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What do we want to measure?

 Parton shower (jet evolution) in vacuum is
iInherently a multi-scale processes

RHIC Jet Probes

LHC Jet Probes
QGP Influence

e momentum and angular/virtuality scale

Resolution [1/fm]

* In heavy ion collisions - we can relate the
angular/virtuality scale to a resolution
scale at which the jet probes the medium

Larkowski, et al.
JHEP 05 (2014) 146 .-~

2015 NP-LRP

0.5 0.6
T IGeV]

f' Utilize SoftDrop algorithm
|« momentum scale - zq

zg > Zeut '~ * virtuality/angular scale - Rg
(0.1) § ] _ _ _
>< min(pr,pr2) | MMUlti-scale jet evolution in vacuum

o =
7 pritpr Lets begin with this measurement in p+p

Dasgupta et al.
JHEP 09 (2013) 029

2 Raghav Kunnawalkam Elayavalli, HP 2018



Jet reconstruction at STAR

e anti-ki Ch+Ne Jets‘
e Nominal JetR = 0.4, [n|+JetR <1
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SubJet momentum fractions (zg)

p+p collisions @ 200 GeV

S B e e AN LA LB S BLELLELE AL BLELELELE ELELELELE B
8F 2012 p+p 200 GeV  + Zr:‘ti-rl\:t I‘Rj = o.all e ¥ STAR Preliminary
® . - k3 +Ne Jets, hi+R <1. I
Zg IN Vacuum E E SoftDropz_ =0.1, =0
= o 6k . + ' E
described by ¥ ° - 3 :
~ 5F \l - F '
= Z . . -
leading order > | « i H
MC = E] ¥
o s ¥ ¥
generators 10 <p’* < 15 [GeV/c] 3 15<p™ <20 [GeV/] I 20<p*<25[Gevic]
95::;::::;::::;::::|::::|::§§::}::::}::::}::::}::::I::i::I::::|::::|::::|::::|:::
8F E3 t
e Recover the £ — PYTHIA-6 Perugia — PYTHIA-8 Monash } % | Unfolded Data
universal 1/Z = oF 1 — HERWIG-7EE4C 1 == AP Q-jet
K, T ;
= > SE T T
behavior = ; ;
: z 4 Ed ¥
starting from =
pt ~ 20 GeV/c 3 H 3
Larkoski et al 1_ 25 < p:et<30 [Gevicl i %0 p;et<40 [GeVie] i 40< p:et<60 [GeV/c] ]
"y ooty by by by s by by s Py s by sy s by by o by s by s by by g 1y
Phys. Rev. D 91 (2015) 111501 0 of1 0.|2 o.|3 of4 0.15 01 02 03 04 05 01.1 o.|2 o.|3 o.|4 0.15
Zg Zq Zg

4 Raghav Kunnawalkam Elayavalli, HP 2018



Groomed jet radius (Rg)

p+p collisions @ 200 GeV

©

T 11 ot yFrrr1rrrr1rrrr|rrrrxyrrrr1r 11 "]
F 2012 p+p 200 GeV 1 antik R=04 kL STAR Preliminary 3
3 3 ChsNeJets,mi+R“<1.0  } E
I SoftDrop z = 01, =0 ¥ ]
- 10 < pf‘ <15[GeV/c] 15 <°Bf‘ <20[GeV/c] | 20 < pf‘ < 25 [GeV/c] -

e SoftDrop Rqg
reflects
momentum
dependent
narrowing of jet
structure (higher
PT - narrower Ry)

1/N dN/ng
Il\)””CD””A””UI”ICDI”\l”(D

3 —— PYTHIA-6 Perugia + — PYTHIA-8 Monash + Unfolded Data
T — HERWIG-7 EE4C 1 £

e Overall shape in
Ry described by
leading order
models
(opportunity to
further tune MC at
RHIC kinematics)

Jet Jet Jet

- 25< p, < 30 [GeV/c] —— 30< p, < 40 [GeV/c] —— 40 < p, < 60 [GeV/c] —

a1 (o2} ~l [00) (o] —
TTTTTTTT TTT 71T TTT TTTTT1
|
I

1/N dN/dR,
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Increasing jet pr '

9-""I""l""l""-""I""I""I""-
8E 2012 p+p 200 GeV X STAR Preliminary -
 anti-k, Ch+Ne Jets I — PYTHIA-6 E
Dependence
5 6E_SoftDrop zcut=0.1, p=0 E3 _
o n th e - et R < j: Jet Radius = 0.2 i Jet Radius =02
j ‘% SE E ) E
z_w’fm“ ______ _
. flattens at Io p for ; 10< Jet p_< 15 [GeV/c] " 30< Jet p_<40 [GeV/c] _
Zg w T o EHHI:H:IHHIHHE::::I::::I::::I::::-
: — 8F I — PYTHIA-8 Monash
Sma" R jetS Q_J. 7— —;f— ---PYTHIA-8 :lnoHad?
o | 2] [ R s v
e Deviation from universal s | 2 °
. © 4t
1/z behavior forsmallR & | =
and low pT due to k= 215 _;
reduced phase space/ of 10<Jetp<15[Gewc] i 30<Jetp <40 [Gewc]
ab ;
anQUIar Scale 7k __ % | Unfolded Data
%f” 6- Jet Radius = 0.6 £ Jet Radius = 0.6
* Moderate effect due to 2 9 "
. . . 4
hadronization in PYTHIA-8 <,
2
'
| N LS T e,
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Rec u rS ive Parton Shower
SoftDrop

Dreyer et al.
JHEP 06 (2018) 093

e Follow the leading
split
,__Pr
Ty =—0 ;
Pr + P71

R', = AR(C', B')

P —

In vacuum : opportunity to experimentally reconstruct the parton
shower history

—> Test self similarity of the AP splitting in p+p collisions
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First measurement of the jet internal structure via
recursive SoftDrop at STAR

9 9

I I | I I I I | I I I I | I I I I | I I I I | I I_ I_ I I I I I | | j I . I ]
PYTHIA-6+ STAR Preliminary A PYTHIA-6+ STAR Preliminary -
8 1 GEANT Data ot -] 8 — GEANT Data st -]
| © Kk T Spiit 2012 p+p 200 GeV ] | © Kk T Spiit 2012 p+p 200 GeV ]
H O K 2 Split anti-k, R = 0.4 ] H O X 2 Split anti-k, R = 0.4 e
- O % 37 Split Ch+Ne Jets, l+R* < 1.0 - O % 37 split Ch+Ne Jets, ml+R™® <1.0 ]
© :_ Recursive SoftDrop _: 6 :_ @ Recursive SoftDrop _:
¢ o8 I _
-Q 5—_ z..:=01,8=0 ] Q 5—_ z.,.=01,8=0 ]
Z B . 7] B as 7]
5 - 20 < Groomed Initiator - % - ‘— 20 < Groomed Initiator -
- 4 5 (sub)Jetp_[GeV/c]<25] — 4 (sub)Jet p_ [GeV/c] <25
= F o 1S B EE 5
3 % 4 e % * @ -
- O & . - .
2 % % g ") ~ 2 ® " %® 8 ~
1:_ Statistical errors only 6 ® - 1:_ * % -
E Uncorrected for Detector Effects E E @Uncorrected for Detector Effects E
TR T T T U N AN N N NN N AN N N M N N R RN RN B C | | | | | | @ | | | | ]

0 0.1 0.2 0.3 0.4 0.5 O0 0.2 ®O.4Q %

Z, Rg

* 1st and 2nd splits are similar in both zg and Ry

* 3rd split is significantly constrained in phase space/
angular scale - Deviation from universal 7/z behavior
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What do we want to measure’?

 Parton Shower (jet evolution) in vacuum is
iInherently a multi-scale processes

RHIC Jet Probes

LHC Jet Probes 77227~}
QGP Influence ~ G

e Momentum and Angular/Virtuality
Scale

Resolution [1/fm]

* In heavy ion collisions - we can relate the
angular/virtuality scale to a resolution
scale at which the jet probes the medium

2015 NP-LRP

0. 05 0.6
T IGeVi

““multi-scale jet evolution in vacuum

Interaction of the jet w/ the medium

could depend on the resolution scale

Majumder, A and Putschke, J Mehtar Tani, Y and Tywoniuk, K
Phys. Rev. C 93 (2016) 054909  Phys. Rev. D 98 (2018) 051501(R)

Partonic energy loss as a function
of the resolution scale -> jet’s angular scale ,
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Au+Au events

0N 1IN

Select events based on High Tower (HT) trigger

Jet select
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SoftDrop Rg in the presence of Au+Au event

i NN IR LR BELENL LI BN B
0-51" 5006 p+p Embedded in 2007 Au+Au 200 GeV. | .
0-20% anti-k, R* = 0.4
= - Ch+Ne Jets, l+R" < 1.0
3 C : 20.0 < p_<30.0 [GeV/c]
% > g Recoil jets A¢. > 27/3
- -\ - _ jet, HT _
D ool STAR Preliminary N Constituent-subtracted jets
‘_E- - i Berta, P et al. JHEP 06 (2014) 092
s [ ]
0.1 B= — < ..
I 2 c0d SoftDrop Rg4 sensitive to
B cut — ] . -
oL N I I IR SRR background fluctuations
0 0.1 0.2 0.3 04 0.5

pP+pP Rg

We need an observable that is more robust to the AuAu
fluctuating underlying event but still sensitive to jet kinematics
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TwoSubdet z/6

e Cluster all jet
constituents into anti-k:
jets of smaller radii (0.1)

e Choose the leading and
subleading SubJets

e 7sJ = Blue pt/
(Blue pT+ Red pr1)

e 0sy = AR (Blue Axis,
_— Red Axis)

For recent literature on using subjet observables in
heavy ion simulations please see
Apolinario, L et al. Eur. Phys. J. C (2018) 78:529
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p+p ® Au+Au sy

0.5

o
>

=
A

0.2

0.1

fsJ In the presence of Au+Au event

SubdJet pr > 3 GeV/c -

STAR Preliminary

=

2006 p+p Embedded in 2007 Au+Au 200 GeV -

0-20%

IIIIIIIIIIIIIIIIIIIIIII'I'

0.1

0.2 0.3 0.4
P+p Osy

13

0.5

jet

anti-k, R =0.4

Ch+Ne Jets, l+R"' < 1.0
20.0 < p_<30.0 [GeV/c]
Recoil jets A(pjet, > 21/3

Constituent-subtracted jets
Berta, P et al. JHEP 06 (2014) 092

e 0sy (W/ R=0.1 Subdets)

less sensitive to AuAu
underlying event

Comparisons between Au+Au and p+p Embedded
in Au+Au to isolate quenching effects

Raghav Kunnawalkam Elayavalli, HP 2018



TwoSubdet (R=0.1) observables in Au+Au

Fix trigger jet selection:
Study recoil HardCore/Matched Jets HardGore

(preenst > 0.2 GeV/c) Trigger Jet pr > 16 GeV/c
w/ High Tower Trigger Object

Matched jet’s Subdet pt > 3 GeV/c:
reduce sensitivity to UE fluctuations

TwoSubdJet tagging purity > 98%

Systematic uncertainty applied to the

HardCore
embedded p+p curves Recoil Jet pr > 8 GeV/c
* relative tower energy scale (2%)
e tracking efficiency (6%)

e TwoSubdJet tagging fake rate (2%)

pTTrig > pTRecoiI
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TwoSubdet observables
anti-ki R=0.1 Subdets

14 1 o s e e e e e e L e e e e e e e e e
_IIII|IIII|IIII|IIIIIIIIIIIIIIIIIII|IIII|IIII|IIII |
_ anti-k, R=0.1 SubJets 0.20% ] ; 2007 Au+Au 2006 p+p 200 GeV
12 Recoil Jets 10 <p_< 20 [GeV/c] 5 2 anti- k, R = 0.4 __
- Ao(jet, trigger) > 2/3 . I
_ 10} Matched Jets [p™"™ > 0.2 GeV] ] S 10 Ch+Ne Jets, h”l""R '<1.0 -
wn i _
@ L
D o[ STAR Preliminary ® AurAu S [ STARPreliminary ® Aurau 5
< 5 B E e
'Om I il p+p @ Au+Au -Ow
Z-.Gl 6._ = ZG_J' 6_ Q&% _
ab v 4 kY ]
| °-5-888 - | o -
! o . : *:-.,Q\ -
or #‘@ B °r MQS B
-IIII|IIIi‘llll"llIIII|IIII|IIII|IIII|IIII|IIII|IIII -"'Jllllllllllllll "+*»IIII|II-
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0 0.1 0.2 0.3 0.4 0.5
Zg, Og,

e For both zsy and 0sy, we observe no significant difference in
shape due to jet quenching

 The zsy distribution is biased towards harder splits (in vacuum ~
.., earlier formation time)
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For the first time - we differentially
utilize an angular scale

14_ L L I L L I L L I I L I I L I | I_ Select jets with a
- 2007 Au+Au, 2006 p+p 200 GeV o4, 1 particular angular
121 Recoil Jets 10 < p. < 20 [GeV/c] 7
L Ad(jet, trigger) > 21/3 . scale (0sv)
_ 1ofF Matched Jets [p:on$t > 0.2 GeV] i
o | ® AL AL 1 Tagging Efficiency: Probability that
g sk e 1 p+p @ Au+Au and the p+p jet
S : @ 0+p ® AusAu | utilized in the embedding have a
2 - Eff > 700, 1 resolved 6s,in the same range.
z & @ :
\ - -
4L %) STAR Preliminary ]  Lets look at standard
I h i jet quenching
L = -
oL @“@, ] observables - A; and
I | | e | ] Recoil Jet Yield
0 0.1 0.2 0.3 0.4 0.5
6SJ
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c
HardCore £
Al LE
3
prconst > 2 GeV/c 2
Significant
modifications In
Au+Au for our
0sy selections In g
comparisonto 8
p+p @ Au+Au L

0.25

o
N

0.15

o
—

0.05

LI ] ] I
[ 2007 Au+Au 200 GeV

@,

p+p @
Au+Au Au+Au

(ﬂ) ® o>
1 M o1<o

<ﬂ> ¢ 02<9

0.1

801 <0-2

<0.3

SJ-0.1

STAR Preliminary

pTTrig - pTRecoiI
pTTrig + pTRecoiI

Ay =

— 2006 p+p 200 GeV 0-20% ]
[ anti-k,R* =04 i
[ Ch+Ne Jets, +R" < 1.0 ]
[ R=0.1 SubJets i
Oogoﬁob :
o0 ® O g
5 o y
N O ]
-

AW. BEER R e s e e e e e
0.95 Recoil HardCore Jet 0, Selection T HardCore Dijet Selection b
[ A¢ (jet, Trigger) > 27/3 Trigger Jetp_>16 GeV/c
[ HardCore Jets Recoil Jetp_> 8 GeV/c
0.2F -1 -
B [
0.15I-——| -+ g I ~
EEDQiE* o ®9
o il PR :
L Dg 10 § § ¢
0.05- __I é § h
:I 11 1 I L1 1 1 I L1 1 1 I IIIIII !IE I 11 1 I L1 1 1 I 11 1 I I I | I I I 11 1 IQI |
% 01 02 03 % '—d) 01 02 03 04 05 06 I 9
J
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IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
[ 2007 Au+Au 200 GeV

pTTrig - pTRecoiI
= pTTrig + pTRecoiI

o
®

Recoil Matched Jet 6., Selection
A¢ (jet, Trigger) > 2:v/3

0.05

025~ 2006 p+p 200 GeV 0-20% = ey Au AurAU
c [ antik,R" =04 ] O @6, >01
Matched 5 o[ Chele Jets, In+R <1.0 . 1 M o1<e,, <02
o é R=0.1 SubJets i 0
AJ E 0153 o B $ o 02<0,.<03
e ¢ ¢ . STAR Preliminary
preonst > 0.2 GeV/c ® .C 7
w ® ]

Matched jets of .
different 0s, o2

HardCore Dijet Selection

Trigger Jetp_>16 GeV/c

- - | Matched Jets ] Recoil Jet p_> 8 GeV/c
selections are _ o Fe -
balanced at % 3 * 5 Is %

0.15 -
RHIC 2T !
£ o *E I+ é :
O - i
= E ] ?
L 0.05{ i . é § .
06"'b'.1"'b'2'"b':;"'o'dios .'ELTJ,""o'.1"'b'2"".'"'b'4"' L‘M“%?

AJ
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Recoill matched 'E 007 Ao soeprp oy
[ anti-k, R = 0.4, Ch+Ne Jets, mi+R* <1.0  0-20% -
m t m I d : anti-k, R =0.1 Subjet p_>2.97 GeV/c :
jetyie g STAR Preliminary -
preonst > 0.2 GeV/c .‘Ziz - o . :
. .. . R O O ]
* Normalized per dijet yield £ 1o o , °
z ¥ S
. . T [ P ® ¢ i

e Confirmation that AusAu AusAu
. 107° = >0.1 —
Matched jets recover - E : zf‘:e ., E
the energy lost by C} 4 ozea,, <03 :
qguenching within R = 0.4 S P
3 e ——
* Observe no significant 2|3 i pE—TPTIeTY E
differences between sy %3 o e S
. < : ]
selections 25— L 02<0ue<3 E
1= - - T U REEEEELEEEEEEEE B 4-------- —
.‘10 15 20 25 30 35 ;o

Matched jet pt [GeV/c]
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Conclusions

* First fully unfolded z4g and Rg in p+p
collisions at RHIC kinematics

e Radial scans highlight deviations from
universal 1/z behavior due to phase
space constraints

* Recursive SoftDrop offers experimental
access to the parton shower

* First differential measurement of dijet
AJs/Recoil Jet Coincidence at different
angular/resolution scales

e Significant modification observed in
HardCore A,

* Recover “lost energy” for Matched
jets within the jet radius of R=0.4

e Next steps - higher statistics, kinematic
reach, and centrality evolution —> then

move towards semi-inclusive recoill jets
20 Raghav Kunnawalkam Elayavalli, HP 2018




Bonus Slides!



Going from Partons to Jets

Reconstruct Jets from
tracks/towers based on
clustering algorithms
Most popular - anti-k;

Hard Scattered partons in high
energy collisions fragment and
hadronize jets

\ Requires a minimum pr
i cut and an angular
scale

e Parton evolution characterized by
the momentum and angular scales
of its emissions

* |n vacuum, this is governed by the
DGLAP evolution equations
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SoftDrop

(tools of the trade)

Soft Drop Condition:

- Zcut 9
energy angular

threshold exponent

Larkoski et al.,
PRD 91, 111501 (2015)

b Zg > Zcut
(0.1)

_ min (pTlapTQ)
P11 + P12

e Reclustering w/ C/A ensures an
angular ordered behavior in the tree

e Baseline behavior in p+p collisions
shown to asymptote to AP splitting

functions at high pr
23 Raghav Kunnawalkam Elayavalli, HP 2018




Detector Effects on SoftDrop in p+p simulations

STAR Simulation

0.5p

e Zg5and Rg
resolutions are
iIndependent of the
generator jet pr

Resolution (Det-PY)

e Bayesian 2D
unfolding with jet pt &
vs zg, and prvs Ry~

Rq- AR(L, 2)

P T
20 40 60

PY Jet P, [GeV/c] PY Jet P, [GeV/c]
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P+pP zg and Rg

Systematic Uncertainties

T 1 T T T T 1 T T T T 1 L

e Hadronic Correction _ osf 3
€ osf 25<pf"<3o [GeV/c] =
(HC) , [S "] Hadronic Correction £ o7f E
e Using MIPs (no HC) ] Towerscal 3o, £ o°F E
and 0.5 HC owerscalevarS.8% s e STAR Preliminary 3
_ I | Tracking Efficiency 4% % o4F E
e Tower Scale - 3.8% in Unfolding E o E
the tO_WGr gain L === Total Systematics & E

e Tracking - 4% variation

(flat in track pr)

e Unfolding (@ the
response level) - g 0sf  25<p!"<30[GeVie :
* Prior shape anti-k, R=0.4 g’ 22: STAR Preliminary :
variations SoftDrop z = 0.1, =0 2 osf :
e Varying the iteration Ch+Ne Jets,In+Rl<1 %
parameter from 2 - Systematic Uncertainties ¢
6 (hominal=4) @
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Need for differential measurements

* |t is necessary to disentangle the
correlations built within
observables by selecting jets of
a certain class

* Does the medium resolve the
two prongs of a jet as a single
object or two individual objects

* There are a variety of theoretical
models and calculations that
predict a larger absolute energy
loss for jets of a large virtuality

or wider resolution scales

47 m& N

E=Q=M,,,, =100 GeV

q T TT11
e JETSET
~ ~ = == MATTER Vac.

. — (/i= 1GeV %fm
L=2fm

7. 1 — - gy
Virtuality
reduction

100

M (GeV)
Majumder, A and Putschke, J
Phys Rev C 93 054909

Mehtar Tani, Y and "T—‘f/\;f)niuk, K
arXiv:1707.07361
de-coherence vs

Coherence
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Jet SubStructure: zg In Au+Au

A Byttt ettt ettt _ o KK, HP16, QM17
C AuAu, 0-20% §,=2.0 GeV¥im, AR>0.1 N E Recoil Jet, p***" = 10-20 GeV/c
1.6/ STAR, R=04  swewems p_€(10,20) GeV : T
o [ @ P"™<(2030) Gev P,<(2030) GeV % 8E T AvtAu HT 0-80% * No 51gn1f1cant
" P,<(30,40) GeV ] 7 pp @ Au+Au MB 0-20% s (e .
rosncey 1 & F modification on
] SE Li & Vitev Au+Au MLL . . .
4 | e trigger and recoil side
..................... 4': L)
e A ""'—,.g:+ of hard-core dijets
] 2f - — _
0.6 %Ff 3 -y
] 1
o1 0z 03 04 05 X % S ¥ s
z,
1.8 SR ——— —
' AuAu, 0-20% ® STAR,p|""€(20,30) GeV - %1.:; Recoil Jet, p_*“*" = 10-20 GeV/c .
1.6[- §,=2.0 GeV*/im — — p_€(20,30) GeV, AR>0.01 Qo ¢ Theor etlcal mOdels
- R=0.4 7] ~q6 4 Au+Au HT / p+p HT @ Au+Au MB
=04 0 . p €(20,30) GeV, AR>0.05 | =0k .
;31'“ =~ p,&(20,30) GeV, AR>0.1 « $1-4f Li & Vitev MLL Capture thlS We11
%3'1.2“ A :1.2? . .
5 < -+~+~+++++ ------------ *  More statistics: Test
I = 3 downward slope
0.6F p,€(30,40) GeV, AR>0.1 ' _ o.4k
TE e pe(40,50) GeV, AR>O.1 1 0.2F
o1 02 03 04 05 LY 63 0.4 5 z°;s
z, 9
. ~ - Modelers: Be mindful of
Ning-Bo Chang Li & Vitev

et al. QM 18 arXiv: 1801.0008 cuts and detector effects

Slide from Kolja Kauder, RHIC AGS Users Meeting 2018
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TwoSubdJet (R=0.1) 0s4
Tagging Efficiency and Purity

e Tagging Purity: Given a p+p & Au+Au jet with two resolved

SubdJets, how often does the input p+p jet utilized in the

embedding also have two resolved SubJets.

e For Matched jet pt > 10 GeV, Purity > 98%

e Systematic uncertainty estimated by varying the SubJet pr
threshold by 1 sigma variation in the background fluctuations

e Tagging Efficiency: Probability that a p+p & Au+Auand the p+p
jet utilized in the embedding has a resolved 0syin the same range.

These are the cases where both jets have two resolved SubdJets.
e 0.1 < 0sy< 0.2: Efficiency > 99%

e 0.2 <0sy< 0.3: Efficiency > 72%
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