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Jet evolution/parton shower in
vacuum is described by two
fundamental scales - |

momentum and angle/virtuality E
2
Splitting probability dO- dz
in collinear limit: o ~ 02 ?
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Jet substructure in pp collisions

STAR has established a pp jet substructure baseline which agrees with

STAR-tuned LO MC (PYTHIA-6)
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https://arxiv.org/abs/2003.02114

Jet substructure in pp collisions

STAR has established a pp jet substructure baseline which agrees with
STAR-tuned LO MC (PYTHIA-6)

Opportunity for further tuning of PYTHIA-8 and HERWIG-7, which over- and
under-predict data, respectively
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Jet substructure in pp collisions
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Consistent
substructure picture,
comparing to
evolution seen in Ry
(see backup) with jet
radius, given

Consistent with
pPQCD expectation:
increased R & pr
— Increased phase
space for radiation
— Increased mass



Jet measurements in pA collisions SR

To have a calibrated probe of the microscopic structure of the
hot QCD medium (QGP) in A+A collisions, need to assess
potential cold nuclear matter (CNM) effects

Currently in STAR, we have two options for definition of the
activity of an event away from the jet in pA collisions
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pt-dependent suppression of recoil jet yield (and trigger jet - see
backup) for both definitions of activity, more strongly for mid-n p

CNM effects / potential jet quenching in small systems?
Are jet substructure quantities affected?
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Jet mass: high EA
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High-EA pAu jet mass consistent with pp within
systematic and statistical uncertainties

* No significant modification to jet mass is observed in p+Au!

RHIC & AGS Annual Users’ Meeting, October, 2020 lsaac Mooney 7



Underlying event in pp
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STAR Collaboration, Phys. Rev. D 101 (2020), 052004

Leading jet P (GeV/c)

UE decreases with increasing jet pt but fairly flat above 20 GeV/c

|s this measure of activity correlated with backward-rapidity

activity in pAu events?
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052004

Underlying event in pA
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Underlying event production:
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Underlying event in pA

STAR Preliminary
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Underlying event production:

e correlates with event activity at backward-rapidity
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Underlying event in pA

STAR Preliminary
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Underlying event production:

e correlates with event activity at backward-rapidity
* larger in the Au-going direction
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Underlying event in pA

—~ 1.8
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Underlying event production:
e correlates with event activity at backward-rapidity
* larger in the Au-going direction
* slight anti-correlation with lead-jet pr
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Underlying event in pA

~ 1.8 —~ 1.8
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Underlying event production:
e correlates with event activity at backward-rapidity
* larger in the Au-going direction
* slight anti-correlation with lead-jet pr
* no significant correlation with lead-jet n
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Event activity in pA
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el Fvent activity at large rapidity “biased” by jet
rapidity and pt at mid-rapidity
— presence of high-Q? process affects activity
measure at backward-rapidity!
— early-time effect!
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Summary of pA measurements

Observed a suppression of jet yields in high-activity pAu
collisions using two (correlated) activity measures, EA & p

But no modification of a jet substructure observable (jet
mass)

Observed correlation between hard and soft processes
(used to define event activity) suggests the yield
suppression is related to event activity classification

Can move forward with using jets as a calibrated probe of
the hot QCD medium
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RHIC Jet Probes

LHC Jet Probes
QGP Influence

. Thermal Mass Gluons ‘

Resolution [1/fm]
=

\/\/

Jet evolution/parton shower in
vacuum is described by two
fundamental scales - angle/
virtuality and momentum

This angle can be translated to a
resolution scale in the medium!
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Parton Shower B
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Jet evolution/parton shower in
vacuum is described by two
fundamental scales - angle/
virtuality and momentum

This angle can be translated to a

resolution scale in the medium!
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INnclusive jet yields
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Using STAR-tuned PYTHIA-6 Perugia 2012 as baseline, charged-
jet Raa measured for the first time at RHIC in Au+Au collisions!

Suppression in Au+Au collisions consistent with all models tested
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https://arxiv.org/abs/2006.00582

Jet broadening?

arXiv:2006.00582 (accepted by PRQC)
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Inclusive jet yield ratio for R = 0.2 / R = 0.4: Central Au+Au ~ pp

— within systematics, the observable shows no significant

medium-induced broadening in
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the measured kinematics
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https://arxiv.org/abs/2006.00582

Semi-inclusive jet yields
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Suppression for R = 0.2 recoil jets relative to PYTHIA-8*
(independent of trigger energy) but not R = 0.5
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Groomed momentum fraction

For STAR’s hardcore dijet
selection, no significant
modification to this
momentum-scale observable

Nmm: STAR Preliminary Recoil Jety p -°®" = 10-20 GeV/c 9.‘3
T 9- P Z > Zcut
% 8 # Au+Au HT 0-20% T T—‘
E = = pp ® Au+Au MB 0-20% energy angular
6 —a.-,—_g;—i,“
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e
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2k -l Zg —
i -y PT1 + PT2
o:; L PR B TR T T PR T PR | Y
0.1 0.2 0.3 04 0.5 zO.G
g

What about semi-
inclusive population?
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Groomed momentum fraction

For STAR’s hardcore dijet
selection, no significant
modification to this

momentum-scale observable

CD10 Recoil
_g 91 STAR Preliminary Recoil Jet; p_ " = 10-20 GeV/c
% 8 4 Au+Au HT 0-20%
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™ 6:
= Li & Vitev Au+Au MLL
M
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3 = |
2. R
1
= L l M " P PR | I
0.1 0.2 0.3 0.4 0.5 20.6

9

What about semi-
inclusive population?
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STAR Preliminary

Au+Au \'s,, =200 GeV
Aiet > 0.35, anti-k; R=0.4

j: 9< E;° <30 GeV
0-20% Central

20 < p"°°" < 25 GeV/c
T,jet

1N, dN/dz
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Central Au+Au zg not
significantly different than
vacuum zg for charged jets.
Will be extended to lower-pr!
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Fragmentation function

;= pT,trackCOS(r)
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107" 1

Z

No modification of D(z) observed for semi-inclusive recoil
charged-jet population in peripheral collisions (40-60%)

Will be extended to central collisions
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Differential jet shape

Gavin Salam
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B 4.0 < p>** < 6.0 GeV/c
Bl o= > 6.0 GeVic
m Total: pjss°° >1.0 GeV/c
10
41
- | [ -
107 XM=
Q
3107
410°

0 0.1 0.2
r

0.3

|
0.1 0.2

r

Constituents more collimated with increasing pr
More low-pT wide-angle constituents for out-of-plane jets

Comparison to vacuum baseline forthcoming
Work ongoing on additional substructure observables (oD, g, LeSub)
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Dijet asymmetry

Differentially selecting dijet population based on recoill jet’s
subjet opening angle, OsJ

trig recoil

_ Pt P71

p{}’ig +p {g:coil

Ay

"_ vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv --'I'|I'II'I'll'l'll'llll'll'lll"ll- llllllllllllllllllllllllllllllllll -IlrllllIIIllllllllll!l!lllllllllll‘
0.5 [ Recoil HardCore Jet 6, Selection T HardCore Dijet Selection N STAR Preliminary 0‘25'_ Recoil Matched Jet 64, Selection 1 HardCore Dijet Selection 1
T A¢ (jet, Trigger) > 2/3 1 Trigger Jetp_>16 GeV/c ] 2007 Au+Au 200 GeV [ A¢ (jet, Trigger) > 2/3 1 Trigger Jetp_>16 GeV/c
i T 1 o, LM I Recoil Jet 8 GeV/
ook HardCore Jets 1 Recoil Jetp > 8 GeV/c B 2006 p+p 200 GeV 0-20% os atched Jets 1 ecoil Jetp > eV/c
S ¢ ] anti-k R = 0.4 S 5
- r ] et -
B o450 - i + ] Ch+Ne Jets, l+R"™ < 1.0 g 015{3* g ¥ I
© r ED * * T R=0.1 SubJets 1 r [j 1
L 1 ] p+p @ +
"qc'; 0.1;* ‘ ﬁ 0 E —:-0 ¢ $ i o — Au+Au Au+Au ‘g 0 1: + a _:T+ é
IE 005 [ ] _--} § é ] [ﬂ] M o01<6g,,<02 W, i 1 ? é %
O I ¢ ] § ¢ 02<o,,<03 [ \ 1 i :
T T PR PTETE P | B ﬁ'llllllIlIIlIIlIIlIlIIIIlIQIII ] I I T e BHII‘—‘[_.]-.I‘III.III.I.IIIII.I.IlQ|“8'1\../\-
% 01 02 03 04 05 .6— —0) 01 02 03 04 05 Io,s‘ %_7 % 01 02 03 04 o .6~ 0) 01 02 03 04 05 06 07

Al Al Ay Al

No significant differences in A, for
different 0sy selections: energy

recovered within jet radius
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Summary

pp: substructure observables established; good agreement with
STAR-tuned MC, opportunity for further tuning of other MCs

pA: anti-correlation between soft activity (at mid- and high-
rapidity) and high-Q?2 production suggests suppression in yield
with respect to pp reference is likely caused by event activity
classification rather than jet quenching

Jet mass shows no signs of significant modification due to CNM

effects or potential jet quenching

A+A: qualitatively consistent picture of jet quenching
measurements at STAR indicates that partonic energy loss is
due mainly to soft medium-induced radiation

20
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The future

STAR Projection The STAR Beam Use Request for Run-21, Run-22 and data taking in 2023-35

> 13 I I L s e e s e =
E f Run 14 :9.9 nb” : 2+ .. STAR Projection y+jet: 15 < E* < 20 GeV -
. -1 - S
§ 1-2: Runs 14+16+23+25: 110 nb” E — e
£ 44k E o T “ """ [Uncertainiy projection] ™~ .
= - ] < - o .
© " ] = - T N T — 5
A II—I-II-I-II{-II{-I[{-I]—I—} 1- E} i Au+Au (0-15%) -
= - . o ; i- =
S 09F  Au+Au Vs =200 GeV, 0-20% - —- 0.3 ----Jet-fluid anti-ky, R=0.5 7
IR NN 1 : 0.2k LBT B 110 nb™" projection |
0.8 [-anti-k_ R=0.4 Matched Jets  anti-k_ R=0.1 Sub-Jets ] ' SCET 1
F 8<p  <40[GeV/c] P, e > 3 [GEV/C] ] | | | | 10 nb™ HP2020 |
o7 b e I 1 [ T T T A N A A O I
10 0.1 0.2 0.3 0.4 0.5 5 1 0 1 5 20 25 30
ch 1GeV/c
Os. P | ]

Run 14, 16, 23 datasets will increase statistical precision for jet and
jet substructure measurements, and allow for more differential
measurements (e.g. selections in both momentum and angular scales
for more homogeneous classes of probes of the hot QCD medium)
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https://indico.bnl.gov/event/7881/attachments/30176/47224/BUR2020_final.pdf

Recent STAR jet papers

e Underlying event measurements in p+p collisions at \/E = 200 GeV at RHIC, J. Adam et

al. (STAR Collaboration), Phys. Rev. D 101, 052004
- Published March 10, 2020

e Measurement of D’-meson + hadron two-dimensional angular correlations in Au+Au
collisions at , /sy = 200 GeV, J. Adam et al. (Star Collaboration), Phys. Rev. C 102,

014905
- Published July 6, 2020

e Measurement of away-side broadening with self-subtraction of flow in Au+Au collisions
at /sy = 200 GeV, J. Adam et al. (Star Collaboration), Chin. Phys. C 44, 104001

- Published September 10, 2020

e Measurement of Groomed Jet Substructure Observables in p+p collisions at
/s =200 GeV with STAR, arXiv:2003.02114
- Accepted by Phys. Lett. B

e Measurement of inclusive charged-particle jet production in Au+Au collisions at
/s =200 GeV, arXiv:2006.00582
- Accepted by Phys. Rev. C
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Recent STAR jet papers

e Underlying event measurements in p+p collisions at \/E = 200 GeV at RHIC, J. Adam et

» AY® NN ratinn Bla Y- [ ) [ ] [ ] () )/
David Stewart, pA Modification Daniel Nemes, Veronica Verkest,
of semi-inclusive jet spectra semi-inclusive zq4 pA jet and dijet UE

Session EB: Heavy lons and Jets |l Session FB: Heavy lons and Jets lll Session LB: Heavy lons and Jets IV
10:30 AM-12:30 PM, Friday, October 30, 2020 2:00 PM—4:00 PM, Friday, October 30, 2020 10:30 AM-12:18 PM, Saturday, October 31, 2020

_ Moshe Levy, jet shape
.M., pp and pA jet substructure measurements

Session FB: Heavy lons and Jets lll Session QA: Conference Experience for
2:00 PM-4:00 PM, Friday, October 30, 2020 Undergraduates Poster Session VI (5:20pm - 5:55pm)

5:20 PM, Saturday, October 31, 2020

e Measurement of Groomed Jet Substructure Observables in p+p collisions at
/s =200 GeV with STAR, arXiv:2003.02114
- Accepted by Phys. Lett. B

e Measurement of inclusive charged-particle jet production in Au+Au collisions at
/s =200 GeV, arXiv:2006.00582
- Accepted by Phys. Rev. C
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http://meetings.aps.org/Meeting/DNP20/Session/FB
http://meetings.aps.org/Meeting/DNP20/Session/LB
http://meetings.aps.org/Meeting/DNP20/Session/QA
http://meetings.aps.org/Meeting/DNP20/Session/QA
http://meetings.aps.org/Meeting/DNP20/Session/FB
http://meetings.aps.org/Meeting/DNP20/Session/EB

Backup
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Jet substructure in pp collisions

STAR has established a pp jet substructure baseline which agrees with STAR-
tuned LO MC (PYTHIA-6)

Compared to predictions from NLL parton-level calculations, R4 exhibits more
disagreement — need to understand angular scale of jets quantitatively!

T I 1 1 T 1 T T Ll T l 1 T T 1 :: T T T I T T T I T T T I :

_ Kang et al. __ STAR 3
' * STAR data S p+p Vs =200 Gev _
3 Svs. Uncert EY anti-k_ Jets, m*1+R<1.0
ok sy F Softbropz_ =0.1, =0 ]
2 = R=0.6 E
: R=0.6 I 15<p, ot < 20 [GeV/c] 1
- * 30< pT, ot <40 [GeV/c] E E
2 X == % Kk Kk * K * E
z ol Sy : e E
- K ET x E
E PR TN TN S NN TN SN SN TN (NN SN NN T SO NN SO N S EE*|*| ! | L L ! | I 1 ! || 3
A 0.2 0.3 0.4 0.2 0.4 06
Zg Ry
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https://arxiv.org/abs/2003.02114

Rg evolution

o 12F - _ T - TIAR E
o ok i‘. * STAR data I antik, Jets, *'1+R<1.0 I S ;
Q*_, i [ Sys. Uncert SoftDropz_ =0.1,=0 } p+p Vs =200 GeV
Z'Q 8F R=0.2 1 R=0.4 1 R=06 E
O 6:— 15< pT’iet <20 [GeV/c] __ 15< pT,iet <20 [GeV/c] __ 15< pT,iet <20 [GeV/c] -

D 4F 1
prd - . =1
S~ o i Q
— ] &

(®)) 12 -_ : : 0T T - §

[ — PYTHIA 6 1 T ]

o .t 3o PYTHIA 8 Monash  } ~----PYTHIA8 Monash 1 2
Q - == HERWIG 7 EEAC 1 T parton jets ’
Z-“i 8r > R=0.2 ¥ R=0.4 T R=0.6 ]
o 6F ? 30< pT’iet <40 [GeV/c] T 30 < pT’jet <40 [GeV/c] __ 30< pT,iet <40 [GeV/c] -

© 4 +
Z [ )
~— 2r T

0 0.4 06
Rg
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Semi-inclusive et spectra

2|2 = . High EA: 0-30%
Z P 1§ Trigger Jets Low EA: 70-90%
T |5 = —e— BBC,
| 210" ;_isi |¢jet _ ¢trigger| <(1/8)rm o BBC:::'
‘., E ‘g D=l
o 10 ? . - BLI%H,ghmlegh
1073 = - & —&— BBC,,0p,,
" GBS,
E) g j. il ' | ' ' ' ' .I .. ' ' ' | ' ' ' . | ' ' ' ' | . ‘[ ' f | ' ' ' ' |
ol E STAR Preliminary —&— High/Low BBC
2 p+Au,/syn = 200 GeV B High/Low p
= Anti-kt reconstructed charged jets s High'Low (B8Gro)
L igh/Low P
15 & R=0.4, |Njers| < 0.6
- 8 GeV Trigger in BEMC
o
il 7o
=
- re $_f_:!:
05 —
O : 1 | | | PR SR N SN AN W N S
0 5 10 15 30 35
ch _
pmets_raW p Area (GeV/c)

pt-dependent suppression of recoil jet yield (and trigger jet - see
backup) for both definitions of activity, more strongly for mid-n p

CNM effects / potential jet quenching in small systems?
Are jet substructure quantities affected?
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laa: PYTHIA-6 STAR v. PYTHIA-8

vairtjet: 15 < E;rig <20 GeV

R=0.2 pp reference: PYTHIA-8 R=0.5
2 — 2F trig E
R 1. 1-£<2°Geﬁ=0-5_
< g ] £ : 5
E. f 18, | 5
E_ft 03} 1 £<03
0.2r Yy +je|t Au+Au I200 GeV, IO -15%, ar|1t| -k I— 0.2 | | | | |
5 19 15 20 25 5 10 15 20 25
pT’jet[ eV/c] Pr [GeV/c]
pp reference: PYTHIA-6 STAR tune
2r i 2T 15 <E;° <20 GeV
© 1= — ©
< s 1 <
= - 1«
E_f: 0.3 1 2<C0.3
02, +]e|t Au+Au I200 GeV, Io -15%, a?tl -k I- 0.2 | | | fimi |
5 19, 15 20 25 5 10 15 20 25
PT’jet[ eV/c] PT e [GeV/c]
PYTHIA-6 STAR tune vs PYTHIA-8: Systematic (lighter band) and

statistical (darker band) uncertainties

e R=(.2: negligible change
e R=().5: significant shift in central value but consistent within other systematic uncertainties
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Jet shape background

(SRR | Z tracke€(r—or/2,r+0r/2) PT track

r)= ———
p( ) 57“Njet. ot PT jet

@ Full (charged + neutral) jets reconstructed with high-
momentum tracks and towers with p;, .. (E;, ...) > 2.0 GeV/c

(HardCore jet selection)

@ Background contributions in p(r) are estimated by placing
same-event jets (p; . and jet axis) into mixed-events.

Background jet shape, p,,.(r), is calculated and then
subtracted from p(r), accordingly

__SEjet._ _SEjet-.

\\ /
\ /
/
\

pme(T) \i:/ME tracks
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Event plane resolution

~ 0.8
> Au-Au |s, = 200 GeV, 0-80% | o
o 07 STAR Preliminary
0.6:— —— l —“—_..__“_
055 L [ i
0.4F o

0.1t TPC tracks:
-+ TPC tracks:

0.3{— points exclude the following p_ rangg%

—+ TPC tracks:
0.2+ TPC tracks:
-+ TPC tracks: 1.

Due to finite multiplicity of each event, there will be a
difference between the reconstructed event plane and

underlying symmetry plane: QUZ

Ry =< COS(”(@Dn,true an wn,reCO)) >

@ Using modified reaction-plane (MRP) method, for p.

0.20 <p_<0.5 GeV/e

0.50 < P < 1.0 GeV/c —
T +

1.00 < P, < 1.5 GeV/c ]

150<p < 2.0 GeV/c
20()<p < 20. GeV/c +

O_IllllllllIIIIIllIIllIIIIlII[I IIIIIII

associated bins | STAR, Phys. Rev. C 89 (2014) 041901(R)

- Improvement over typical EP measurements with
the TPC and BBC

0 10 20

30 40 50 60 70

Centrality %
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80 @ Peak for 20-30% and 30-40% centrality
@ Excluding track with p_ = 0.5-1.0 GeV/c gives lowest R,
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SoftDrop grooming

Suppress wide-angle non-
perturbative radiation for more =
direct theory comparison;

closer to parton-level

.- ]
- ‘momentum Tt roomed mass, M : | g
l .
+_ fraction, zq4 angle, Rg ,' 9 d i g
. Z > zCut 06
(accepted to PLB) 1 T—\

energy angular
/ threshold exponent
Approach: decluster angular-ordered splitting

tree by removing prongs which fail the criterion
__ min (pr1, pr2)

2, =
7 Pr1 + P12

We consider jets with zg > 0.1 (8 = 0)

Larkoski, Marzani, Soyez, Thaler, JHEP 05 (2014) 146
RHIC & AGS Annual Users’ Meeting, October, 2020 Isaac Mooney 30


https://doi.org/10.1007/JHEP05(2014)146
https://arxiv.org/pdf/2003.02114.pdf

Apolinario et al. 1710.07607

Utilizing subjets of smaller R

Need techniques and observables that are robust to underlying event background especially at RHIC

AL 0 5= I L l T 1 T I T 1. 1.1 I T . I "
-« B L STAR Preliminary 1
N \ = O R
' [ 3 = I -
’ . 0.4 u 8 l l H = .
. - A lll l. 7
@ 2 [ & -
S 3 o3[ 3 I - E
$ F & ]
I L8 i = ;
> < - ®? I ] 4
@ - = .
2 0.2 -
@) 2 F c [ i
" 1 [ | -
i -- :
0.1 0-20% A
i 2006 p+p Embedded in 2007 Au+Au 200 GeV i
B L I L L A A l L 1 L L l L 1 L L l A A A L l :

% 0.1 0.2 0.3 0.4 0.5

p+p Osy

anti-kr R=0.4, 20 < pt < 30 GeV/c
Constituent-Subtracted Jets

) > et al 6 (2014) €9

0ss (Ww/ R=0.1 subjets) less sensitive
Au+Au underlying event

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

* Recluster jet constituents with a smaller radius - identify regions of jet-like features within the mother jet

e Choose the leading and subleading Subjets
e Zsy = subleading pr/ (subleading pr + leading pr);

fss = AR (subleading, leading)
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|[dentifying dijets

prConst= 2 GeV/c
prtead > 16 GeV/c
prSublead > 8 GeV/c

| ardcorevets -, * Dijet selection with both leading and

= subleading momentum threshold
STAR, PRL 119 062301 (2017)

e HardCore selection removes
combinatorial jets

e Matching recovers the jet fragments/

preerst=0.2 GeV/e particles down to 0.2 GeV/c

Matched Jets

e Dijet finding introduces a bias - Let's
utilize the bias in a systematic fashion
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MC tunes

PYTHIA-6.4.28: Perugia 2012 tune.“This combination overestimates
the inclusive 1= yields by up to 30% for pr < 3 GeV/c, when
compared to the previously published STAR measurements at /s =
200 GeV [47,48]. To compensate, a single parameter in the Perugia
2012 PYTHIA tune, PARP(90), was reduced from 0.24 to 0.213.
PARP(90) controls the energy dependence of the low-pr cut-off for
the UE generation process.”!

1STAR, Phys. Rev. D 100 (2019), 052005
2Skands, Carrazza, Rojo, Eur. Phys. J. C 74 (2014), 3024

PYTHIA-8.23: Monash tune? aGieseke, Rohr, Siodmok, Eur. Phys. J. C 72 (2012), 2225
HERWIG-7: LHC-UE-EE-4-CTEQ6L1 underlying event tune3

Note: relatively stable particles are left undecayed until interaction
with the detector material in the GEANT-3 simulation. These “stable”
particles include =°,*,n, K*, Kg, K7, %%, 5% A, A, 27, 2%,Q7,QF
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https://doi.org/10.1103/PhysRevD.100.052005
https://doi.org/10.1140/epjc/s10052-014-3024-y
https://doi.org/10.1140/epjc/s10052-012-2225-5

Quark and gluon fractions

STAR, Phys.Rev. D 100 (2019), 052005

0.6

“ g9 Qo ..o most pp jet substructure @ STAR
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pp—jet+X
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Gluon jets have larger mass than quark jets (Ca/Cr = 9/4)
Majority of jets are quark-initiated in this kinematic regime
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