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Hard probes

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

* high momentum transfer Q?

e high mass m

e high transverse momentum p;

Hard Probes of QGP: Jets, W, Z, photons ...

medium

poccp

probe IN probe
(known from _5‘ OuUT
PP, PA

+ pQCD)

Diagnosing QCD medium: (simplified idea)
pass a QCD-sensitive probe through it, then look
for any modifications due to the medium.
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Photon: colorless

»

W, Z: colorless Controls
q: fast color triplet Induced
—> gluon
g: fast color octet radiation?
\\))

Q: slow color triplet Energy

Q@ : slow color Loss?
singlet/octet
Dissociation?

Unknown Medium



Experimental search for “interesting”
phenomena

* Look at elementary p+p collisions
— Measure an observable (e.g. Jet production)

* Look at Heavy lon collisions

— Measure the same observable as we do in p+p

e Compare them, is there something new?

But how good is our baseline data?
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High-p. p+p Baseline Data Well Described by pQCD

NLO pQCD
p+p =’ X

PHENIX Collab.
PRL91, 241803
hep-ex/0304038
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p+p — h* X (non singly diffractive)
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¥ p+p - h*+X @ Vs = 200 GeV [STAR]

® p+p - h*+X @ Vs = 200 GeV [BRAHMS]
vs. NLO pQCD [W.Vogelsang]:

PDF: CTEQ6M, FF: KKP, scales: u=p;

---PDF: CTEQ6M, FF: Kretzer, scales: u=p;

— PDF: CTEQ6M, FF: KKP, scales: n=2p,

— PDF: CTEQ6M, FF: KKP, scales: n=p./2

o

10
p; (GeVic)

Well calibrated (experimentally &
theoretically) p+p references at hand
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Suppressed High-p,. Hadroproduction in Au+Au (@ RHIC !

(peripheral) (central)
DI 1 0-1 E e pp— X @ 200 GeV (N,,[80-92%] scaled) D S e  pp— X @ 200 GeV (N_,[0-10%] scaled)
o oF % ¥ Al X@200GeV B0.92%] O 105 o ¥ Avaus X @200 Gev 0-10%
% 1 0 3 *- NLO pQCD, EKS nPDF, Q; = p; [l.Sarcevic et al.] % 1 ;_ ¥\‘ m NLO pQCD, EKS nPDF, Q; = p; [l.Sarcevic et al.]
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E 48l Gu, - 6F ¥ e
Q. 1 0 E Q\i»‘;\ Q. 1 0 E 2 \"\::;;::
B 9F TNy B 7E
N, 10°F S, | S107F
— _10 c —\v/—— e ; -8 - _X_
= 10 EI I|:|I-II>%/€|<|ENI* Lo by b bvv o by 10 E PI-!///\\\ENIX | | | | |
0 2 4 6 8 10 12 14 16 0 2 4 6)8 10 12 14 16
D.d'E, nucl-ex/0401001 Pr (GeVl C) P+ (GEV/C)
Peripheral data agree well with Strong suppression in
p g g supp
p+p (data & pQCD) plus N_ -scaling central Au+Au collisions
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Nuclear Modification Factors

110-20% | Yield in Au+ Au Events
N Bm(Yield iIn p+p Events)

Raa is sensitive to the details
of the quenching parameters
at high pr

~~ ~~
2|2
e
S5
§l5
il
QND
g‘c
S, 2

Raa

pQCD-I, Full calculation
Lo-pcon
2 4 6 8 10 2 4 6 8 10
Pt (GeVic)

Phys. Rev. Lett. 91 (2003) 172302

High pt hadron suppression as a
signature of the jet-medium interaction.




What happens to the jets in a head-on Nuclear collision?

Speeding Nuclei

Quarks and gluons

Hot, Dense region../QGP? lose energy through in
dense medium
Jets have to pass through Hot, Dense generated in collision

Zone!
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Nuclear Modification Factors

PHENIX Au+Au (central colllslons):
B Diecly i _ Yield in Au+ Au Events
T ?: a N, (Yield in p+p Events)
. l
B I GLV parion energy loss ngg/dx = 1100)
= B k ++++H+++ S Medium seems to be transparent to
B J T o IR photons - colored medium.
¢
: +**f?* & + T % %
B + f High p+ hadron suppression as a
e 2ol anslasnlonslonnlasslosslas: signature of the jet-medium interaction.
0 2 4 6 8 10 12 14 16
p; (GeVic)
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Photon: colorless

W, Z: colorless Controls
Induced
q: fast color triplet gluon
radiation?
g: fast color octet
T
Q: slow color triplet Energy
‘)
— : slow color Loss:
QQ singlet/octet
Dissociation?

Unknown Medium
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Control Probes at LHC: Photons

CMS \[s,=2.76TeV L, (PbPb)=6.8ub" L;,(pp)= 231 nb" CMS \[s=2.76TeV L _(PbPb)=6.8ub" L, (pp)=231nb"
1011 II';-A"I'<I1.I4& LI | | T T 17T I L l 7T '°' I T T al T 1011 2—1 L I LB | LI L ] L I Trrr I Trrr I LI l_
TR e e e | oy
— - o x 10 1 O i i
% 9 ——a—— PbPb 30 - 100% x 102 9 B Systematic Uncertainty
o 10 ——&8—— PbPb 0-100% x 10 10 15k |:, T, Scale uncertainty _|
S~ Fam .
~ Systematic Uncertainty 8 L i
N 107 JETPHOX (pp NLO) 107 © - -
}_< 9/ < B -
Vv 105 —-— — 106 LI.'I_ EE( = . SspusiUU (U
L\L]r_ —a— " K®) i 7
- 1 05 —a— _% 1 05 g L -
2 ] » - -
s 10* —&— % 10* o - ——— PbPb(EPS09)/pp(CT10)
o 3 —— * 3 0.5~ PbPb(nDS)pp(CT10) |
a 10 10
o 0 & r - PbPb(HKNO7)/pp(CT10) -
1 :% : — — EPS09 PDF uncertainties :
10 L I ) L l e ) l L l ) : 01 Ol 11 12 IOI Ll 13 IOI L1 I410| 1Ll I5IOI Ll l6| OI L1 I7I0I Ll 18 0
20 30 40 50 60 70 80

Photon E, (GeV) Photon E, (GeV)

CMS, PLB 710 (2012) 256

Good agreement data — NLO for both pp & PbPb systems.

Like at RHIC: No modification of initial state
Hard scattering processes scale with <Ncoll> calculated by Glauber model
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Events/(2 GeV/c?)

Control Probes at LHC: Z Bosons

IIl[llllllIIIIIIIIIIIIIIIIIIII_

PbPb 7.2 pb™ at\[s, = 2.76 TeV

[10-30]%

:I. PRI IR PITIRTIAPIRIAITY  AYRPRP
pl i bl tod ol Ml b bt it foridi

[0-10]%

POWHEG + PYTHIA 6.4
Paukkunen et al., CT10+isospin

Paukkunen et al., idem+EPS09
Neufeld et al., MSTW+isospin
Neufeld et al., idem+eloss

IlllllllllIlllllllllll[lllll Elllllllllllllllll
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N

ATLAS, PLB 697 (2011) 294

part

CMS, PRL 106 (2011) 212301

| | [ T T T T T T 100:IIIIIIIIIII
CMS PbPb\[s, = 2.76 TeV ;:pposn.e-smn 90 E_ a) cwms
15 — ILdt=7.2 ub” amesian P -
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10 Fg _' i W W ‘."h' Al L
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@ |+ Data ] 0
£ [ Imc I
5 20- -
10F - Clean Z signal from opposite-sign di-muon
I Z yields consistent with pp & pQCD NLO (small
| e o o
Lot 41 nuclear PDF modifications) for all PbPb centralities.
40 60 80 100 120 140

" w invariant mass [GeV]
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Control Probes at LHC: W Bosons

3 160;_p: >25 GeV/c % CMS
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» PbPb data (\/s,,=2.76 TeV)
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a CMS L, (PbPb) =7.3 ub™
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«\a— 800 [50-100]%  [30-50]%  [20-30]%  [10-20]% [0-10]%
5 700
soof- P + 7 } ,_,
500 & I el $ %
[0-100]%

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

60 FJPYTHIA + HYDJET 400 o o
40 300 = + % q'i_;- % @
200 a-{"t-; . MB PbPb pp
7 o . pT>256eV/c 0O e oW
% 100" 150 200 250 100 'l < 2.1 O = oW
m; [GeV/c?] ) A B I U B o lw
0 50 100 150 200 250 300 350
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4: t ATLAS Preliminary | L=5pb "
10 ‘ " 5=2.76 TeV E Good agreement in PbPb data and MC.
102 - Data 2010 PbPb W yields consistent with pp & pQCD NLO
102 EW-—nv J (RAA~1):RAA(W) =1.04+0.07 £0.12
N Background
- b, — Fit ]
- | Electroweak bosons — control probes
e ) k (Y,W,Z) are unsuppressed!
10754650 30 40 50 60 70 80 90
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ATLAS-CONF-2011-078
CMS CMS-HIN-11-008, CERN-PH-EP-2012-144
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Jet Suppression in A+A

I:{AA

T T T | T T T T [ T T T T ] T 1
o ALICE Pb-Pb \,SNN =2.76 TeV (0 -5%)
* STAR Au-Au \,SNN =200 GeV (0-5%)
] PHENIX Au-Au SN = 200 GeV (0-10%)
I — S 1
*
i _
:l e
L *r b. n _
| ° .: E
e *
_1 o B E _
[ ] .. k E
PV E !
o B¢ $
P E R ! ]
°® [ ]
Y @
LY - °
0™ T BT B B R
0 5 10 15 20

P, (GeV/c)
Phys.Rev.Lett.106:212301,20

arXiv:1201.3093
arXiv:1201.5069

ALICE, PLB 696 (2011) 30
ATLAS-CONF-2011-079

LHC hadrons suppressed by up to factor of ~6 at pT~7 GeV.

Sevil Salur



Jet

I:{AA

T T T [ T T T T [ T T T T [ T1
° ALICE Pb-Pb \fSNN =2.76 TeV (0 -5%)
* STAR Au-Au \[SNN =200 GeV (0-5%)
n PHENIX Au-Au Sy = 200 GeV (0-10%)
P R 1t
*
i _
:l e
o r~ = _
: .o. .:
_1 .o n* E |
[ ] .. * E
PV E !
o & $
P E B P ¢ ]
°® [ ]
Y (]
LY . °
0™ A R I N S N N N NI A AT S N R N
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P, (GeVlc)

ALICE, PLB 696 (2011) 30

ATLAS-CONF-2011-079 arXiv:1201.3093

arXiv:1201.5069

RAA

Phys.Rev.Lett.106:212301,20

1.5

0.5

Suppression in A+A

T T T T T T TT ‘ T T T T T T TT | T T
__ SPS 17.3 GeV (PbPb) GLV: dN/dy = 400 _“
L o 1% WADS (0-7%) GLV: dNdy = 1400 i
| RHIC 200 GeV (Auu) GLV: dNJdy = 20004000 |
i o X PHENK(O-f0%) EMD i
= —— elastic, small Pesc =
— ¥ I STAR(0-5%) — elastic, large P__ -
i SPS LHC 2.76 TeV (PbPb) Ty i
N J ® h' CMS (0-5%) — ASW i
L I + h* ALICE (0-5%) PQM: <§> = 30 - 80 GeV/fm —
1l
.y 4 _
{ -
B CMS preliminary
. Il _
il g
Ty N
et z
g D by 1
- i dieg i
i | | | | I | ‘ | | | I I | | | | ]
1 2 3456 10 20 30 100 20
P, (GeVlc)

LHC hadrons suppressed by up to factor of ~6 at pT~7 GeV.
Slow rise and plateau at RAA~ 0.5 in pT~40 — 100 GeV
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Quantative Jet Suppression in A+A

1 L] I L] l L] l L] I L] I 1 I
[ ® PHENIXO0-5% -
0.8H — AMY,b=24fm, o =033 -
06'_—— HT,b=2.4fm,§ =19 GeV’/fm, ¢, =02 _
SUPL] = ASW,b=24fm,K=36 ]
Qﬁ 04- ® .
02T E e T~ - 11 ¢TIl 81 & —— o

[ $33
O 3 l 3 l ' l 3 I 3 l 3 l
W 1 T 1 ’ 1 : 1 s 1 . |

m  PHENIX 20 - 30% .
0.8H AMY,b=75 fm, o =0.33 -

06'——HTb 7.5fm,§,=19 GeV/m, ¢, A

SYPL]- =+ ASW,b=75fm K=36 | ]

““Eﬁﬁiﬁﬂéﬂiﬂ— Lt
02f B ] S. A. Bass et al. PRC79 (2009) 024901

O A B TR T | A P

6 8 10 12 14 16 18 20

Pr (GeVl/e)
Parameters can be adjusted to
describe data well: ¢ varies
between 4-18 GeV/c?

Strong discrimination power for parton radiative energy loss models but
limited discrimination of underlying physics.
QGP properties to be derived next!
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Jets in Heavy lon Collisions
Find this ... in this 1!

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

18
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Jets and Two-Particle Azimuthal Distributions

p+p — dijet

— p+p min. bias

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

0.2

p(assoc)>2 GeV/c

1/Nq g e AN/d(40)

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

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

0 Y (A . PRy T R SR PR RSPy, Jug. ]
i trigger Phys Rev Lett 90, 082302
1 1 1 1 L 1 1 1 1 l L 1 1 1 l 1 L 1 1 I 1 1 L 1 I 1 1 1 1
-1 0 1 2 3 4

Phys. Rev. Lett. 91 (2003) 072304 .
Phys. Rev. Lett. 97 (2006) 162301 A ¢ (radians)

Trigger

» Trigger: highest p; track, p>4 GeV/c
« A¢ distribution: 2 GeV/c < p; < piriager

« normalize to number of triggers

Sevil Salur
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Jets and Two-Particle Azimuthal Distributions

peripheral Au+Au collisions

T I L LI ] T 1 LI | L LI | T T T 1 I T T T 1T I 1 T 71

- — p+p min. bias -

0.2
731‘1&:2 .

* Au+Au Peripheral

1/Ny g e AN/A(AG)

i lpedestall an'd"ﬂlow subtlracted
-1 0 1 2 3 4

Phys. Rev. Lett. 91 (2003) 072304 _
Phys. Rev. Lett. 97 (2006) 162301 A ¢ (radians)

Near side A¢ = 0: p+p, Au+Au similar
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Jets and Two-Particle Azimuthal Distributions

central Au+Au collisions

1 1 I T I 1 I 1 1 I 1 I 1 I 1 I 1 I I 1 I I 1 1 1
I I I I I |

I — p+p min. bias 1
0.2

* Au+Au Central

1/Ny g ger AN/A(AG)

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

1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1
-1 0 1 2 3 4

Phys. Rev. Lett. 91 (2003) 072304 _
Phys. Rev. Lett. 97 (2006) 162301 A ¢ (radians)

A¢ = 0: peripheral and central Au+Au similar to p+p

A¢ = m: strong suppression of back-to-back

correlations 1in central Au+Au
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Jets and Two-Particle Azimuthal Distributions

d+Au Collisions

*  Au+Au central
e d+Au central STAR

T I I I I T T | I
1 | I 1 | 1 I |

Ao (radians)

Phys. Rev. Lett. 91 (2003) 072304
Phys. Rev. Lett. 97 (2006) 162301

Near side A¢ = 0: p+p, d+Au, Au+Au similar
Back-to-back A¢ = it : AutAu suppressed relative to p+p and d+Au

Suppression of back-to-back correlations

in central Aut+Auis a
Sevil Salur 22




Di-Jet Tomography: Geometry Matters

AN/d(Ad)

trigger

1/N

STAR, Phys Rev Lett 95, 152301 (2005 A ¢ (radians)

Sevil Salur
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Di-Jet Tomography: Geometry Matters

=
Q
i
= 0.2
<
<]
Z 0.1
© :
£ 0f
z | |
Olre AutAu, in-plane ‘:
-1 0 1 2 3 4
STAR, Phys Rev Lett 95, 152301 (2005 A ¢ (radians)

» Au+Au: Away-side suppression 1s smaller in-plane (shorter distance!)

Sevil Salur

24



Di-Jet Tomography: Geometry Matters

= i
o
= I
= 0.2
S _
<]
Z 0.1
© I
£ 0F%
< | 3
0-1re AutAu, out-plane ‘.
-1 0 1 2 3 +
STAR, Phys Rev Lett 95, 152301 (2005 A ¢ (radians)

» Au+Au: Away-side suppression is larger in the out-of-plane direction

compared to in-plane
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Di-Jet Tomography: Geometry Matters

> —
o
S 0 v
= 0.2r L j
q I 7L
§ : -- -
Z  0.1F ™ o ks .
T Sigaihets. 10uimnasd

g" () EE=8 . ................. g ---:ﬁf‘}l%- ...... ' .
€ lopi )

-0 1L ™ AutAu, in-plane _
"t * AutAu, out-of-plane

1 0 1 >

STAR, Phys Rev Lett 95, 152301 (2005

R
A ¢ (radians)

» Au+Au: Away-side suppression is larger in the out-of-plane direction

compared to in-plane

Sevil Salur
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Jet quenching: Recoiling jets are strongly modified

/@.*—-» 4< p,iiz < 6 GeV

t11g> assoc > 3 GeV thrig> pTassoc >0.15 GeV
HarJ recoﬁmg hadrons

All recoiling hadrons

_I LI [ I R B N B B B | I L | L I_ - ' I ! ! I ! ! ' I -

N + d+Au FTPC-Au 0-20% 1 gl @ d+AuFTPC-Au0-20% _‘
=N 0.2 . 41 - P -
—1 - . — min. bias ﬂrl . = i Au+Au 0-5% _ ]
g | ' PP SO ] i Softer Wider i
% - * Au+Au Central | g 2 cos(Ad) -
5 0.1 41 ° i ]
- | 1 > ] i
> B 1 E 1 B
- . < ; ]

I - i i

. STAR, Phys Rev LeFt 91, 072304

. TAR Phys Rev Let‘t 95 152301 (2005) |
-1 0 1

0 2 4
A0 (radians)

Conservation of Energy: Qualitatively large effects-conclusive evidence for large partonic
energy loss in dense matter (final state effect)
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So what is missing?

tri :
e trigger

High p; (leading) hadrons bias towards jets

that have not interacted | | /
* indirect measurement of jet

quenching
* little sensitivity to dynamics and .
modification of jet structure

* little sensitivity to medium response

How to do better? Full jet reconstruction

*Recover full energy/momentum flow = unbiased view of quenching
*New observables with sound basis in QCD theory
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Jets in Au+tAu@200 GeV data

e
Au+Au central; E;~47 GeV
STAR preliminary

Too much grass!
= Uncertainty Jet Energy scale
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A better way: Reconstruct Jets at LHC

LHC is a jet machine!

Reconstruct jets =2

Access to:
The full final state hard

the hot & dense matter.

scattering to characterize the
interactions of partons with

mi
A "

>p

or p

Annual Yield (E_>E

Sevil Salur

T

T

min
T

T TTTTT T IIIIIII| I IIIIIII| T IIIII]ll T IIIIIII! T IIIIIIII

Pb+Pb minbias, 5.5 TeV

binary scaling from p+p

L=0.5 mb's'; 1 year=10° s

................ ”4:‘”,,NucIPhySA774,237(2006)

Jets: N. Armesto
7% I. Vitev
prompt y: hep-ph/0310274

y+jet: C. Lolzkles ]
Zsjet: F. Mattonl + J. Campbell [

Ill?J_’IIIIIII IIII|IIII

50 100 150 200 250 300 350

ET" (GeV) or p{}““ (GeV/c)
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Also too many particles...

c | CMS Experiment at LHC, CERN

i| Data recorded: Mon Nov 8 11:30:53 2010 CEST
\| Run/Event: 150431 / 630470
Lumi section: 173

Central collision (b=0 fm) at Vs, = 2.76 TeV
2L >10000 charged particles produced

2010-11-08
Fill : 1482
Run : 13712

Sevil Salur
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How to beat the background?

One of the tools: > Use di-jets

Fast partons from hard scattering are almost always accompanied by a second
parton with close to the same transverse momentum and back-to-back in
azimuthal angle.

Requiring di-jets reduces the effect of background fluctuations.

But biases the jet sample!



1914004
2010-11-12
:11:44 CET

04

Run
Event
Date
Time

o oM
-

igher jet p;

70.0 GeV
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Jet 1, pt

But can goto h

(IS Experifient at|LHC. CERN
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First Di-jet Measurements with 2010 Data

The leading jet of E;! > 100, 120 GeV
The sub-leading jet E;%2 > 25, 50 GeV
stay essentially back-to back (Ad = n)

® Pb+Pb Data

O p+p Data

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

a)cms |Ldt=351pb” Ldt= 67ub
(@) J 50-100%
3 ® ppV\s=7.0 TeV ® PbPb\s, =2.76 TeV
% 10°E ~——PYTHIA —— PYTHIA+DATA
5 Anti-k;, R=0.5 Iterative Cone, R=0.5
£
e — _2 |
£10
>
Ll
10°
S im 1 ' e N
0 05 1 1.5 2 25 05 1 o)
A¢1 2

PRC84 (2011) 024906

Angular correlations is unchanged by the medium
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Quantifying Di-jet Measurements

Phys.Rev.Lett. 105 (2010) 252303

2 4 T T o G [r—r—r————————————————
. a < _ o/ - [ T T T T o
Use Asymmetry ratio . S 40-100%1 5 I\s\y=2.76 TeV 0-10% |
Z 1 =2 | ATLAS |
23 1 2 kR Pb+Pb ]
: : 8 1 28 | $L,=1.7ub"]
E]l _ E]2 % , ] % g int= 1/} ]
— I T - ] - mﬁ ]
J E]{ + E]{ ‘ 1 1 '
CO '0.2 0.4 0.6 0.8 1 00. = ‘02 0.4 0.6 0.8 1
A, A,
ET2 T T 1 1 1 1 1 | L I " |
- (a) CMS J.Ldt=35.1 pb” . J.Ldt=6.7ub'1
x,i\ 0.2 ® pp\s=7.0Tev  — ® PbPb\s,=2.76 TeV - -
R ——PYTHIA 1 —— PYTHIA+DATA ]
Anti-kT, R=0.5 1 Iterative Cone, R=0.5 + + + i
o1F 020 +O-> - -
SN 1 50-100% | 0510z
003 04 06 08 1 03 04 08 o8 T 0z o4 0s o8
As= (Pr 7Py NPy +Pr ) PRC84 (2011) 024906
1 ) . . .
E; Large dijet momentum imbalance in central bins!

Sevil Salur

35



Quantifying Di-jet Measurements: Probing effects of
guenching on the hard fragmentation...

)

1 | | 1 1 1 1 1 1

-

o -

e —

b -

g o -

- -
ot s

Balanced ++ +++

dijets |# i

| ] ¢ |
- 0-10% -
- PV I OTEE | TLI._'I|.| ' B I-

0.2 0.4 0.6 0.8 1
—

More quenched subleading jet
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Fragmentation Functions:

= - -1
CMS, PbPb, {5, = 2.76 TeV, L, = 6.8 b

Y MMM NS A At M RS M AL R Ry L L L L ey L L LRy L L L L s LA Ry LR L ) A s LA R LS LA R LA AN
107E" antik_ (R = 0.3) PF Jets (@ T Tracksincone AR <03) (b} * (c) o Leading jet (d) 3
wWwp E p.>100 GeVi/c, p._>40 GeVic pirek>4 GeV/c —— pp reference
'E 10? 3 A:; >%n. 12 T E ® Subleading jet E
E 12 R
% 10 [ Centrality 0-30% Z pp reference ]
[
Z
O Lo, oy
Z B rad . I ]
S 6 = [ [ SR S 3
 wd I
- = 0.13<A <0.24 = 0.24<A <0.35 A,>0.35 3
:lllll lIlIlIIlI]IlIIIIlII|III||IIII[IIIIIIIIIIIE:IIIIIiIIIIiIIIIiIIIIilllIillllillllillllilIllilt_lllllillllillIlillllillllillllillllillllllIllilt_lllllillllillIlillllillllillllilllllllllillllilt
- b 4 -+ 4 h 4
3F ( )—__— 0 -+ (@) T [ © | Leading Jet (h) 3

® Subleading Jet

0.5F

n

00 05 1 15225335445 051152253 356445 05115225335 445 05115225335445
€ =1In(1/z) € =1In(1/z) € =1In(1/z) ¢ =1In(1/z)
CMS-PAS-HIN-11-004
CERN-PH-EP-2012-143

arXiv:1205.5872

Structure of reconstructed jets resemble those that were produced in vacuum.
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More on Dl-jet Measurements

o
N9
n w
[T

Q
(S

EventoFraction
o

I
. Pbe \,@ = 2 76 TeV

JLdt 150 pb™'

O pp Vs=276TeV
JLdt =231nb”"

Z222: PYTHIA+HYDJET

Anti-k; (PFlow), R=0.3
P> 120 GeV/c
P, > 30 GeV/c

2 ]
Ag,, >£n b

- 0.25
e
-—
.
L 0.15 //5 .
c e
) 7 ]
> 01 7 . g
L ‘. ] b :
0.05 ¢, 20-30% - ‘e 10-20%
7 ] . i
0 () » & | TR
0 02 04 06 038 1 02 04 06 038

Investigate Energy Loss vs Jet p;=>
Di-jet asymmetry measurements

in multiple jet p; bins!

= Py PPy ¥, )

LA A

Also pp data at the same Vs is available!
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Event Fraction

Event Fraction

—
<

-
o
N

—
<
w

10"

1072

1073

Dijet Angular Correlations

Increasing jet p; >
ems 1 b0 b S §
J' Ldt = 150 ub” ; e PbPb\/s, =276 TeV Antl;k; JPGFI(\)/V/V)’ R=0.3 ; g
- o1 p eVic p v,
| Centrality 0-20% ,7: 777 PYTHIATHYDJET B b / &
£ 120<p._ <150 GeVic w  + 150<p_ <180 GeV/ 180 < p__ <220 GeV/c oy
- T - 7 T ' T A 1| —
- - : 1o
= i —
f‘o'“o see ‘

! +
‘ 37 +
’ :Pgl | I T : T I T T T
e 220 < P, < 260 GeVic 260 < P;, < 300 GeV/c 300 < P;, < 500 GeV/c ;
X ’ ' ' %
/4
; / v
i .. %
%WI — ' - ] %‘a 1/ /%
0 %n %n 4
A
¢1,2 PLB 712 (2012) 176

Many di-jet bins up to p;=500 GeV.
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Dijet Angular Correlations

Background Increasing jet p;

1v

fluctuations ————— ——
supersede the
,

-1

recoil jet more b y
: o1 2 PYTHIA+HYDJET
often in data, due 20% /

]
to quenching! 30 GeVic

s PbPb\fs, =276 TeV Anti-k; (PFlow), R=0.3
P, > 30 GeV/c

150 < P,, <180 GeV/c 180 < P,, <220 GeVic

< 102

g afey 040

>
L L

1d 18l Suiseauou|

'?"E " ] A g r
10 / /;\a/ /

—
<
lﬂ'l_‘

L

1072

Event Fraction

0 171: 17t gn

Correlation peak is the same in data A¢1 2

%
g
/

and Pythia across all values of p; Jets are undeflected!
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Event Fraction

Event Fraction

The Pr dependence of the dl-jet |mbalance

0.3-cMs JLdt . ‘ib N | Anti-k, (PFlow), R=0.3 - o
[ 1 30 GeV/ 1 Centrality 0-209
i e PbPb Vs, =276 TeV . Prz” N evic + Srralty /o
i p i A¢,, >3n
- 2% PYTHIA+HYDJET T
0.2 + —? -
% 120 < P, <150 GeV/c i 150 < P, <180 GeV/c : B 180 < P, < 220 GeVIc:
) 7 P I d T
0'1/ 7/ ‘. ‘e :
i - 7 i Fy . i
i i i ]
[ | T T = T I_ / i-- T T T I T T T I T T T I T .I 1 i : : { i_
. 220 <p_,<260GeVic T 300 < p_. <500 GeVic ]
0.4 T1 ] I T ]
0.3F { .
0.2¢ - + .
0.1 _: :// + ]
® e 1 / b4 :
0 2 | a® | | [ //{ 1 i ® |
0 0.2 0.4 0.6 0.8 1 1 0.2 0.4 0.6 0.8 1
— - +
A, (pT,1 pT,?_)/(pT,1 pT,z) PLB 712 (2012) 176

Dijets in PbPb are more imbalanced than Pythia at all bins of leading jet p;
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Event Fraction

Event Fraction

The p; dependence of the dl-jet |mbalance

- CMS det—150ub "I Antik, (PFlow),R=03 ' [ L
0.4F o 5 _overey T ., >30 GeV/c y Centrality 0-20%
B L =c. e -l ’ - §
: = T Ao, >&x : :
0.3F o< PYTHIA+HYDJET + < -
i 120<pT1<150 GeV/c | 150<pT1<180 GeV/ic | 180<pT1<220 GeV/c !
0.2 - ' - ] - ) —
0.1F
a L J
I f——+ e t
0.4 220 < P, < 260 GeV/c 260 < P, < 300 GeV/c L 300 < p_, <500 GeV/c
- —> (p, /p.,) PbPD i
0.3F =T
[ --» (p;/p,,) PYTHIA+HYDJET I
0.2f
0.1F
0 0.2 04 06 0.8 1 02 04 06 0.8 1 0.2 04 06 08 1
PLB 712 (2012) 176
pT,2/pT,1 ( )

Dijets in PbPb are more imbalanced than Pythia at all bins of leading jet p;
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PbPb - MC

<pT,2/pT, 1>

LENNLE (N R B B N L L B B B B
 CMS

|

T

0.8 o 7
: ] i g 1
0.7 p05% 3 g 1
a«:@%? E 1
pe 1
P -
0.61 g
- o PbPbys, =276 TeV,JLdt =150pub’ 1

0 5: o PP VS =276 TeV,det =231 nb" 1
E O PYTHIA+HYDJET 50-1 00%;

C R PP

— @ i

N T R T P S _
-0.1 ]

The p;-dependence of jet quenching

Statistical and systematic errors are included.
- p;r dependent residual energy scale
- Underlying event on the jet resolution

* Ppr,/Pyyincreases with p;
— Less jet splitting, better resolution
— Reference is PYTHIA+HYDJET
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The p;-dependence of jet quenching

_' 'C|M's LU L L L L L L e e T LI LI LI | L I I T L | LI | LI | L I I |

: o O g O H ; + 0 - — ; :

0.7 EH:@% 2 i oo o~ o~ g o O = -

/\E ?,C,&u ‘2 E = _ Lo » ¢ * — DDD — * + s :
a o SR S =~ = - i
~a e 0e® _ — e ® _— 7
Q_’; 0.6 ~ e we®s - 7
~ - ¢ PbPb\s_ =276 TeV,det =150ub”’ L Lo -
05 :_ o PPNS=276 TeV,ILdt =231 b __ P, > 32 GeVic __ _

L 4 Ad >5=n 4 _

- PYTHIASHYDIET 50-100% 1 w3 20-50% 1 0-20% 1

I | | | TR | T | | oy | T | L | .

O : S,_ T T T T T .E:,_ T T T T T .é
p S SO S S N e e :
' 0%%?3 2 t f EeTes o s o 7 e —~
£ 01 prett il T Beter o e T t
5 : S
o -02f : :

50 200 250 300 350 150 200 250 300 350 150 200 250 300 350
P, (GeV/c)

* Ppr,/Pyyincreases with p;

— Less jet splitting, better resolution

— Reference is PYTHIA+HYDJET

In central events, significant energy loss! PLB 712 (2012) 176
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Where does the energy go?
Finding the missing p;

Add up the total component of transverse momentum along an axis parallel to the
leading (highest p;) jet (x-axis shown below)

Chose direction opposite to leading jet to be positive Use charged particle tracks for
best pT resolution

A bl

) ,,r"'“‘

- _ _ Track
Missing p-/" V’T| = ) —prcos (Prrack — Preading Jet)
Tracks
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Where does the energy go?
',,l,l,,,,l,,.,lﬁnglingthe missing p;

:l(dl)l I
i 1 Excess away from leading jet
! A
_ 20F ‘ :
2 - Il
> o ——
() L
S o
A
+
201
! \ /
ol Excess towards the leading jet
hl 11 l L 1 1 l Ll 1 1 l L 1 1l l 1 Ll
0.1 0.2 0.3 0.4 |
AJ
Balanced Unbalanced

® >0.5GeVic
[ 05-1.0GeV/c
[ 11.0-2.0GeV/c
1 20-4.0GeV/c
[ 4.0 - 8.0 GeV/c
I > 8.0 GeV/c

Look separately at “missing” p;!! in the cones
All tracks :
around the jet and away from those cones
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Where does the energy go?

IIIIIIIIIIIIIIIIIIIIIIII v

Findingltlhlclel r.".iS.S.i.ni Py

lllllllllllllllllll]llll

: (@ 0-30% : © In-Cone -: (@ Out-of-Cone
[ 1 CMSo30% AR<0.8 | AR=0.8
401 T~ Pb+Pb \s,=2.76 TeV T ' .
: + fl.dt:s.ub" 1 I
_ 20F . - + . -
2 - ll . . 1
>t o . R .
(0] B |
S o —
A ) . ]
'v [ ® >0.5GeVic )
20 C—J05-1.0GeVic -
! [ 11.0-2.0GeVic |
4ok ] 20-40Gevic
[ [ 4.0-8.0GeV/ic
1 | 1 1 1 1 B > 8.0 GeV/c
1111 L 111 L1 11 L1 11 1 L1 PO W T W NN WY WY T T (N T NN NN NN YN NN W N NN SN NN U L1 11 FIR T T TN N SN NN W NN SN TN WA W N UNN N 1
0.1 0.2 0.3 0.4 | 0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
A, A, Ay
Balanced Unbalanced
Tracks in Tracks out of

the jet cone

All tracks AR<0.8

the jet cone

AR>0.8

PRC84 (2011) 024906

The global event properties are modified with the existence of quenching
The missing energy is found at large angles from the jet axis
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Surprising Jet results:

Little modification of jet fragmentation function
Lost energy goes to low p; particles at large angle

_ittle modification of di-jet angular correlation



What about other probes?

Charmonia: J/W, W', x, Bottomonia: Y(1S), Y(2S), Y(3S)
Quarkonia Melt in the plasma

Color screening of static potential between heavy quarks:
Suppression of states is determined by T.and binding energy

Lattice QCD: Evaluation of spectral functions = T, .

Sequential disappearance of states:
=> Color screening = Deconfinement
= QCD thermometer = Properties of QGP

T

450 MeV

240 MeV

200 MeV

1/(r)

Y(1S)
Xb(lp)

J/(1S)

%(1P)

Quarkonia’s suppression pattern = QGP thermometer

Sevil Salur
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What about other heavy probes?
Hard Probes: Bottomonia: Y(lS) Y (2S), Y(3S)

(.:'q [ T I 17T T | 177 T | 1771 T | T 17T | T 17T | 1T I
S [ e data CMS PbPb |Sy = 2.76 TeV .
60— —
& [ —— PbPbfit Cent. 0-100%, |y| < 2.4 :
= IR pp shape 0 < P, < 20 GeV/c ]
3503_ pt > 4 GeV/c Ly = 7.28 ub™’ B
o ’
S 40~ ]
o F o = 92 MeV/c? (fixed to MC)
30 l N
20— + * é
10
B I+I 1 I 1 I I

JHEP 1205 (2012) 063

2
od

]]]]]]]] I'lll LI []l' L 'I[]l' LI '][‘l]l_
145 CMS PbPb Sy =276TeV -
; ¢ Y(1S
1.2F (15) .
- 10-20%
1
" 20-100%
0.8F- 1 -
i 0-10%
0.6_— ]
0.4 + -
0.2f lyl<2.4 -
C 0<p <20 GeV/c ]
| T .. IIllllllllllllllllllllllIlllll
050100 150 200250 300 350 400
Npart

Sequential disappearance of states: = Color screening = Deconfinement

Quarkonia’s suppression pattern = QGP thermometer
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What about other heavy probes?
Hard Probes: Charmonia: J/W, W’

0.6

0.4

0.2

lIIIIIIIIIIlIII

m ALICE (Pb-Pb |5, = 2.76 TeV), 2.5<y<4

@ PHENIX (Au-Au |/s,, = 200 GeV), 1.2<lyl<2.2 global sys.==+ 9.2%

O PHENIX (Au-Au |8, = 200 GeV), lyl<0.35

B B B LR B
PbPb \[s,, = 2.76 TeV
m CMS: prompt JAp
lyl<24
65< p, <30 GeV/c

lllllllll

|

AuAu \[s = 200 GeV
STAR: JAp (preliminary) -
p, > 5 GeV/c, lyl<1.0

L

lllll'

;”
llllll

OO

CMS, arXiv:1201.5069
ALICE, arXiv:1202.1383
CMS, PRL107 (2011) 052302

lllllllllllllllllIlllllllllllllll
100 150 200 250 300 350 40

= [T ! | i T
global sys.=+ 12.5% r 14— ‘
global sys.=+ 12% 1.2 :—
Low pT L L
0.8} ’ ‘
. o
¢ : -
B} g 0.4}
[%] 0.2}~ O—’
o Rt
( Npart > e L

LA l LA AL L l LA L L l - A
200 250 300 350 400

N

part

J/U suppression LHC = RHIC:
weaker at low p;, stronger at high p-

New constraints on models of energy loss!
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Conclusions:

§2'5? con '_”‘“‘:h”;j: fA’LfE]V"’ wiminary) | *Pions are suppressed
& 20 1 cmmemsmon | sElectroweak probes (y,W,Z) are unsuppressed
S50 o Eledmemeicusl | | - *B-mesons (secondary J/¥) are suppressed
5 S e M % L ¢ *D-mesons (DO, +,*) are suppressed
osg',_'.....{_':.‘ . W”“M,,,nﬁ * 4 é
O % 34567 10 20 30 Im,T‘}(C)S%V) o

* Dijet imbalance provides unambiguous evidence of energy loss of |
fast partons. Large imbalance of di-jet energies exists at all jet p;.
* Jets are undeflected i.e., angular correlation is conserved.

* Energy lost from the jet is transferred to many low p; particles at
large angles to the jet direction. j

Tomographic probes can be measured well by experiments.
How best to use them to extract medium properties is limited
by theory!
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Last 10 Years of Discoveries

* Collective Flow: '"f“; L ,/.-o

J & RHIC Scientists Serve Up

, “Perfect’ lillllill

- behaves more like liquid rather
than gas.

- small viscosity perfect liquid. SCIENTIFIC
AMERICAN ...

4 A New state of r anc ore remarka, bl th
\/{;"( & ' predicted — raising y new questio
e - 4

e Particle Production:
- recombination/coalescence

PHYD
[ LIQL ) STUF

dominates over fragmentation at Ll
medium p;

e Jet Quenching:
—> opague to fast partons
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Only a small fraction of the experimental results are
covered. For much more, go to:

RHIC:

http://drupal.star.bnl.gov/STAR/publications
http://www.phenix.bnl.gov/WWW/talk/pub papers.php
http://www.phobos.bnl.gov/Publications/Physics/phobos physics publications.htm
http://www4.rcf.bnl.gov/brahms/WWW/publications.html

LHC:

aliceinfo.cern.ch/ArtSubmission/publications
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIN
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ HeavylonsPublicResults
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Hard = pQCD + Factorization + Universality

: : . Collins, Soper, Sterman
pQC?I)) Factorization: Nucl. Phys. B263 (1986) 37
d o dé ab—cd
2 2 g 2 2
EF OCfa/A(maaQ ) ®fb/B<$va ) 24 dt ®DIL/(:(Z(:=Q )®Dh/d(zdaQ )
P
PDF Partonic x-section Fragmentation function
hy
Fragmentation % e
_ o Factorization: assumed between the

non perturbative a

perturbative hard part and the universal
non-perturbative fragmentation (FF) and
parton distribution functions (PDF)

Parton Distribution
in nucleon (non-
perturbative)

Universality: fragmentation functions
and parton distribution functions are
universal (i.e. FF from ee, PDF from ep,
use for pp)

Hard Scatter
perturbative
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Jet Reconstruction Algorithms:

R=\/(An)? + (A¢)?
Cone Algorithm

1. Leading Order (LOHSC)
High Seed Cone

/ /;\ 2. Mid Point Cone:  Merging
,I/)\Fragmentation process & Splitting

outgoing parton
Hard scatter

Sequential recombination

3. KT
4. Anti-KT
5. Cambridge/ Aachen

Krjet Cone jet

Explore systematics: Use both Clustering & Cone algorithms.

Sevil Salur
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How different is it?:
A+A vs p+p or e+p Collisions

 Atomic weight A introduces new hard scattering scale
QZ ~ A1/3 QOZ

* Different from previous (fixed target) heavy ion
facilities
— E., increased by order-of-magnitude

®Accessible x (parton momentum fraction)
decreases by ~ same factor

®Access to perturbative phenomena

* H eavy Flavor Jargon Alert:

. J ets Vs = Center-of-mass energy (per nucleon collision)
pt = transverse momentum

Q2 = (momentum transfer)?2
Sevil Salur




Analogy in Atomic System

Same phenomena observed in gases of strongly interacting atom
(Gehm et al. Science 298 (2002) 2179)

Gas of trapped °Li atoms: excite Feshbach resonance via magnetic
field (38" vibrational Li, state) — 0 energy, huge cross-section

=> explodes hydrodynamically, shows elliptic flow

The RHIC fluid behaves like this, that is, a
strongly coupled fluid.

100 ps

200 us

400 ps

600 us

800 us

1000 us

1500 s

2000 ps




Is The Suppression Always Seen at RHIC?
 NO!

A crucial control measurement via d-Au collisions

§ 2.5 -o-d+Au FTPC-Au 0-20% |
m? - NSTAR 4—d+Au Minimum Bias ]

What does this all mean? Look for hard probes specifically jets in
detail...
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Energy loss in matter

Elastic interactions:
Collisional Energy Loss (Medium excitation)

S particles”™ =Y particles®*
AFE = ClL

(L is the extend of the medium)

Inelastic interactions:
Radiative Ener'gy Loss Bethe H. A (1930-32) Bloch F (1932)

Weizsacker C et al (1934)
(Gauge boson br'emss’rrahlung) Landau, Pomeranchuk and Migdal (1953)

> particles'™ < Y particles®"!
AE = coFEL

Predictions for expanding medium is still under development.
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So is there a QGP?

Experiments & Theory provide overwhelming

evidence for new state of matter

— Extreme initial conditions (hydrodynamics, lattice, pQCD)
» dN,,./dy = 1000
* ¢=15-20 GeV/fm3
— Hydrodynamic behavior (collective flow, low-p; spectra)
— Chemical Equilibrium (particle yields)
— Jet suppression (opacity, extreme medium density)

This state of matter is not what we expected when
we started our journey

— no weakly interacting plasma (wQGP)
— no phase transition observed (no latent heat, discontinuities, spikes)

New state of matter seems to be strongly interacting,
nearly-perfect fluid (sQGP)

Next decade should be very exciting (GSI + RICH-II +
eRHIC + LHC)

— Understanding perfect liquid behaviour
— Is there a weakly coupled state (wQGP) in the initial state at LHC ?
— Understand the nature of deconfinement and the degrees of freedom
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What about other heavy probes?

Prediction: less energy loss than light quarks
large quark mass reduces phase space for radiated gluons
Measure via semi-leptonic decays of mesons containing charm or bottom quarks

E 2:\ LI | 1T T T ‘ 1T 17T | T T T | T T 1 | T T T | T 1771 L 1T \: >N 0,25_IIIIIIIIIIIlII]IIII[IIIIIIIII]IIII[IIII]II"]I’II_
' — . | c TR ]
18— Non photonic electrons 1 ¢ ,f PHENKX b+cl |
1.6:—'-" J'CO T] = usj gPRELIMINARY A
T * n without scalina error 7 L; E —
1.2 T g8 01 =
E : z Z (R ] ¢ o + + ]
1= + I 0.05— ) ! ¢ -
ol b B ] C 0.t .

0.8 ] - Lt ]

- o, B oF i
06¥ L . ] - -
- i A A .?¢§§ \ # 0.05- minimum-bias -
0.41 + N, . \ 1 . - AutAu \/San = 200 GeV .
02" I i e L S R B I B R T 2 |
C | H pT[GeV/c]

% 1 2 3 4 5

P Energy loss similar to pions!
» charm quarks flow along with the liquid
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P_hoton+Jet

E —
CMS CMS Experiment at LHCCERN
- Data recorded: Sun Nov 20 15:40:27 2014 CEST
Run/Event: 182124 / 14862421
Lumi section: 374

Photon 0,

Isolated photons are unmodified

oL PNl o vy, L 2L P AL TH L 7Tl Sl
—~' P, (25 > ., 7 . LTS ISALID
772 oy . ':l oA 20,9527, W

4 -,

R e AR e e
G AR ARTTAL - LA ]
»,
(/7
», o,

v
va

27

oD, |
ey, v, 72 » "A
4 'y, 2

7 7ot *9,, ‘0,” ," pe

Bl RITALL

(L7 g

275

- ¢

2o
e Vg

, et =264.43
eta =-0.680
phi = 1.265

Access to the initial parton energy via isolated photon
Access to the final parton energy via jet reconstruction

P. Stankus, Ann. Rev. Nucl. Part. Sci. 55, 517 (2005)
X. Wang, Z. Huang, Phys.Rev.C55:3047-3061 (1997)

Photons pass through the medium without interacting so their energy “tags” the

original energy of the jet: Direct measurement of the parton energy loss!
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Isolated Photon+Jet

1) Azimuthal decorrelation: Doy
T ;

* p;Y>60 GeV/c (to have sufficient phase space) : }' pr
« p;’et> 30 GeV/c (constrained by efficiency)

Pair Fraction

1 : Ld L Ll T l L Ll Ll v l v v v v Ll L} I L] T Ll L} I L} L} Ll T Ll L} L} I L} Ll L} T I L} Ll L} L] T T T L]
 (a)_e EeﬁaaaiaHYDJET (b) \5,,,=2.76 TeV (c) ! >60Gevic | <1.44 (d)
[ m ppData . p'>30GeVic In*|<16
P J.Ldt=150pb /,/: 5
10 o o
50% - 100% 30% - 50% f,’:;ij 10% - 30% §§ 0% - 10%
S S
iy 'y
2 S S
102 F l A s
AL S
AL S
LA 7 S
Y 7 7
A ; y oINS I o (S
0 %n %n 0 %n %n 0 %n %n 0
o Ad A
Jy ¥ Y

CMS-HIN-11-010,C Distribution is consistent with pp & PYTHIA+Hydjet

ERN-PH-EP-2012-089.
e-Print: arXiv:1205.0206 Quenched jet is back-to-back to y:

Energy not lost in single hard gluon-radiation.
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Isolated Photon+Jet

2) Momentum Imbalance:

ply
* p;Y>60 GeV/c (to have sufficient phase space) }' pre
- pPt> 30 GeV/c (constrained by efficiency) |
R e L B B e B L A L B B
F (a) m pp Data 1 (b) e PbPb Data 1(©) pi>60Gevie <144 1 (d) \/S,=2.76 TeV CMS
oF + EZAPYTHA+ HYDJET 1 e gocevie <16 +
_ 1 1 n A¢oh>-§n _

31 1.5
e L
'_lz‘T 1

10% - 30% §

CMS-HIN-11-010,C . ) )
ERN-PH-EP-2012-089. Energy lost (momentum ratio shifts) depends on centrality.
e-Print: arXiv:1205.0206
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1/2x do/(dndpT) [pb/GeV]

Phys. Rev. Lett. 97 (2006) 252001

STAR

p+p = jet+ X
\s=200 GeV
midpoint-cone
Lone=0.4
0.2<n<0.8

N -—
<
(3}

1N, on N/(dp_ dn) (c/GeV)
=)

Combined MB

Combined HT

—
e
-

NLO QCD (Vogelsang)

l J ] J l d l l ' ' ' l
Systematic Uncertainty
Theory Scale Uncertainty

T IIIIIII| T IIIIIII| I IIIIIII| T IIIIIIII

T IIIIIII|

'

kt R=0.4

-o— anti-kt R=0.4

T IIIIIIII

0 10 20 30 40 50 60
p:et (GeV/c)

Increase in the kinematic reach up to 50 GeV!
Different algorithms are consistent.
Jet Energy scale is the biggest uncertainty.
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10"

R, Of Jets at RHIC

i R=04
Au+Au and p+p at\/s,,=200 GeV/c

Au+Au: 10% most central

| pUt> 0.1 GeV/C g
1 o Unfolding ¢ kT %
- Uncertainty ® Ant‘i-KT E
Jet Energy Scale R=0.4 E

Uncertainty

10 15 20 25 30 35 40 45 50
pf‘ (GeV/c)

A large fraction of jets are reconstructed!
(Compare pion R™,, = 0.2)

Raa< 1 :unable to recover complete jet
energy - jet broadening

Raa= 1 : recover complete jet energy
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Nbackground/ NIeading jet

Event Fraction
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Dijet Correlation and Background

- CMsS
J‘Ldt =150 ub"’

Centrality 0-20%
120 < P, < 150 GeV/c

ML \\i IIlIll ]

T TgIrmm
L]
.
d
= *
] L
.
4
1 4
L]

Centrality 0-20%

P, > 30 GeV/c

- 2
L] A‘1)12 > 3"

- ¢
¢o¢¢m @|@+ - , T

150 200 250 300 350 .«
P, (GeV/c)

le PbPb 5. =276 Tev,_[Ldt =150ub"

BRA
— + —
Q#‘ ' To ppy¥s=276 TeV,JLdt =231nb”

‘0 PYTHIA+HYDJET
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Leading jet

TN Background

nd

True subleading jet

Background is enhanced
with quenching but very
little at high p;

PLB 712 (2012) 176
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0.95

Q
©

0.85

dijet/ Nleading jet

o
(o)

0.75

0.08

0.06

0.04

I'\'Ibackground/ Nleading jet

0.02

Dijet Correlation and Background

With leading jet p; > 180 GeV/c, more
than 95% of the leading jets are

e PDbPb s =276TeV, JLdt =150 ub”

o PP ¥§=276TeV, _[Ldt =231nb"

0 PYTHIA+HYDJET

Centrality 0-20%

Py, > 30 GeV/c

2 4
A, > 3" -

150 200 250 300 350
P, (GeV/c)

correlated with a subleading jet. >
Only few of the away side jets are lost!
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Leading jet

A Background

-7

True subleading jet

PLB 712 (2012) 176
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Dijet Correlation and Background

LT I [ I T LT [ [ [ _]
T A 3
_ 09508 5 ’ IHe o o 10.95
2, L0 e T . . O 3
£ 09F =+ . J0.9
o n 1 -
3 " T .
< 0.85e e PbPb |5, =276 Tev,_[l_dt =150ub”" T . 70-85
o C I ]
s 038 ol o ppY§=276 TeV,det =231nb” e - 0.8
0.75F —+ —-0.75
- O PYTHIA+HYDJET ¥ ]
i LI I T T 7T l L B B I LI B N | | T 17 I T _-I T T T T I T T T T I T T T T I T T T T
_0.08F £ -0.08
k) - 1
2 i Centrality 0-20% i P, > 120 GeVic i
= N 1 |
ZE 0.06 - Py, >30GeVic : p,, > 30 GeVic :0'06
- - A0, >2n . A6, >2x )
5 0.04/* 23 T 23 s -0.04 Background INnCreases
g [ ] 1 with centrality:
o 00 ). | : s . .7 | = More quenchin
0 M L .y 0 T S S T NN SO ST S 0 q g
150 200 250 300 350 0 100 200 300
P, , (GeVic) Noar PLB 712 (2012) 176
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