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There is no unambiguous
definition of what a jet is!

Jets in Heavy-lon Collisions

Colored partons undergo a hard

scatter

® Radiate soft gluons and quarks

® Hadronize into a spray of
particles

Produced early prior to QGP

formation

® |nteract and lose energy to the
medium via radiation and
collisions

Expected to reflect the

kinematics and topology of the

hard scattered partons

e Underlying background creates
fake jets and smears the
kinematics of “true” jets



Jets in Heavy-lon Collisions

Complications: Background

Sy = 200 GeV

Where are

- TT—_the jets?

0-109 central
STAR:

0. ~ 29 GeV
ALICE:

0., ~ 130 GeV

JHEP09(2015)170

Unlike in pp collisions, the underlying event in AA

collisions makes jet finding difficult

® Fake jets = Jet finder clusters particles from bulk
® Jet smearing - Background fluctuates underneath jet

First “jet” results used high p; hadrons as proxies



Di-hadron Correlations

4< p;iie < 6 GeV/c I 4< p,lie < 6 GeV/c
#5s0¢ > 2 GeV/c A Jet proxy 1 < pssoc < 2.5 GeV/c
o b P rer e

[ ] I LI DL R 3

. * d+Au FTPC-Au 0-20% {r e Aut+Au [An| < 2.0

= 02 o - 0O Au+Au |An| < 0.7
4 - k- — p+p min. bias if.{pa .
5 i i
= i 71 * Au+Au Central .
T - T i
g 0.1~ £ 4, N
_t_,) = -
= i i
< | |
ot _
I P BN R S S B B R

-1 0 1 2 3
Phys. Rev. Lett. 91 (2003) 072304 .
Phys. Rev. Lett. 97 (2006) 162301 A (1) (radlanS) PhysRevC.82.024912

Strong modification of the recoil-jet indicated substantial
partonic interaction with the QGP, d+Au results show not CNM
 Geometric “surface” bias

« What is the parton p; and flavor?

A¢ (radians)



v-jet: Golden Probe of the QGP

In medium In vacuum

Direct photon-jet analyses have A+ AL

many advantages

Photon is highly correlated with
the parton kinematics

Process is dominated by Compton
scattering (qg—=>qy )

Fixes flavor Disadvantages
Photon does not interact with the ~ ® Low cross-section
QGP ® Still need to account

Reflects the initial parton for effect of

kinematics underlying event

No geometric bias Common to all jet

Allows jet-medium tomography analyses

e Use y-h* as a jet proxy



Data sets:
® Au+Au year-11: L ,=2.8 nb’!
® ppyear9: L =23 pb!

Barrel Electromagnetic
Calorimeter (BEMC) -
measures EM clusters
® High Tower Trigger
Time Projection
Chamber (TPC) -
iIdentifies charged
hadron tracks
Acceptance (BEMC +
TPC):

e 2m-azimuth

® |n| < 1.0, both for
BEMC and TPC



Transverse shower profile

/vy, discrimination
c Main background comes from x®->vyy decay

Sh Owe r Ecluster
3 = Maximum TSP = 15
~ — Detector(BSMD , €Ty
= Detec ?r( ) i ity
—— i A S 7 :
\‘\g S e Eoyges Cluster energy
L — e;: BSMD strip energy
r: distance between
_, - Strip and cluster center
iy “‘Bmklﬁ"-m St M DT 0006 P
NiEE= o’ Smaller TSP Larger TSP
BSMD and BEMC tower used to _.I._
determine Transverse Shower Profile )?%,,, §Y )é
ARSI w1

- Nearly pure sample of m© (m%,,)
- Sample with enhanced fraction of yg, (Vyich)




Transverse shower profile
/Y, discrimination
Main background comes from x®->vyy decay

b 0_08;_ TSP — Ecluster
2 0.06- Z eiI'EI"5
g B 1 1
= onf E,usierr Cluster energy
s e: BSMD strip energy
r: distance between
0.1 pp 200 GeV strip and cluster center
2 Compare n®,., and vy,
> populations
3 e Path-length and color
& factor effects
* Y.ich @way side should

TSP (=B, /201 be less suppressed



(STAR Collab PRC 82 034909)

09F ... 'Renk-ASW

0.8 - Renk-YaEM 4 m’-ch
0.7 — Zhang ® y-ch
TEN e Zhang (n%+h%) E
< 0.6 Qin - =

0.3 0.4 0.5 0 6 0.7 0.8 0.9
_passoc/pt"'g

8<pfe<16 GeV/c

How much energy Is lost
and where is it recovered?
Needed to extend measure

to lower z-;

|an VS Z7: Previous Results

g I _ D(ZT )AA - p;ssoc
2 T AA ZT - trig
D(ZT )pp pT

D(z;)yy: per trigger away-side
yield for X+X collisions

|, Showed similar level of
suppression for both
samples

Jet fragmentation function
Is enhanced at low p+

e Effect should be seen in z;




p+p
@ 1 of p+p 200 GeV (c) -
T 4oL 12 < p™ < 20 GeV/ 1 7 wig : .
8 12~ 12<pTas.:c 3Ge vj - [ 12<p;"<20GeVlc o : ‘ﬁ, Away-SIde
= [ e<p <shevic 1 1.5 1.2<pX*** <3 GeVic ] . 't 't
e - i r . -
EIRT1 S 1k . | integration
2 1ok e éﬁ% I - 1 window
Z B .y oL o ©O [~ 7
- B - - . 6 ®
9_ = - * I~ @ Qoq 1
e gt TReeP o background
I 3<pi** <5 GeVic (b) - 0.8F 3<pi®*<5GeVic (d)_ |eve|
'8 0.6_— STAR Preliminary y . 6: o nﬁch STAR Prellmlnaryo —
3 - ] ’ : ) rY
gf 04__ ¢¢ 04__ rich o B
pd i 0 ] r 00 o*®
s 0® oo 1 . In| < 1.0
z 021 o* o® o - 02F e Q
e B S
[ T T S i i bt MR Bl
7 2 4 0 2 4
A¢ [rad] A¢ [rad]

- Uncorrelated background is subtracted
- Ag acceptance is corrected using the mixed events
(modulated with elliptic flow for Au+Au collisions)



- 12<p‘"‘-’<2o GeV/c ® 1. 2<p""55°c GeVic (a) -

10;;—=6= Away-Side E

- S STAR Preliminary 7

5 . Om ’

:'- 1'§_ - O ?g

E [~ »Qc @ o aca) i

10_1 - T = = @L:

= ht ==

- Ttoh lJ +:

S Au+Au 200 GeV (0-12%) [ 1

10 —o— p+p 200 GeV E

T B L R B e

Near-Side (b) 1

10 E

b =

= Lo oo E
‘S’ oo

-1 @ -

10 B R

l‘l @

) ]

10 Arxiv:1512.08782

0.1 02 0.3 0.4 0.5 9 6 07 08
zT ( p?ssoc /p ﬂg)

Yield associated with m©

Near-side |Ap| < 1.4
Away-side |Ap —m| =1
Away-side yields
suppressed in central
(0-129,) Au+Au collisions
Near-side shows no
significant suppression
Integrating near-side
ylelds
~85(x3)9, energy fraction
carried by m° over
“charged jet energy” (9 +
charged hadrons) in pp
200 GeV

y carries nearly all, z; is
not precisely the same



Yield associated with vy

12 <p"™ <20 GeV/c ® 1.2 < p™**° GeV/c - Y' . —RY'
yric
10 n;cmg Y, -h : Away-Side E deir+h = 1 R
: - STAR Preliminary - T
- E‘F o 1 @ Y2 away-side yield
~ 1 1 © Y" near-side yield
= % 1 ® Normalized per trigger
' ™ | ® Purity of yg. VS v,
1071k & - urity Ydir Yrich
- 1 sample: N .
i - vdir
i — ] o 1— R =
4~ Au+Au (0-12%) [y, -h'] N
1072¢ 3 yrich
-¢-p+p[vd,,h‘] - 10 1.-R=
010203 0405060708 ° CentaaolcyAU+AU~70%
() .
rXiv: Z pp - g -
Arionz 08782 T * Away-side yields
Away-side |[Ap—-1| £ 1.4 suppressed in central

(0-12%) Au+Au

Rosi Reed - Lehigh University - Jet and HF Meeting 2016



[ AA of vy, and o

Away ‘Side Au+Au 200 GeV (0 12%) |

Irig

Pr

- D
1 4 e Qm[ydir_hi] m v, - ht ] IAA — (ZT ) AA
1.2 ® STAR Preliminary  — Wangly, -h’] o oht D(ZT )pp
— Wang[n%-h] -
1 o - assoc
12<p " <20 GeV/ic ®1.2<pX*** GeVlc T
q4 37 =

|,,-" and

P et T —
T ?Jf__ﬂ._% ...... 1 1,,Y9h show

bttt e e b0 4 similar strong
1 02 03 04 05 0.6 0.7 0.8 0.9 suppression

Arxiv:1512.08782 ZT

(0 0) ‘
_lIl]I]llIII]II]_.]III]]II]III]II—
B

o [0, 1,0 N ess suppressed at z;<0.2 than at high z;
« Models don’t include absorption and redistribution of

Wang:
c J Qin: X. N. Wang et al.,
| OSt ene I’gy N 't h em ed IUM &Y oinetal,PRC 80, 054909 (2009)  Phys. Rev. € 84, 034902,(2011)
(NLO pQCD + (3+1)hydro with Phys. Rev. C 81, 064908 (2010)
jet-medium and fragmentation Phys. Rev. Lett. 103, 032302 (2009)
photon) (NLO pQCD + (3+1)hydro)



lan VS Integration window

y=h n'-h
- ‘Away-Side ~ Au+Au 200 GeV (0-12%) | '1 2 <p ?<20 GeVic ® 1.2 < p™**° bewc-
1.4 v, -h T n°-h* ]
1.2F W iAp-dd<14 + @ ®IA)-Tl<1.4 .
1:_ 0 1Ap-7nl <0.6 1 O lA¢ -7l < 0.6 ]
<o, 8— ; B R __ ‘ STAR Preliminary 3
- F 10 1 ]
0-61 + 1 ‘} ]
0.4f .l i o 5 : [
: nC I ¢ 0 H)
02 B EP | e i ’ }é
O' L . L . | PRI U SR S N S ! ! !
0.2 0 4 0. 6 0.8 0.2 0 4 0 6 0 8
Arxivi1512.08782  Z7 (= passoc/ ng) z; (= passoc/ ng)

- Error bars are largely correlated
- No significant dependence of suppression on integration

window is observed for Yy,-h* and m°-h* /,, results at hig
2 (12 < p,TMie< 20 GeV/c) |

Rosi Reed - Lehigh University - Jet and HF Meeting 2016



lAA VS pTassoc and pTTrig

[ T T T .I T T T I T T T I T T L] I L ' 1 I 1 I 1 I I ] I I 1 I 1 I 1 1 1 I I 1 1 I | '
1 2-_12 < ptTrlg <20GeVlc®1.2< p:ss“ GeVic + Au+Au 200 GeV (0-12%) i oy g’(;’,eé;’iéog 2009)
. i i Away-Side 1 xn. Wang et al.,
1k 03<2,<04 | Prys. Rev. C 81, 064508 (2010)
s 4 Phys. Rev. Lett. 103, 032302 (2009)
: STAR Preliminary -
- 0.8 -
5 |
0.4f d ?
0.2} :
| Arxiv:1512.08782 1
0 I N B B B B R BT BT BT B I
0 2 4 6 8 8 10 12 14 16 18

psso® [GeVi/c] p\"® [GeV/c]

« Away-side suppression depends on p,250¢

* High-p;suppression does not depend on direct photon
trigger energy -

Rosi Reed - Lehigh University - Jet and HF Meeting 2016



Jet Correlations

- 0
_ -> p 7 Al TT
/ /
/ y
{ /
I [ l
\ \
I
\ \ \ n’-hadron
\ N ~ \
\
. } \
\
. Al' v-hadron S
Dihadron \A‘L

Different biases>Jet Geometry Engineering
Apply jet techniques developed at LHC/RHIC to RHIC jets!

® Allows a measurement of the dijet or y-jet energy imbalance
® How much energy is still correlated with the initial parton? Need

jet reconstruction!



Hadron Trigger Jet + Track P, Cut Trigger

— e

y [fm]

Biases for jets will be different than
for ¥ or vy

Different biases—>Jet Geometry
Engineering

New techniques and larger data
samples allows jet-h+ h-jet correlations
Probability density of z = E ,o/Ei0n

Reconstructed Jet Correlations

Ideal Jet Trigger Renk arXiv:1212.0646

e

20 GeV quark

~
N

—

=R

Renk, PHYS REV C 88, 054902 (2013)

— leading hadron .
— STAR jet
ideal jet




coed Jet correlations

Semi-inclusive yield of jets
recoiling from a high p; hadron
trigger

0

. pp—h+jet+X
Recoil jet(s) 1 de et 1 dg

search area N h

: h+X .
trig deaJGt oPPRT de,jet

Measured  Calculable in pQCD

Trigger on high p; hadron -
Selection of a high p; process

Trigge;;‘“ >
particle

.Use all jet candidates on the other azimuthal hemisphere
within +/- 45° - no fragmentaion bias on recoil side!
Combinatorial recoil jets? = Event mixing!



Mixed Event Generation for Jets

Pick one Mix only
random similar
I
track per real centrality,
\IIEP 4

event z-vertex
— add to mixed .

event position

Real events




S 10" A @ 200 Gell 0 10%  Excellent description of
> .<pTg< .0 GeVlc .
g Lo A1>020,R=03 low p; SE spectrum with ME
- same event (SE)
’;i 10 ¥m|xed evgnt (ME)
5‘0 Znorm. region N | . t . . d
S . Normalization region varie
g " systematically
%ﬁ 107°
e 10° . Significant jet signal at
= 1077 pT_pA> ].O GeV/C
10
W 10° Combinatorial jet
s
g 10 background
10

—> statistically described

o 20 by mixed event technique
p’T‘j’j‘;‘t"“ (GeV/c) .

Rosi Reed - Lehigh University - Jet and HF Meeting 2016



1 0—1 ! | ! ! ! ! | ! ! ! ! | '_=|
T ﬁm . Au+Au, \s,=200 GeV =
(3) Preliminary tig -
S ) 9.0< p, < 30.0 GeV/c -
g 10 Ay>0.20,R=03 =
— anti-k. -
5107 "4
=B -
50_5% 107 =
=) | :
2 405 | 10%-10% .
210 60%-80% E
o — stat. error -
“~ -6 .. i Lo ]
Z_g 10 syst. uncertainty Ener gy Shift 3
= 107 |- Arxiv:1512.08784 -6.3+0.6+0.8 _
H I L I ! | L L L \ | . . , , | =
1 .................................................... ._E

o

O
10" § 1

0 10 ) 20 30
C
Piet (GeV/c)

=0.5

R=0.2/R

lcp fOr h-jet correlations

Significant suppression (~0.2) at
pr > 10 GeV/c

e v-jet similar? (Geometry)
Dijet Momentum Imbalance?
Energy Shift

e 6.3 (R=0.2)vs -3.8(R=0.5)
Ratio of cone size relatively
flat for p;y > 10 GeV/c
Compare RHIC and LHC >
Need similar bias = Theory
Calculation

show combined systematics of unfolding and track reconstri

T e}

Rosi Reed - Lehigh University - Jet and HF Meeting 201
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{ |
I I I
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\ \ AN
N
\ ~ \A
\
N }
N y-hadron
Dihadron .
h-jet

(n®-hadron)

Hadron triggered correlations do not allow a direct measure of the

dijet momentum imbalance

Jets and Jet Correlations

dijet

Experimentally we require a minimum p; constituent cut

® How does this effect the balance?

ATLAS, PRL 105, 252303
CMS, PRC 84, 024906 (2011)

Ay

Lead SubLead
Pt —DPr
o p%ead 4+ pgubLead




—
b

[GeVic]

P;

bl
N

(Biased) Di-Jet Selection

' Constituent p;tit =2 GeV/c
® Reduce BG

® Reduce combinatorial jets

- Di-jet Selection:
® Jet p;tead>20 GeV/c
® Jet ppoubtead>10 GeV/c
® [Ap—m|<0.4

Rosi Reed - Lehigh University - Jet and HF Meeting 2016



gMatched Di-jets w/o Constituent py Cut

prcut=2 GeV/c Rerun jet-finding algorithm
pread>20 GeV/c anti-kr on these events

proubLlead>10 GeV/c >
| Ap-rt| <0.4

p1Cut=0.2 GeV/c
priead>20 GeV/c (prcut=2 GeV/c)
priublead>]10 GeV/c (préut=2 GeV/c¢)

gm. matching
0 g A TG R e
0.5

Calculate “matched” |AJ| with
constituent pr,cut>0.2 GeV/c.

Geom. matching: AR<0.4

Keep this jet selection



Di-Jet Imbalance A,
Central Au+Au, R=0.4

Anti-kt R=0.4, prtead>20 GeV & prSublead>]10 GeV with prevt>2
0 2§eV/ C

O pp HT ® AuAu MB p:"‘>2 GeV

pp HT ® AuAu MB Matched
ps'>0.2 GeV

o AuAu HT p°"$2 GeV

+

Event Fraction

0.16 —o— m AuAu HTMatchedp >0.2 GeV
0.14 —o— #—o— p-value < 104
Sys. Uncertainties: l Central Au+Au (stat. error only)
- tracking eff. 69, %'? :*: e p-value = 0.8
- tower energy 01 + i“\l? o (stat. error only)
scale 29% 0.08 reliminary

0.06 +
Lead,  CU

0.04 P *(p; '>2 GeV)>20 GeV i
0.02 pSubtesd(p®is2 GeV)>10 GeV $

. -

0 L L 1 1 l 1 1 1 1 I 1 L L 1 l 1 1 1 1 I 1 1 L 1 l 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 7
Arxiv:1509.08833 | Aj |

Au+Au di-jets more imbalanced than p+p for prcvt>2 GeV/c
Au+Au A, ~ p+p A, for matched dl-jetS (R 04)

Rosi Reed - Lehigh University - Jet and HF M-eetlng 2016



STAR Statistics

Increased statistics recorded in 2011 will allow for
Viich-J€T correlations
e Compare h-jet and y,.,-jet
® Path-length dependence

® Energy loss

Year | Species V/SNN Integrated Luminosity
2006 pp 200 GeV 11 pb~—*

2007 | Au+Au | 200 GeV 535 pb~ !

2009 pp 200 GeV 23 pb~1

2011 | Au+Au | 200 GeV 2.8 nb~*

2014 | Au+Au | 200 GeV 43.9 nb~*

2015 PP 200 GeV 382 pb~1!

2015 | p+Au | 200 GeV 1.27 pb~1

2016 | Au+Au | 200 GeV To be recorded

Measuring the same observable at RHIC and the

LHC with the same parton p; and flavor will be key
® Complementary to our understanding of QCD



CMS: Phys. Lett., B718:773-794, 2013.

S

+

Photon Jet Energy Fraction x

2.5.V v LI LI A
- (a) m ppData
2F

515F

® PbPb Data
(I PYTHIA + HYDJET 1

(c) p>SOGch 11I<144

p ‘> 30 GeVic

m“<16 T

distribution in pp

B ] _i E The steeper falling RHIC
BRI i s MO cross-sections
%i %J} o e Narrow x I
R e ® | arger broadening shift in
- (X;,» In A+A collisions
Less energy per jet is
g0 = dissipated on average
S a _— 200 cey . Order of magnitude increase
W JHRRET TR in statistics make this
MR % feasible!

Z ..



Conclusions

Away-side hadrons of triggered vy, and m® show similar
suppression

e Expected result of 1,,m%-h < 1,,y4,-h isn’t observed in 0.1
< z; < 0.9 range, within uncertainties

Suppression at low z; is less compared to high z;

® Low p; enhancement of jet fragmentation function

No direct photon trigger energy dependence of
suppression is observed at high-p-

Clear away-side p;2ss°¢ dependence of suppression is
observed for | ay4i-h

lcp Of h-jet is ~0.2

e Energy shift is smaller for larger cone size

For biased dijets, the lost energy is recovered within R =
0.4, differs from LHC results

Increased data will allow differential jet measurements
at RHIC energies

® Complementary with LHC results



Back-Up
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