary —*— 60-80 % centrality _
— —e— 80-90 % centrality -
- o —e— (ppatNs=7TeV)
1.5 — *—n—_‘ ‘—1——‘;—_*_ —s— (pp at\Ns = 0.9 TeV)
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05 — : oO oo +—3‘ +_+_ :F _*__*__’—'_ ]
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S 2 . 0
‘g , Baryon anomaly: A/K”_

I
<250 Pb-Pb at \[s, = 2.76 TeV, |y|<0.75 B
< L —+— 0-5% centrality -
~ —=— 20-40 % centrality -
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& Charm nuclear modification factor
2 T 1 L I — — —— T (é\ ~1865
. 1 @
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< 4

¢ Conclusions

e Charged particle production and transverse energy
follow same trends as seen at RHIC

e Energy higher than experimental extrapolation,
lower than many models

» High p_particle production suppressed to ~0.15 of

what we would expect from scaling p+p collisions
— hot, dense medium produced

e Significant suppression observed even for heavy
quarks

—
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¢ Backup slides
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Charm cross section
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