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Jet guenching in a nutshell

partonic energy loss

== gluon radiation (primary)

=P collisional energy loss (small)

=P pbroadening and softening
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A" Enhancement of
low-pr particles
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" Jet quenching/
gluon radiation




Jet production at RH

orders of magnitude difference
In jet production cross section

trigger: high-pt hadron,
jet w/ constituent cut, etc

models (Renk, Zapp,...)
predict that with the
softer RHIC spectrum

trigger =g surface bias

however, at the higher
LHC energies,

trigger —} no surface bias -
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Jet trigger bias

this bias can be helpful - opportunity to use jet definition (K
preonst) to select jet production vertex and di-jet orientation -

jet geometry engineering

Vi b

leading trigger di-jet triggers

v
."/
/
’ <> <>
; _f'f".’
gy
: "ff
L
jet+hadron correlations, di-jet imbalance, :
hadron+jet tr di-jet hadron correlations 2+1 correlations
a 0 +je SpeC a j STAR, PRC 83 061901 (2011)
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Hard core jets at STAR

In a heavy-ion collision

large background energy density
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Hard core jets at STAR

1ISION

10N CO

heavy

N a

clear jet signal

removes almost all background

prhard const > 2 GeV/c cut =P
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Hard core jets at STAR

In a heavy-ion collision

pThard consts2 GeV/c
pr'ead>20 GeV/c

prsubLead>10 GeV/c
IA¢-ml<0.4
anti-kt R=0.4

(Geom. matchin

eom. matc

4 3 0

thard const > 2 GeV/c cut =  removes almost all background

geometric matching : no combinatoric jets,
tmatch const > (0,2 GeV/c recover all constituents
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Di-jet asymmetry at STAR

Lead SubLead

w _ b —Pr
har.d core di-jets .more Ay = pLead | SubLead
imbalanced with . . .
respect to p+p S F T ekt o auauus
L“:::' 02_— e Au+AuHT
st M
- = + © prhard const > 2 GeV/c
ol Priesd” 2 e
A= p > eV/c
E + + T,sublead
0'05:_ R=0.4 ¢

STAR Collaboration, Phys. Rev. Lett. 119, 062301 (2017)
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Di-jet asymmetry at STAR

hard core di-jets more
imbalanced with
respect to p+p

when soft constituents
are included:
balance recovered to level
of p+p reference with R=0.4
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Di-jet asymmetry at STAR

o pLead L pSubLead
hard core di-jets more Ay="L T
. . pTea _I_ pTU_ €a
imbalanced with o .
respect to p+p g i S M} oANAINE  n prpHT b AmAIME
= [ ° Au+Al+ HT m  Au+AuHT
: g ke | + Au+Au, 0-20%
when soft constituents 015) . SRR
are included: = + . swceve
0.1 N :t _+_—+— P T:sublead>1 0 GeVic
balance no longer restored : - -
to the level of p+p in R=0.2 °®~ % R=02 *
el | 1 1 =.=

broadening of jet from 0.2 t0 0.4 ° %2 o o2 o4 o0& o}
Sof.tenln g Of J et Constltu ents STAR Collaboration, Phys. Rev. Lett. 119, 062301 (2017)
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Di-jet asymmetry at STAR

Lead Subl.ead
A, — pp S — pp
J = p%ead +p%ubLead

c 0.25 ;
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STAR Collaboration, Phys. Rev. Lett. 119, 062301 (2017)
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Di-jet hadron correlations

di-jet definition
pThard consts 2 GeV/c

ptlead>20 GeV/c
prSublead> |0 GeV/c
IAd-|<0.4

anti-kt R =0.4

Trigger jet
’§f§\

Recoil jet
correlations

An = njet-ntrack
A(P = (pjet-(ptrack

Trigger jet

/

Recoil jet

trigger jet: require EMCal hit w/ Er> 5.4 GeV

recoil jet: back-to-back with trigger jet

Au+Au 5

STAR Preliminary
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Correlated jetyield
yields consistent between o
Ad & An E 1.2

- 1

yield contained within R=0.4 gos

—>

for all pt, consistent with A, >' 06

© 04
trigger jet: p+p like v
"surface bias”

recoll jet: hint of modification |
== enhancementinyield . 16
for prassoc<2.0 GeV/c S 14
c\51)/1.21
for this prhard const gglection Qo8
(> 2.0 GeV/c), modification > ¢
appears to be mainly in recolil jet
0
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Trigger jet associated hadron yield An
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Jet geometry engineering
we have a set of jets with specific
kinematics that we understand well

> can varying the jet definition select
more or less modified jets?

=3  modification —> path length
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Quantifying modification ,, *

vary the jet definition

== jct pT

=3 hard constituent pr cut

== jet radius F

use hard core and matched A,
as our observables

compare Au+Au to p+p embedded

pThard CONSt  smewermem:

using a binned two-sample
Kolmogorov-Smirnov (K-S) test
p-value= probability that data came -idé’tlﬂrédi-”—“ :

from same probabillity distribution
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Differential di-jet imbalance

== hard core di-jets
for R:O_4, scan p-l-hard const

R=04
prhard const 5 1 GeV/c

0-20% central
prlead > 16 GeV/c
prsublead > 8 GeV/c
anti-kr algorithm

0.251
- STAR Preliminary
0 2__ ® Au+AuHT
2 —o—
- B p+p HT @ Au+Au MB
- - s
o015 e Au+Au, 0-20%
5] ;._+ . o anti-k_, R = 0.4
E 0.1— — i)ﬂa"’ const 5, 1GeV/c |
= —o— &~ p'fad > 16GeV/c
- —o— p:“b'ead > 8GeV/c
0.05 0
- &
O llllllllllllllllllll w
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AJ
K-S p-value << 1.0
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Differential di-jet imbalance

== hard core di-jets
for R:O_4, scan p-l-hard const

R=04
prhard const 5 1 5 GeV/c

0-20% central
prlead > 16 GeV/c
prsublead > 8 GeV/c
anti-kr algorithm

0.25[
- STAR Preliminary
0 2__ ® Au+AuHT
~ g —&— B p+p HT @ Au+Au MB
_90'15—_ = " - Au+Au, 0-20%
-'6 B —— anti-k,, R=0.4
9 01—_‘_—’— —— pT aaaaaa > 1.5GeV/c
i B T P> 16GeV/c
0 05:_ —o— p:“b'ead > 8GeV/c
T 0
§ :IZ
O R L B O A e e Y NENTR N
0 01 02 03 04 05 0.6 0.7 08 0.9
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A,

K-S p-value << 1.0
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Differential di-jet imbalance

== hard core di-jets
for R:O_4, scan p-l-hard const

R=0.4
prhard const 5 2.0 GeV/c

0-20% central
prlead > 16 GeV/c
prsublead > 8 GeV/c
anti-kr algorithm

0.25[
- STAR Preliminary
02__ ® Au+AuHT
E B p+p HT @ Au+Au MB
C A el —-
o015 ;_._+:=::F:':+ Au+Au, 0-20%
-'6 - + anti-k,, R=0.4
(U B hard const
= 0.1—&— -9 Ip; > 2GeV/c|
B - p':ad > 16GeV/c
N —— psuPead 5 8GeV/c
0.05— T
B -
§ :IZ
o) T ST WA SRR WA e 1
0 01 02 03 04 05 0.6 0.7 08 0.9
AJ
K-S p-value << 1.0
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Differential di-jet imbalance

==3 hard core di-jets 0.25,
for R:O.4, scan p_l_hard const 0.25_ STAR Prellmlnary —
E B p+p HT @® Au+Au MB
oo <+

00.15 ;._+:=::'::-:+ Au+Au, 0-20%

R — 0.4 -g - e anti-k_, R = 0.4
+ 0.1 o eons >2GeV/c

prhard const 5 2.0 GeV/c =TT : IC’lo':a">166ewc

0 05:_ —o— piead > 8GeVi/c

05¢ .
0-20% central - 1
prlead > 16 GeV/c % 010203 04 05 086 07 08'65)9
J

prsublead > 8 GeV/c
anti-kr algorithm

K-S p-value << 1.0

Now, we can repeat the procedure with the jet radius

19
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Differential di-jet imbalance
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Differential di-jet imbalance

hard core di-jets

Hard core di-jets

modified for all kinematic
' selections

three distinct classes
using K-S test (p = K-S p-value)

balanced (p > 0.01) 2 025 03 035 0.4
() semi-balanced (104 < p < 0.01) iet radius

x imbalanced (p < 10-4)

21 Nick Elsey, STAR - Hard Probes 2018, France



Differential di-jet imbalance

== Mmatched di-jets 0.3
for R=0.4, scan prhardconst .

STAR Preliminary

® Au+AuHT

B p+p HT @ Au+Au MB

+"'|""|IIII
'

S 0.2
— Au+Au, 0-20%
R — 0-4 60-15—:0——0—*— anti-k_, R = 0.4
© ¢ = L
pThard COI'ISt > 1 GeV/c o 01:_ :'::': Ip:ardconst>1GeV/c|
meatch const 5 0.2 GeV/c - = = pT" ™! > 0.2 GeV/e
0.05— =.=$
T P N T Buia e o0 S
0-20% central 001 02 03 04 05 06 07 08 09

prlead > 16 GeV/c A

prsublead > 8 GeV/c K-S p-value << 1.0
anti-kr algorithm
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Differential di-jet imbalance

== Mmatched di-jets 0.3

for R=O.4, scan p_l_hard const 005 STAR Preliminary

® Au+AuHT

B p+p HT @ Au+Au MB

+"|""|IIII

- 0.2
9 ~ Au+Au, 0-20%
R — 0-4 80'15::‘_:3:*_._ anti-k;, R=0.4
pThard consts 1.5 GeV/c = 0 1f_ - P> 1.5Gev/g
meatch const 5 02 GeV/C ; 055_ = 9 prateh const 5 0.2 GeV/c
I **H***-.:
0-20% central % 010203 04 05 06 07 08 09
prlead > 16 GeV/c A
prsublead > 8 GeV/c K-S p-value = 0.0006

anti-kr algorithm
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Differential di-jet imbalance

== Mmatched di-jets 0.3

for R=O.4, scan p_l_hard const 005 STAR Preliminary

® Au+AuHT

B p+p HT @ Au+Au MB

g

C
R =04 Gois +w "
prhard const 5 2 (0 GeV/c <= 5 f_ = [prereon > 2GeV/c |
prmatch const 5 0,2 GeV/c 005t T A
: Rl
0-20% central 00702 03 04 05 06 07 08 0.
prlead > 16 GeV/c A
prsublead > 8 GeV/c K-S p-value = 0.17

anti-kr algorithm
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Differential di-jet imbalance

hard core di-jets

modified for a.II Kinematic Matched di-jets

selections o x

- = O M i

matched di-jets S o
_> reducing pThard const é g
can increase modification 2 o
beyond R=0.4 v
&9
balanced (p > 0.01) T

semi-balanced (104 < p < 0.01) jet radius

imbalanced (p < 10-4)
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Estimate of the effect of
background on balancing

e fluctuations in the background
density can shift the Ay
distribution

* estimate the sensitivity of our
measurement to correlated signal
yield by embedding hard-core
jets into random MB events

e quantify sensitivity using K-S test
to evaluate the difference
between Au+Au and Au+Au
hard-core embedded In
random MB events

0.25
STAR Preliminary ® Au+AuHT
= p+p HT @ Au+Au MB
0.2 == v Au+Au HT & Au+Au ME

matched di-jets
R=0.2
prhard const 5 3 GeV/c
meatch const 5 0.2 GeV/c

0.15

0.1

0.05

00010203 04 0506 07 08 0.
A,
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Estimate of the effect of
background on balancing

e fluctuations in the background
density can shift the Ay
distribution

estimate the sensitivity of our
measurement to correlated signal
yield by embedding hard-core
jets into random MB events

pThard const GeV/c

quantify sensitivity using K-S test
to evaluate the difference
between Au+Au and Au+Au
hard-core embedded In
random MB events
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Differential di-jet imbalance

matched jets can get some

“balance” from background _ o
fluctuations Estlmate of senS|t|V|ty

==Jp-compare matched jets to
hard-core jets embedded © 3
in Au+Au MB

pThard const (GeV/
1.0 1.5 2.0 2.5

* sensitive (p < 0.01) 0.2 E 0.255 0.3 E 0.355 0.4
A insensitive (p > 0.01) jet radius
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Radial scan of matched jets

at what radius does a set of
imbalanced hard core jets
(R=0.2) recover its energy?

fix hard-core jetat R = 0.2

pThard const (GeV/c)
1.0 1.5 2.0 2.5 3.0

jet radius

scan through matched jet radii (R=0.2 = 0.4)
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Radial scan of matched jets

0-20% central
prlead > 16 GeV/c
prsublead > 8 GeV/c
anti-kr algorithm

at what radius does a set of
imbalanced hard core jets
(R=0.2) recover its energy?
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Radial scan of matched jets

- 0-20% central
at what radius does a set of priead > 16 GeV/c

imbalanced hard core jets prevblead > 8 GeV/c
- anti-kr algorithm
(R=0.2) recover its energy? |

o ,/

radial modificationis S 4}

. . 0 o

=g relatively independent & g
on p-l-hard const g .

s 9

selecting narrower/ &

== harder/higher energy jets
with R = 0.2

matched jet radiu
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Moving forward

2014 Au+Au 200 GeV
20x Increase In statistics

> allow for wider jet
Kinematic range

== centrality dependence

33
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Conclusions

using hard core di-jets, we’'ve measured energy loss, and we can
—> define jet selections where we recover energy in our original cone
- allows for calculation of fragmentation functions

' demonstrated jet geometry engineering, and the ability to control the
extent of the energy loss using jet kinematic cuts

Qualitatively consistent picture of partonic energy loss emerging at RHIC. Observed
difference in broadening of jet structure can be related to in-medium path length/
amount of diffusion of medium-induced soft gluon radiation in the QGP.
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Thank You
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Kolmogorov-Smirnov
two-sample tes

e estimate the probability two

data samples came from the
same underlying distribution

* build the empirical distribution

function (~CDF) for each
dataset & find the maximal
deviation between the two

e scale by an appropriate factor

to generate a probability

36
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« | 0.10 | 0.05 0.025 | 0.01 0.005  0.001
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Estimation of the effect of jet
definition on jet kinematics in vacuum

<pT>
e using pythia, estimate the L omwe o PYHIA siMulation i
average pThat for eaCh jet 25— 24.65 24.2095 23.9571 23.8404 %
definition W

e narrower, harder constituent
CUt jets On average Come 0.2 0.25 0.3 0.35 04
from higher energy processes R
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Jet+hadron correlations

Ad i

2.5

10 < p'**" < 15 GeVi/e e AutAu, 0-20%
T
+
0.5 <p2***<1GeV/c L PTP

2.0

7
enhancement of recoll jet

low-pr constituents, =

1N, dN/dA)

broadening :
VE <6 GeVie \[Sx = 200 GeV
suppression of recoil jet - S0 (| 3 vigger st ncerainy
high-pT constituents i

STAR, PRL 112, 122301 (2014)
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Jet+hadron correlations

P = 10-15 GeV/c 20-40 GeV/c
1 Data Aut+Au, 0-20% o "
Data p+p 0 o

S  YaJEM-DE AutAu = — —
. YaJEM-DEp+p = - e

) clear signal of softening
and broadening in recoill jet

R

e

= Awayside Gaussian Widtho g
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[ detector uncertainty
v, and v, uncertainty
[ ] trigger jet uncertainty

> energy loss in high-pt region -
balanced by low-pr excess ¢
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Hadron+jet spectra

-
/
/ /

A

7

semi-inclusive hadron-triggered
recoll jet spectra

use of novel mixed-event
method to extend kinematic
reach to low jet pr

SE/ME
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Hadron+jet spectra

//'
1/

A

7

yield of jets recoiling from )

high prt hadron

suppression of recoll jet
iIn central collisions
compared to peripheral
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