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Overview

 What 1s the QGP?

e Jet quenching in a nutshell

— Partons lose energy in the medium

— This lost energy makes jets broader
and softer

* Towards quantitative understanding

— Measurement details matter
— Cold nuclear matter effects?

— Measuring the lost energy

Please interrupt me with questions!
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Phase diagram of nuclear matter
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Quark Gluon Plasma — a liquid of quarks and gluons created at

Core of neutron stars?

temperatures above ~170 MeV (2:10"°K) — over a million times hotter than

the core of the sun
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The phase transition 1n the laboratory
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Relativistic Heavy Ion Collider Large Hadron Collider

Upton, NY
1.2km diameter

ptp, d+Au, Cu+Cu, AutAu, U+U
Vs =9 -200 GeV i

Geneva, Switzerland
8.6km diameter

p+p, p+Pb, Pb+Pb

Vs =276 GeV, 5.5 TeV
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Comparison of colliders

RHIC LHC
\/SNN (GeV) 9-200 2760, 5500 center of mass energy
dN /dn~1200 ~1600 number of particles
T/T 1.9 3.0-4.2 temperature
e (GeV/fm®) 5 12,16 energy density
Toor (fm/c) 2-4 >10 lifetime of OGP
RHIC and LHC:

Cover 2 —3 decades of energy (\/SNN: 9 GeV -5 TeV)
To discover the properties of hot nuclear matter at T ~ 150 —-600 MeV
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Interesting observables

e Different hadronization mechanisms
— Identify particle types

e Collective motion of particles
— Low momentum acceptance

 Even common processes are not well understood
— Do not need 41T acceptance or high rates
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Size: 16 x 26 meters
Weight: 10,000 tons
Detectors: 18
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pt+p collisions

3D image of each collision
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Pb+Pb collisions

\/! / Pb+Pb @ sqrt(s) = 2.76 ATeV
/% )
N— % / 1 2010-11-08 11:29:42
—Z I\ | A
AN s Fill : 1482
/ I | Run : 137124
7 Event : 0x00000000271EC693
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Jets — the cartoon

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
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Quenched jets:
what we're trying to study

o Softer constituents

e Broader radius

: 3" (quenched) jet

Figure from Nucl.Phys. A827 (2009) 356C-364C arXiv:0902.2488 [nucl-ex]
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Ways to study jets

52'4 L PHENIX Au+Au, s, =200 GeV, 0-10% most central
2.2 & direct v (PRL109, 152302) ¥ J/y 0-20% cent. (PRL9S, 232301)
2 B § 7° (PRL101, 232301) # © 0-20% cent. (PRC84, 044902)

i (PRC82, 011902)
# ¢ (PRC83, 024904)

b et (PRC84, 044905)
f K* (PRC88, 024906)

¥ p (PRC88, 024906)

e Single particle

e Di-hadron (multi-hadron)
correlations

................ 28 .L{J.L{J.‘{].l}] L},L{]‘{”qll}
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* Fully reconstructed jets
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PRL 105 (2010) 252303 A A A = i ]
T T T <= 1oF T T T =a T T T <= 10F T T T Z
3 3 3 ®PbPbData - = -
% % % Op+p Data - L , * k-, -*:
;é 13 ;E ;5 'F OHUING+PYTHIA 0 ........... .'.....' k- .*, * el X
Tt - T Phys Rev Lett 93 252301 2004 i
102 102 '1 0 1 2 3 4
T A ¢ (radians)
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Nuclear modification factor

* Measure spectra of probe (jets) and compare to those
in p+p collisions or peripheral A+A collisions

o [f high-p, probes (jets) are suppressed, this 1s
evidence of jet quenching

1.4
H.-’..—";
1.2
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. d2NAA/dedT] 0.8
 Tuad2o?/dprdn 0.6

~ Enhancement
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Nuclear modification factor RAA
RHIC LHC

52-4_ PHENIX Au+Au, S, =200 GeV, 0-10% most central Sl L B L L R L L B LB R B
o 2.2 & direct y (PRL109, 152302) § JAy 0-20% cent. (PRL98, 232301) - vﬁg:ggﬁ; '!{J:ZZS Gevie, 11 <2 .
ol §n° (PRL101, 232301) & » 0-20% cent. (PRC84, 044902) [ T ohted ":ofgn 010%) r’r"'L a4 i
_ i (PRC82, 011902) ! et (PRC84, 044905) ) I Charged‘:,amc,es (0-5%) 1] <1 ]
1.8 # o (PRC83, 024904) i K* (PRC88, 024906) - e B iy (0-100%) [y] < 2.4 .

- PRC88, 024906) i

1 .6 |, % P ( 1 |
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1.2 <+ i
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# ﬁ OEFhH“*H =
~ 1820 00:\'..I.I2ICJIII4IOIII6IOIII8|OIII‘ICI)O:
p.(GeVic) p_(m ) [GeV]

» Electromagnetic probes — consistent with no modification — medium
IS transparent to them

» Strong probes — significant suppression — medium is opaque to
them
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Nuclear modification factor RAA

2.
[ = *Z (0-100%) |y| < 2

Cl5;i‘h+ i - § +

| g W (0-100%) p:> 25 GeVic, || < 2.1
~ —— Isolated photon (0-10%) | <1.44

2[— ==g== Charged particles (0-5%) | <1
- mmmmm 4B Jy (0-100%) |y| < 2.4

Single particles

Jets

- CMS *PRELIMINARY PbPbys, =2.76 TeV
i J L dt = 7-150ub™
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» Electromagnetic probes — consistent with no modification — medium
IS transparent to them

» Strong probes — significant suppression — medium is opaque to

them
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Nuclear modification factor R A

Single particles at the LHC

1.61
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1.2
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25.8 pb™ (5.02 TeV pp) + 404 ub ™ (5.02 TeV PbPb)
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- CMS [[® ] CMS 5.02 TeV

o CMS 2.76 TeV
v  ATLAS2.76 TeV
o ALICE 2.76 TeV

L Preliminary

Taa and lumi. uncertainty

- Reaches 1 at very high p_

e M

ust happen due to causality

» Feature of all QCD-inspired models
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http://prl.aps.org/abstract/PRL/v105/i25/e252303

Quantifying g

Phys. Rev. C 90, 014909 (2014)

? z['l""""I""[""l""""["
o - O GLV—CUJET r 1
- HT—-BW b - :
: o HT_M RN 1 Jet Collaboration: For a 10 GeV
5o M wl L rn 4 Qquarktraveling 4 fm
w4l | 1 §=1.2+0.3 GeV?/fm at
% 3 o o ) S 1.=0.6 fm/c in Au+Au at
LW
3T 1o Vs, =200 GeV - loses 2.2 Gev
= i
2 R L 2(frm
i 1 d=1.9+0.7 GeV“/fm in Pb+Pb
[ AutAuat 0.2 TeV ] S
L b HEALE S 2D 1 collisions at Vs =2.76 TeV
ank Mo OIS PadI6Te, | joses 2.8 Gev
00 U052 025 03 035 04 045 0.5
T (GeV)
A 2
q =Q /L Q = Momentum transfer from parton to medium

L = path length
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p+Pb as a control

o
- 1.6
1.4

1.2

0.4
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— ATLAS —
- p+Pb 1pub’ T
[ \s\=5.02 TeV

| ¢ ATLAS |y*|<0.5, Glauber, 0-90%
" % ALICE pn_, |<0.3, MinBias

. # CMS |nCM|<1

CERN-EP-2016-077
arXiv:1605.06436
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http://arxiv.org/abs/arXiv:1605.06436

Towards quantitative understanding
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What 1s a jet?

A jet 1s what a jet finder finds.
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Jets 1n principle

e Jet measures
}Jeﬂ partons

i B -
 Hadronic degrees of
freedom are
} ., integrated out

scattering

. " j * Algorithms are
Parton ok infrared and colinear

Hadronization
Eh' Ek?wng nE de/Dateien/Zeppenfeld-3.pdf S a fe

Image from http:/www.gk-eichtheorien.

BAD: 2 jets
are merged
in one
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Full jet ratios in pp
Vs =2.76 TeV,R = 0.2, 0.4 Inclusive

g 1.4 . anti'k-r, h]l-:U.S
T - N ALICE pp Vs =2.76 TeV
e [ Systematic uncertainty
L 12 LO (G. Soyez)
N B NLO (G. Soyez)
A ] NLO + Hadronization (G. Soyez)
o N
© U.B :_ R NN Y
: N T ——— T — i
0.6 o
ST !
0.4 —
0.2 :— arXiv:1301.3475
_ PLB: 10.1016/j.physletb.2013.04.026
_I | 1 1 | | | 1 | | | 1 1 | | | 11 | | | 1 | | | 1 1 | | | I | | | | | | | | I | |
0"""30 a0 50 60 70 80 90 100

|::T’iﬂt (GeV/c)

Hadronization is important even in pp collisions!
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Jet finding algorithms

@« N

Tracks

@«

Clusters

N

@« N

Particles

HIIE
;
z

=

* Any list of objects works as input

» Use the same algorithm on theory &
experiment \

« Qutput only as good as input

* - =
L (- -

M. Cacciari, G. P. Salam, G.Soyez, JHEP 0804:063,2008
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Bias & Background

Christine Nattrass (UTK). ANL. October 2016
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Signal Background

e Harder e Softer
e Correlated with rxn plane

e Correlated with rxn plane
_ . e Large fluctuations/hot spots
« Low p; modifications

Combinatorial background

e Flavor modifications? Degraded energy resolution
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Focus on high p_

e Pros:

— Reduces combinatorial
background

PoS High-pTphysics09:023,2009

—— HYDJET++: alln*

—h
o
B

—h

----- HYDJET++: jet part

---------- HYDJET++: hydro part

e Cons:

t

t

— Cuts signal where we expect

—
d

1/(2 1) d°N/ N p_ dp. dY, ¢/GeV?

modifications 1
— Could bias towards partons o [ T &
which have not interacted * p,(Gevic)

— Biases sample towards quarks

Christine Nattrass (UTK). ANL. October 2016
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Focus on smaller angles

e Pros
€ [ Fastletk (p""=0.15 GeV/c)
— Background iS Smaller 2 | Fit: (3.3:0.3) GeV/c + (0.0623:0.0002) GeVie x Ni™* 108
%200_ - JHEP 03 (2012) 053 -
- Background - =
fluctuations smaller L ”
e Cons: 100l 10
| o . Pb-Pb Vs = 2.76 TeV .
— Modifications _ o [
expected at higher R B Pl 10
-';..‘.':;' 0 ;:: 2500 \
— Biases sample towards Qe e e e
N
quarks ot
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ALICE/STAR

Combinatorial “jets”

| . . o . . ' E_ Pb-Pb | 5,,=2.76 TeV Anti-k; R=0.2 Inl < 0.5
SEstimate combinatorial jet contributions and its B PRl b, >0.15GeVic
) = 0-10% Centrality Titkeeck
fluctuations from data 3 Bt
. . 1:_ —e— Inclusive
sRequire leading track p, > 5 GeV/c —a P52 GeVio
10" é— p'f:‘::f >5GeV/c
® Suppresses combinatorial “jets” - v ™5 8 Gevie
_ . . L E L = Pl > 10 GeVie
® Biases fragmentation ol il s ’
®No threshold on constituents LI SR Ty %
s %
. - y o ALICE
9Limited to small R 1% e e
E [ ] . Hﬂaﬂ
Measured spectra: 10°F Full jets ..
10_7;k '(; .
e _ & _ 5 A s Mj|@
pr,_let o ,jet p Ko 5 5 5 5 : : : 5 “/
= : : : : : : : : :
a —
Where Pg,jet, A :
Comes from FaStJet anti_ O EI 11 i Juf i [ | I_|_;_I | i M i S i} i JLDJITY i ] i i i i (186

k_algorithm 40 -20 0 20 40 60 80 100 120 140
T

p'Tf‘jVth (GeV/c)
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ATL AS Constituent biases

don't matter that much

: up here
« Iterative procedure - P
— Calorimeter jets: Reconstruct jets with R=0.2. v, T 48[ ALICE Pb-Pb sy, =276 TeV
. . " Anti-k; R=0.2 |1 _|<O.
modulated <Bkgd> estimated by energy in 160 5:;'%[' o0
calorimeters excluding jets with at least one tower 14p 1 A:CEOGW:‘
with 1of I
. e Slﬂfiooi;;as
Etower <Etower> 1 7] ATLAS 0 - 10%
Track jets: Use tracks with p>4 GeV/c 0.8F  PRL1I4@ots) 072902
0.6 -

— Calorimeter jets from above with E>25 GeV and
track jets with p;>10 GeV/c used to estimate

. -
baCkground agaln. O EATLASscaI R =0.4to A =0.2 using R ratios in PLB 719 (2013) 220

: . . 0O II (l)OI II |2{|JOI — ISOO
o Calorimeter tracks matching one track with p;>7 P, ,, (GeVic)

GeV/c or containing a high energy cluster E >7 But thev do matt
GeV are used for analysis down to E; = 20 GeV - do§3’n ﬁe?;? o

0.45

Definitely imposes a bias, especially at 20 GeV!
We should treat that bias as a tool, not a handicap

Phys. Lett. B 719 (2013) 220-241
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_ *‘:ﬁ Quark jets are. narrower, have fewer tracks, fragment } #
(<. harder [Z Phys C 68, 179-201 (1995), Z Phys € 70,179- 196 ~ %
“ B " (1996)9 ] % :..,1?4
I . Gluon jets reconstructed with k algorlthm have more &% "~,:
S
particles than Jets reconstructed with anti-k ; algorithm 0 3

[ Phys. Rev. D 45, 1448 (1992)] ;-e.: s

4 L He

¢ ¢ Gluon Jets fragment 1nt0 more baryons [EPJC 8, 241-254, ‘r‘.f
5?,"2; 1998] fe,




What you see depends on where you look

- CMS Preliminary L, =150 ub’

(512010, 0-30%, Leading jet
e 2011, 0-10%, Inclusive jet
2 5-EW 2011, 10-30%,Inclusive jet

Phys. Rev. C 90, 024908 (2014)
JHEP10(2012)087

PbPb/pp

Jet p. > 100GeV/c
0 | L1 1 1 | L1 1 1 I I I | I | | L1 1 1 | L1
0 1 2 3 4 5

/ £ =In(1/2) I~

High p_ 2=p,lE, Low p_
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Cold Nuclear Matter effects

—PLB 748 (2015) 2

5T ATLAS

2013 p+Pb data, 27.8 nb™'

92-413
T

anti-k,, R=0.4, \ s, = 5.02 TeV]L

{.OF=-~flemeqesanccssacccarannnarananarannns 1E
I et 0-10%/60-90%  1F

—“_— -- -

- -I.-.N aE :i!:ai'*' 1T =

- 1E -a="" s |

- ) L k- 1 - E

- 4 +3.6<y"'<+44 - _*_ - 1F 4 +03<y*<+0.8 _**: + -
0.4 ¥ +28<y*<+3.6 " - ¥ -03<y*<+0.3 -4 —

T ¥ +2.1<y*<+2.8 ?ﬁ' +_ 1 ¥ -0.8<y*<-0.3 -4 .

— ¢ +12<y*<+2.1 + = I ¢ -1.2<y*<-0.8 —te— ]

B .+. I+9.|8|<y*<+‘!.2 T Il 1E .+. 72.'1.|<y*<-1'.2 o | 1., . i

40 100 1000 40 100 1000

p. X cosh(<y*>) [GeV]

* No indication of modified jet structure in cold nuclear matter (d+Au and p+Pb collisions)
[Phys.Rev.C73:054903,2006, Phys.Rev.Lett.96:222301,2006]

« Minimum bias R ;,, R, for charged particles, jets consistent with 1

[Phys.Rev.Lett.98:172302,2007,Phys.Rev.C81:064904,2010,Phys. Rev. Lett. 110 (2013) 082302,
arXiv:1605.06436]

* Indications of modification at forward rapidities from dihadron correlations
[Phys. Rev. Lett. 107, 172301 (2011)]

 Centrality dependence observed
[PLB 748 (2015) 392-413, Phys. Rev. Lett. 116, 122301 (2016)]
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Jets — azimuthal correlations

ptp — dijet

— p+p min. bias

ESTKR

4<p,(trig)<6 GeV/c

pr(assoc)>2 GeV/c

1/Ny e AN/(AG)

triggelr

7\ Fhys Rev Lett 90, 0525024
2 3 4
A ¢ (radians)

Select high momentum particles — biased towards jets

Christine Nattrass (IJTK) Nuclear Phvsics Institute Praoue Tanuarv 2016
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1/Np 10 AN/d(A0)

Azimuthal correlations

B I I ] | | I ] 1 | | ] ] 1 | I ] ] ] I I ] ] ]
- — p+p min. bias
0.2
- * Au+Au Central 7; TAR
0.1
I S1L7 1 . - . _:*:. IRRE, T
0_15-'. K=K *1"--{:
hys.Rev.Lett.93:252301.2004
_I I 1 1 L L I 1 | L 1 I | 1 L 1 I | L [ 1 | L [ L 1 I 1 L 1 1

-1 0 1 2 3 4

A ¢ (radians)
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Dihadron correlations

{ Y 4
i \(
&
./VH g |
%7 AN
1
{ \
\
\
g

[ 3n/12<0"y<4n/12 [

4n/12<0'-y<5n/12 [ 51312<¢t-\|1<67tl12
A

L s
— p+p min. bias

* Au+Au Central

Aq)rad%\

< 0.05 + eAu+Au data |
B Au+Au sys.
’%0.04 — disAil
Z0.03

_0'01-(‘;") 3|.El<|:l>;<4l.DC-lieW|c (I;‘)I paail brers (?)IIIII o PPN DO PTG L s LT T T DORTY M i 0] DOUTY Uy STTY LT
10 123 4 10 123 4 10 1 2 3 4 3 4
AQ A A

Sharma, Mazer, Stuart, Nattrass: (Phys. Rev. C 93, 044915 2016)
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Near-side Yield

Near-side |,,

1

0.5

Dihadron

correlations

/Ny gger AN/A(A0)
e

— p+p min. bias .
4ep,(trig)<6 GeVic ﬁ““

pr(assoc)>2 GeVic

-
[ 3

R 1 |.‘. 1 .A.l ..‘I |‘. ...A.I .|A..‘.|...-l|...|4..
© - (d)n —vg1'.5<qu2.0 GeVic © |
| - + —2.0<pj<3.0 GeVic —o
j z . + i Ai —3.0<pl<4.0 GeVic
I & : % i % g % ‘ é__

Phys. Rev. C94, 011901(R) 2016 _@

u—ry

S ©o o
no
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1) signal+bkgrd
2) bkgrd dominated
3) bkgrd RPF fit

Feaction
plane

()

Correlation function

351
30
= C
§ 25 -
= B
©
\ut ofplane 2
\ Z
\ mid-plane ;“_'-

2.0-3.0 GeV/cerr

inplane

In-plane

pehe, ES"°>3.0 GeV

4) E![Bﬂd ¢|U5>G

GeV

b 2.0<p?%°<3.0

- Pb-Pb |, = 2.76 TeV, 30-50% f
Anti-k; full jets, R=0.2 [~

ch+na

Mid-plane

= 20-40 GeV/e

Out-of-plane
Background: 0.8<|An|<1.2
Signal+Background: |An|<0.6
ALIGE Preliminary [

All combined angles
-=— Signal+Background
-« Background domin.
Il RPF background

42/NDF = 0.829

Vit

(data-fit

1.5
=
2
o
<
2
z.

—
T

ﬁ P

40 1.2 3 4 1 2 3 4 10 1.2 3 4 10 1.2 3 4
Ad Ad Ad Ad
= In-plane - Mid-plane - Out-of-plane - All angles
2.0<pf’r*9°°<3.0 | Pb-Pb, San - 2.76 wa’ 30-50% | Pih e, Eilusba-n GeV Scale Uncertainty 6.0%
i | |An| < 0.6 Anhtl-kT full jets, R=0.2 : E'T“ acs_g 0 Gy orrelated unc.
= | ALICE Preliminary Funoy = 20740 GeVie [ ' . [Background unc.

Hot Quarks 2016
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Joel Mazer

@ Away side clearly there and suppressed
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Away-side jet yields vs EP

Jets 20-40 GeV/c, 30-50% centrality

1 Pb-Pb {s, = 2.76 TeV, 30-50%

— ol . NN = <- ; o

- Away-side yield , .. filjets, R=0.2

- pehne | = 20-40 GeVi/c
— i I A} pﬁ“c, E$|"5>3.0 GeV
E Er™ °“*>6.0 GeV Within uncertainties of
> ) n 8 In-plane current statistics, no
8 % & Mid-plane event plane ordering
=101 3 I8 Out-of-plane @ Different effects in

—  F ¥ [ Background unc. | different p. associated
T

% B ‘} Scale uncertainty 6% bins
O -
z - 1 -
O ALICE Preliminary Competing effects

B AN|<0.6 i 1) Quenching

1|<0.
- ASyield range: 2.094<A9<4.189 i% | 2) Bremsstrahlung
points displaced for visibility 3) etc
1 0_2 ] | I I | I I | I I | | I I | | I I | | L1 1 1 | L1 1 1 | 11
1 2 3 4 5 6 7/ 8
pism (GeV/c)
Joel Mazer
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Little/no path length dependence?

» Path length dependence naively predicted by every model

— No path length dependence seen in rxn plane dependent A; either

 Insufficient sensitivity?

e Statistical variation in energy loss 1s more important than path
length dependence

— J. G. Milhano and K. C. Zapp, “Origins of the di-jet asymmetry in heavy
1on collisions,” arXiv:1512.08107

- F. Senzel, O. Fochler, J. Uphoff, Z. Xu, and C. Greiner, “Influence of
multiple in-medium scattering processes on the momentum imbalance of
reconstructed di-jets,” J. Phys. G42 no. 11, (2015) 115104,
arXiv:1309.1657 [hep-ph].
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Conclusions

 \What to remember

- Ajet is not a parton

- All jet measurements are biased

- Background subtraction/suppression methods are important
- Beware Cold Nuclear Matter effects!

« Challenges for the field
- Cross check between experiments using the same method

- Experimentalists: explain method/measurement to theorists!
- Theorists: don't ignore the method!

Many thanks to Rosi Reed, Sevil Salur, and Megan
Connors for many productive discussions

Christine Nattrass (UTK), ANL, October 2016
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Event mixing

Peripheral
® Reference spectrum:
e peripheral collisions
. g Au+Au @ 200 GeV, 60%-80% E
‘% 10_1: 9.0 <p!"*<30.0 Gewcé . .
S f> 020 Rl ® Much less combinatorial
5 nomrogon 3 background compared to
gjg;z% 10° ﬁ%reliminary _é' mOSt Cent I’a-l. data
3 —+ ] ® Excellent signal/background
= L ,,,,i,f ratio down to 3 GeV/c
133 - E
= 1 E ® Requires normalization at low p_
® e 1 : : o
oF ¥ ot oy ® All physical correlations treated like jets
"""""" 20 30

reco,ch
Pl (GeVi/c)

Alex Schmah, Hard Probes 2015

Christine Natirass (UTK). AINL. Ocicber 2016 43



CMS: lterative Pile-Up Event
Background Subtraction

CMS CMS Experiment at LHC, CERN
- | Data recorded: Sun Nov 14 19:31:39 2010 CEST

‘\ Run/Event: 151076 / 1328520

Background is estimated

- for each calorimeter ring of /
constant n

- subtracted before jet finding @

- re-iterated after excluding the

jets found in the first iteration

Jet 0, pt: 205.1 GeV ’

Fake Jets: After the background subtraction, some local

fluctuations remain!
Fluctuations will deteriorate the jet resolution in central

events.

x \\ |/ Lumi section: 249 : - — .w

Jet 1, pt: 70.0 GeV

|
b

Christine Nattrass (UTK), ANL, October 2016
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How can we estimate the energy

density?

Transverse energy (E.)

— sum of particle energies in transverse
direction

Volume V =A_1c

e T = formation time

e Energy density ¢

_1dE;, J dE;
" V.dy A;tcdn

 QGP formation for € > 0.5 GeV/fm3

Christine Nattrass (UTK). ANL. October 2016
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Energy density

E‘M-_—

E . FALICE Pb-Pb {s.y = 2.76 TeV .

> 100 . s

8 10- ¥ o ‘s

ol — ﬁﬁ
]y ﬁ_ﬁ
- g - == - RHIC
4— .i
- @
2t Standard estimate T~ 1 fm/c QGP
= T.C.T.CTCTCS.C.T.CT T o) formation
0 50 100 150 200 250 300 350 400
O @ (Npan>@

1 dE;
~Act, dy

€
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1) signal+bkgrd
2) bkgrd dominated
3) bkgrd RPF fit

\X\\Nﬂz

Feaction 3
plane

inplane

\

L.

0-1.5 GeV/c Pr

assoc

—_

1 B
10F

1/N,,,dN/dAG

In-plane
pthe, E:'"s>3.0 GeV
Erdce,6 GeV
o 1.0-:,0:55“-:1 3

- Mid-plane

Anti-k; full jets, R=0.2

pohte - 20-40 GeVie

T unc,jet

- Pb-Pb {s,, = 2.76 TeV, 30-50% |
| Signal+Background: |An|<0.6 |
ALICE Preliminary |

- Out-of-plane
Background: 0.8<|An|<1.2

- All combined angles
-=— Signal+Background
-« Background domin.
Il RPF background

42/NDF = 1.242

ceo
N ON

(data-fit)/fit

Correlation function -1 0 1A¢2 3 4 10 1A$2 3 4 10 1A$2 3 4 10 1A¢2 3 4
[ In-plane _ Mid-plane [ Out-of-plane _ All angles
o of 1.0 <pf|rssnc<1 5 - Pb-Pb, s, = 2.76 TeV, 30-50% |- pﬁ"c, E?usba-o Gev | Scale Uncertainty 6.0%
g - An| < 0.6 - Anti-k_ full jets, R=0.2 s cis_g 0 Gy -
= ALICE Preliminary Py e = 20-40 GeVie | B >6.0Ge
0 . X
Kol i
Z-v—- .
< I
Z [
1=

@ Uncertainties dominated by statistics
@ Background uncertainty is non-trivially correlated point-to-point

Christine Nattrass (UTK). ANL. October 2016
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1.5-2.0 GeV/cprr

45F In-plane - Mid-plane - Out-of-plane [ All combined angles
1 ) S|g na | + b kg rd : pf:rhc’ E:lus>3_0 GeV [ Pb-Pb \fs_,m.= 2.76 Tev, 30-50% [ I?.ackground: 0.8<|An|<1.2 = SignaI+Backgroupd
. 40F pleadelus_g oy Anti-k; full jets, R=0.2 [ Signal+Background: |An|<0.6 |- - Background domin.
2) bkgrd dominated S (Jj’ 1Eprcc20 | P = 2040 GeVic ALICE Preliminary | I RPF background
3) bkgrd RPF fit § 35t ! 3 - - J2INDF = 0.879
= : :
©_3.0
\m-uf—plane 2 -
\\ _ f 25F
\ mid-plane . .
Feaction \\‘m in{lane 2.0
plane i
1.5
\ S 0.5}
\\ & 0.0 i
§—0.5 - . . o P . . o o o .
. In-plane Mid-plane Out-of-plane All angles
- : 1.5 qpf.rsqu.o | Pb-Pb, s, = 2.76 TeV, 30-50% | Pﬁ" , E?usba-o GeV Scale Uncertainty 6.0%
g 1k |An| < 0.6 - Anhti-kT full jets, R=0.2 | Elsdcius g 0 Gev B Correlated unc.
% I ALICE Preliminary g P uncjet = 20-40 GeVic | g ' [Background unc.
1 :
s
5o} !
—_—
2
Z“—'
—
Z

@ v,and v, components important
@ Background uncertainty is non-trivially correlated point-to-point

Christine Nattrass (UTK). ANL. October 2016
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1) signal+bkgrd
2) bkgrd dominated
3) bkgrd RPF fit

\ ut ofplane
\\

mid-plane

inplane

40 5.0 GeV/cPr

CISSOC

In-plane
pehe, ES"°>3.0 GeV
Erdce,6 GeV
(## 4.0<p255°<5.0

Mid-plane
[ Pb-Pb ﬁ,;‘ Sy =276 TeV, 30-50% |
Anti-k; full jets, R=0.2

ch+na

p

3

= 20-40 GeV/e

Out-of-plane
Background: 0.8<|An|<1.2
[ Signal+Background: |An|<0.6 [
# ALICE Preliminary [

- All combined angles

-o- Signal+Background
-+ Background domin.
Il RPF background

¥2/NDF = 1.010

&

70

1 In-plane Mid-plane I Out-of-plane i All angles
§ i 4.£|l<f.‘.;f’rs“:;5.0 Pb-Pb, /Sy = 2.76 TeV, 30-50% [ H pere, E?'”sz-.?o.ﬂ GeV Scale Uncertainty 6.0%
ﬂT] < U. An“'k.r full jQ‘tS, R=0.2 | lead elus Gorrelated unc.
Ch+Ne - G V
= H ALICE Preliminary # Prhu.,c,j.. = 20-40 GeVic | & >6:0Ge H [IBackground unc.
m | : i
E 0.5f - - -
o i
o
Z“—'
—
T—
— i F ) f’ii I —ii - Hi - R Al
Ofertee® %:d.o’ioi’iiiii 33, 3 358,50 st gt Iﬂmwiiéiﬁji st B A7 B ey e et 2o’ banage
T D D U VN I B DU U N I B DU DN DU DU S B B P DU P D B P B
-+ 0o 1t 2 3 4 -1 0 1t 2 3 4 -1 0 1 2 3 4 -1 0 1 2 3 4
Ao Ad A A
@ Background level negligible oc
35
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Near-side jet yields vs EP

Jets 20-40 GeV/c, 30-50% centrality

. . Pb-Pb \sy, =2.76 TeV, 30-50%
B Near-side yield , ., fuiljets, R=0.2
} p:_h:::jet = 20-40 GeV/c
— pShe, ET"*>3.0 GeV
S 1 J I I El*2d s 6.0 GeV
= B & In-plane
) - } I [4] Mid-plane
g B ) 8} Out-of-plane
~“—T_ i I " i [] Background unc.
Q B ¢ Scale uncertainty 6%
g i T
O ALICE Preliminary é
- <0 "
NS yield range: -1.047<A0<1.047
points displaced for visibility al®
10_1I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II
1 2 3 4 S 6 7/ 8

pjss‘”'“ (GeV/c)

Within uncertainties of
current statistics, no
event plane ordering
@ Different effects in
different p_ associated

bins
Competing effects
1) Quenching

2) Bremsstrahlung
3) etc
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Di-jet asymmetry

Anti-kt R=0.4, pt-°29>20 GeV & ptSUtLead> |0 GeV with pt<®>2 GeV/c

c
2. 022
U - O pp HT ® AuAu MB p7'>2 GeV
L 02 | O pp HT ® AuAu MB Matched
' E 3 -
= o.1a=+=:+: | £ nged
3 - ® AuAu HT p™'>2 GeV
3 0.16(— Q : cus
Ll 10F - m AuAu HT Matched P, >0.2 GeV
o 0.14F— —O— * —O—
Sys. Uncertainties: = Central Au+Au
: 0.12[ 90— i-k., R=0.
- tracking eff. 6% [T i :t anti- Ky Rt
- tower ener 0.1 + ﬁn
le 2% &Y E reliminary
ScCale L/o 0.08— —O— ]
- %~ 7 Kolja Kauder, RHICIAGS
e ~%— | User's Meeting 2016
0.0af- P™(p]">2 GeV)>20 GeV —;— arxiv:1609.03878
- pSublesd(pis) GeV)>10 GeV :
002E- Pr Py >2GeVp10Ge = ==
: | | | | _JQ_—E -
% 0.1 0.2 0.3 0.4 0.5 0.6 7
A

Au+Au di-jets more imbalanced than p+p for pwut>2 GeV/c
Au+Au A ~ p+p A for matched di-jets (R=0.4)

Christine Nattrass (UTK). ANL. October 2016
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Fragmentation functions

soboMs | '_f'126'.='p'i::='1én'éaw.; L o=t s 1Gevic R<03
PEPD /S =276TeV ¥ [0 oterence data 03 < <2
ﬁ‘ 150 pb~" 1
L&
S —
;i'. L .| [
=10k 1 3 f
' 50-100% g 30-50% - 10-30% e 0-10% :
YT T T T TT T YT 1 e i T ey e L 1 L LR L i ¥
18kz2=p [E - + -
1.6F pT Jet o T
a 1.4F : ;
E"Eﬂ:fb =falt EEI_Li :|E Hy 0
- 31—l & = - — . | - B e mapd . _HL|® 1,___ 2 [
x il = brrasra Jpaoa=n NORSE
sl CMS
1:l'.¢-IPRCI90(I201-4.)024.I908-:-||.||a|a||.a|-||.||a|-|| |||||||||||||||||||| |||.|-.-||.a|a|-a|.a||.||a|a||.a|-||.|
0o 1 2 3 4 0 4 0 1 2 3 4 5

£ = Inf1.n’.z’,|/

High p_

i 2 3 4
E=In(1/
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Dihadron correlations

[ 0<o™-y<m/12 [ m12<o'y<2n12 | 2nM12<py<3n12 [ 3n12<0y<an12 [ 4n/12<¢'-y<51/12 [ 51}12<¢‘-w<6m12

=
3
= 0.15F
=
=

0.1
0.05

o'
(a) 1.5<pf'r<2.0 Gevicl| (b)

— p+p min. bias

* Au+Au Central

v

-0.05 . _ I

S 0.15+ 4 0<p trig 4 - L] i )
o - T - B .
f%: 0.1 j s g s 12_ - _' '
g o -
~0.05F ! ! . i 5

f ys.RIev.L
Ow Ay ﬁ *#ﬂ} ' a4 0 1 2 3 \j
-0.05 '(9) 2:0<P:<3|'0 GBVI!C -(};‘) 1 ] 1 1 1 -(il) ] L L ] ] '(jr' 1 ] ] 1 [T A AP 1 1 L 1 "'l’A ﬂ) (lradliar‘sl
£ 0.05p SAREALLANE |- - Phys{Rev. C 94, 011901fR) 2016
ﬁ 0.04 + Au+Au sys. + * y ﬂ )
=haal -d+Au -t [ i
Z0.03
I:0.02- I
0.01 . '| | | + ###*

{:.- o
—0.01+(m) 3.0<p’<4.0 GeV/c (p) y +

10 123 4 -10 123 4 10 1234 1012 3 4
AQ A A Ad
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Reaction plane fit (RPF) method

TOY MODEL
@ Signal is negligible at large An and small A® region.

NSF method
- o Signal+Background
Signal+bac kground 027E o o oro,
e H‘ ~ ENSF background %,
e “hh 0.265— =3 Modified ZYA1 background %; +
ﬁf’ Vs=2.76 TeV — - % %
5 n_q_.ﬁx{_.. e 30-40% P‘bpbx g ozsF %}% %,
50293 il 8<P "ercl0GENe 5 oes 1 + v %J@E
8 0. 28- e p"’ﬂﬂz2 GeV/c g -
Z n 2?— o - f\_lcw :— . A ]
'Dmﬂ S i b f
,___ U r'_-"ﬁ_ “
D 24 4 "y
A
extrapolatlon
A . A Ao ‘\\ N

.' J *..:' A L J A - 1SS
Y \}\.‘& ¥ L". \ .‘, .". ‘,. '\\. .,.' 7S bl 5§\‘\¢ \

¥

Background dominated region

@ Project signal+background over 0.8 < |An| < 1.2
@ Fit background in [Ag| < m/2
@ Fitting till 4" order v term, total 6 fit parameters: B, v,ssoc, v, 9, y assoexyy gy assoc gnd v,

Sharma, Mazer, Stuart, Nattrass: (Phys. Rev. C 93, 044915 2016)

Nattrass, Sharma, Mazer, Stuart, and Bejnood: (Phys. Rev. C 94, 011901(R) 2016)
60
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Reaction plane fit (RPF) method

30-40% central (simulation) Toy MODEL

\%\\

Feaction
plane

@ Each orientation has different functional form, but require same parameters

@ More robust method, now have a higher constrained background
with more information going into fit

1/N,d°N/dAd dAn

true/reco

v.12 . -
In-plane % Mid-plane Signal +¢achr0un ; O‘ut—of—plane : All angles
0.11 e ..{‘“_,\, SN [ —o— Signal+Background
| R A - : [ —e— Background only
010k | § % 2 ; - W RP F.t?ackg rounc!
[ | b ] 3 [ [] Modified ZYA1 signal
| b y b [
0.09 ¢ A - D
: ‘.:n ’ , t‘tl:! z [ b G";::w:?"\:u
0 : 0 8 ,«'. \\. |‘\ .;:' ’4 Ly R
_/"’ U ) 5 rt“? - h-h
0.07E ] | r./a Vs, = 2.76 TeV
B F . t - ,, [ 30-40% PbPb
" A % & i 8<p, <10 GeV/e
O'OGf | q - | e/ | I<p, =<2 GeV/e
L I L a2 2 2 (TR A T e T P T T PR T P
1.05E AR A b A WAL A Al A A A AN M a4
1.00 ""N_m W}l"‘m‘u }Wﬂ ‘N ; {A*":\FNMH‘NA‘ N‘N WMWW W" 4 oAb e AR A 244
M s et b 1 AR A B A i AVt e 2
= 1A¢§ 34 1 0 1 A¢§ 34 10 1 A¢§ 54 10 1 A¢§ 34
Project signal+background over 0.8<|4n|<l1.2
@ v_and B extracted
n
@ Fewer assumptions and bias than ZYAM while having much smaller errors 61
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