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What do we want to measure?’?

We want to translate an intrinsic (and unmeasurable) parton
shower to experimentally accessible observable(s)

Parton shower >

e g§>8+8 1.3 GeV
> " 2 GeV
13.1 GeV ——— [ 6.3 GV /' e
. ,‘ | ]
Gluon jet g§—>8+8 —
T 0.41 GeV
g = g + g 4.3 GeV >

8= 8+8 4 gqg s soca

Reconstructed jet

<
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Jet reconstruction at STAR

2012 pp, \/s = 200 GeV

TPC + BEMC 0.2 < pr, E; < 30 GeV ™
e Anti-kt+ Ch+Ne jets

o Nominal Ri.= 0.4, 0.6; [ 7 | + Rjep < 11§
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Jets in pp /s =200 GeV

Inclusive jet cross section
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Steeply falling jet spectra - Comparable to NLO within uncertainties
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d20/(dprdn), pb/(GeVic)

Ratio to data

Jets in pp /s =200 GeV

Inclusive jet cross section
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Unique population of jets with varied substructure!
Scales extend from jet pr = Agcp
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Parton Shower ’ < prje < ## [GeV/c]

Correlations between
substructure observables
at the first split
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## < prio < ## [GeV/c]

Hard large-angle
Parton Shower

Soft collinear Soft large-angle
Hadronization radiation



## < prio < ## [GeV/c]

Perturbative

Hard large-angle
Parton Shower

Non- Soft collinear Soft large-angle
Perturbative | \QELRELICHIFEIT, radiation
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Corrections 1n 3-D
Jet pr, 7, R,

» Correlations between z, vs. R, at fixed detector-level jet py

unfolded by iterative Bayesian procedure = U(z ,Rg) det—pr

e Since results are presented for
true/particle-level jet momentum
selections, corrections are done
by weighted sum according to

the pr response matrix

Y @ Uzp R gy,

i€det—pr

do/dp_ [mb/(GeV/c) ]

Details on systematic uncertainties available in backup
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Fully corrected results

z, for various R, at py ;. range

1
Non- P O: ¥ 0=R;<0.15 STAR Preliminary -
perturbative o - ¥ 8:13(5) = Ry <828 p+p Vs =200 GeV -
Z 8 039=Ry=0, anti-k, + C/A,R=0.4  _
> [ SoftDropz =0.1,=0
: 6— cut H
: » 20<p_  <25GeV/c :
4 o
o ¥ R B
| - X i
—> : x 3 M X :
! I I Lo AR R R T R
001 02 03 04 05
Z

g

e Significant variation from selecting on Rg

* Evolution from soft-wide angle splits to hard-collinear splits
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1/N dN/dz

1/N dN/dz,

Evolution vs. p;

z, for various R, and py

Jjet
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Increasing jet pr
has a small to mild

effect on
substructure

Selection on Rg

determines the Zg

shape - high degree
of correlation

Phase space
restrictions matter!
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A

1/N dN/dz,

## < pr e < ## [GeV/c]
## < PT jinitiator < ## [GGV/ C]

A A

Non-
perturbative

Splitting - zg4

Parton Shower

Initiator P

2 -
TaYay. v o 2
——

=

-~ J nltiatoro B

~

R

Jet Clustering N

Evolution of the splitting

observables as we travel
along the jet shower
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Corrections 1n 3-D
Jet/Initiator pp,z/R,.N

Finite detector efficiency and resolution can alter the splits
that are reconstructed in the detector

2
Particle ’
Level

\

Fake split ;
Detector , 1 1. 3 Detector

_____ R )
Level Missed split 2 Level

o Observables (D ey/initiator Zg» o) @t @ given split are smeared

e Splitting hierarchy also modified going from particle to detector level jets

Details of unfolding and systematic uncertainties available in backup
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Fully corrected results

1st, 2nd, 3rd splits for various p

Jjet
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Fully corrected results

1st, 2nd, 3rd splits for various PT initiator
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Comparisons with leading order
MC - R, for various initiator p;

1 20 < pr imitiator < 30 [GeV/c] 30 < Primitiator < 50 [GeV/c]
I 1 1 1 I 1 1 1 1 1 1 I 1 1 1 I 1 1 1 -

Anti-kR°= 0.4 jets 3 STAR Preliminary

PYTHIA 6 (STAR) Sys. Uncert. -

- = = = PYTHIA 8 (Monash)
-------- HERWIG 7 (EE4C)

X First Split =
¥ Second Split 3
X Third Split 3

-

1/N dN/dR,

e Three MC (PYTHIA 6, PYTHIA 8, HERWIG 7) models describe the overall trend of narrowing
of jet substructure for higher splits

* Availability of emission phase space depends on both jet momenta and split # - similar peaks
of Rg for third splits on the left to second splits on the right
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Conclusions

Jet substructure program at STAR aims at mapping jet
evolution at RHIC energies

Data show a gradual variation in the available phase space

e |eading to modifications (e.g. virtuality evolution) in the
observed splitting kinematics

Observe increased probability of significantly harder/
symmetric splittings at the third/narrow split compared to
the first and second splits

Subjets at RHIC allow to disentangle perturbative and non-
perturbative dynamics of jet evolution - these third and

narrow splits for our low p jets end up quite close to AQCD
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NexXt steps

* In our upcoming final results we will delve further into comparisons
1. Various handles in the MC -

Parton Shower Hadronization

PYTHIA-6 kt Lund RHIC
PYTHIA-8 Dipole/Vincia/p Lund RHIC/LHC
HERWIG-7 Angular/Dipole Cluster LHC

SHERPA Dipole Lund/Cluster LHC

2. In discussion with our theory colleagues on feasibility of
calculations

* First measurement that can potentially distinguish experimental
quantities according to a ‘time scale’ via formation time of splits
- Extremely useful in a heavy ion environment
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SoftDrop L

Grooming criterion .-

* Require subjet momentum fraction to pass - -
min(pr ;, Pr2) Zeye = 0.1
= > 7. (R/R. )
® P11+ P12 Feul KK p=0

2

1
Clustering
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SoftDrop -

Grooming criterion .-

Larkowski, et al. - -

JHEP 05 (2014) 146 =~ o
Dasqgupta et al. - <

JHEP 09 (2013) 029 - -

* Require subjet momentum fraction to pass - -
=0.1

min(pr, ;> Pr2) Zeut =
Zg — > Zcut(Rg/ Rjet)ﬂ — O
Pt t P12 p =

e With the two surviving branches (first hard split) - we
define observables that characterize jet substructure z,, K,

STAR, Phys.Lett.B 811 (2020), 135846

Clustering AW
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SoftDrop -

Extending the -
procedure S o
- - - -7 '.é.".:“:i -;
Tt

We can implement the SoftDrop procedure
throughout the C/A tree -

* Follow the hardest branch - lterative SoftDrop
nSD9 Zga Rg

Clustering
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Groomed Jet Mass

................................................................................
+ Skl RALA) RS AL LALA) LALA) RAALY LUAL LALL) LALE" ~LAL) RUALI LALA) LALA) R LULLS LALL) LALR) RAAL] AL

f === PYTHIA-8 parton jets " *|STAR

o 2
2 »
B O
Tprrrryprri

[c?/GeV]

_ ='* PYTHIA-8 SD parton jets_éf_ - PYTHIA-6 _

0.35}
|

o
(&)

0.25F

1/N dN/dM
o
A

0.15F ;

o

o ©O
g
T T

—_
g . O
T T TTT

o

MC / data

RHIC-tuned PYTHIA-6 describes data
HERWIG-7 under-predicts and PYTHIA-8 over-predicts

Mass (angularity) ~ z0* Can we isolate these two scales in jets? ;.
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Evolution of jet mass as a
function of jet momenta and radii

8|||||||||||||||||||_||||||||||||||||_||||||||||||||||_8
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P | Cut | | "O “\ﬂ “““““ 1 o~
s | R=02 | R=04 | *° —X+~"R=06 | o
6 . * \\\‘ 6 2
~N— B - = *\o RS i —
5F --.PYTHIA-8 i et e * LT e— * =0
B =i m PYTHIA_6 : "'ﬂ_‘ St '_*‘;‘ -“\‘"“"‘T\h!n :
----- HERWIG-7 ) ‘* SRS
4r __ "'\"‘_‘ﬁ*m ----- i 14
[ ---i* _*‘\‘\‘T ““““““““““ - L
sk it i — MC mass B k| Data mass 13
B ﬂ“ ‘--:|-‘-|‘H“‘ \ - - -
— ,:.L? '_“H .......... - — MC groomed mass | Pk Data groomed mass |
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Increase in jet mass with increasing pr and R is reduced with grooming -
reduces overall impact of non-perturbative contributions to jets
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1/N,, dN,/dz,

MC/Data

SoftDrop zq

_ min(pr,;, Pr2)

Pt1tPr2

* Recover the universal 1/z behavior starting from p ~ 25 GeV/c

* PYTHIA-6 and PYTHIA-8 describe data

* HERWIG-7 predicts harder splitting

N W b~ 1O

—
= T T

p+p Vs = 2oo GeV

anti-k; R = 0.4 Jets
M*'1+R < 1.0

2 STAR data
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DSys. Uncert.
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SoftDrop Rg x-swo

* Rg reflects momentum-dependent narrowing of jet structure

* PYTHIA-6 describes data

* PYTHIA-8 predicts larger groomed jet angular scale

Jet pr
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e NLL calculations (w/o non-perturbative corrections) matches data at

large jet R and pt

e Significantly worse for jets of narrow R and low pr -
tighter constraints on jet splittings
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Recent measurements of Lund Plane
and their projections at the LHC

ATLAS, Phys. Rev. Lett. 124, 222002 (2020)

ATLAS Vs=13TeV, 139 fb™, p_ > 675 GeV N 1.8§—I0 ‘bata N 'A'T,_'As" o =
7 - N {gE-® PvmiA8.230 Vs=13TeV, 139fb" =
E gg’ 1 4:_ 0 PowHec+PyTtHIA8.230 pT1>675 GeV i
- < 2% ' E A SHerra2.2.5 (AHADIC) ; 3
| P — 0.67 < In(R/AR) < 1.005
. @ ZE % 1215_ 7 SHerpa2.2.5 (String) <In( )< 3
g - — % % |E 08 =+ Herwic7.1.3 (Arlg. ord.) 3
Q. 102 =4 ‘OE" & Herwic7.1.3 (Dipole) E
N S 0.6 _—
r:+ - 2 04F i ' ! ! g §
2 = & 04E oo ? -
< ¥ e aeenn® E
§ ~ — —— — =
& N g 1.4 —=
Z = 0 2 12 p 7 § N NI
s = S o= 4B A Q 8ot +x17 Q-E
g £ 2 23 B & * é Q $F ¥ =
z £ T~ 0.8F ta .
£~ S =X g 8 E
S 01F L OB e e T
'El ,1 05— Total Syst MC Model ng - Experimental N
2 > [~ PileUp - Unfolding - Stat. ]
2 o
N BE  Opsisimeaimim bt e Ehi b rom BB R m e S T
O O — T
c
=5 [, | l l l l
0 0.5 1 1.5 2 2.5 3 3.5 4 1 1 1 1 1 1 2 1 1 1 1 3 1 1 1 1 4 1 1 1 1 5 1 1 1
IN(R/AR) n(1/2)
lll 1 1 1 1 1 1 | I M L M " A | I — A 1
107 107 10 102
AR = AR(em|ss|on Core) 7= pemission/(pemission + pc.:rore)

 Each split along the harder branch makes an entry here in the
2D Lund plane

e Comparison with particle level MC w/ varied shower/
hadronization models showcase differences
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Recent measurements of Lund Plane
and their projections at the LHC
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 Lower pt jets at ALICE (20 - 120 GeV) also show interesting
differences for large kr splits

 Lund plane integrates over splits - can we measure the
evolution of these observables along the jet shower?
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"% 0=R;<0.15 STAR Preliminary

. _ p+p Vs = 200 GeV
—* 0.15=R,<0.30 anti-k; + C/A,R=0.4

SoftDrop z = 0.1,p=0

"% 0=R;<0.15 STAR Preliminary

. _ p+p Vs = 200 GeV
—* 0.15=R,<0.30 anti-k; + C/A, R =0.6

SoftDrop z = 0.1,p=0

1/N dN/dz,
o

1/N dN/dz,

*

20=p. . <25GeV/c

_ 20<=p.. <25GeV/c
T, jet

T, jet

* No significant differences e Leading order monte carlo

In substructure due to jet models reproduce the

radius selections evolution with different
hadronization models

[ X STAR data
. Sys. Unc.

STAR Preliminary [ anti-k; + C/A, R=0.4

25<p  <30GeV/cT p+p Vs =200 GeV T SoftDropz_ =0.1,=0 ]

L — PYTHIAG 1 I
I PYTHIA 8 0=<Ry;<0.15 1 0.15<R;<0.30 1 ) 0.30 < Ry < 0.40

[ =.-HERWIG 7




1/N dN/dz,

Measure the splittings along
the jet clustering tree

1st

2nd

3rd

* Enables a study of self-similarity and
effect of restricting available phase
space for radiation due to virtuality
evolution

 Given a jet (p,jret

1st, 2nd and 3rd splits? Follow a jet
e Compare these distributions at
varying jet kinematics
* Indirect constraint on splitting
kinematics

) what are the Zg» Rg at

 Given a split (piTnitiator), what are the

Zq, Ry for 1st, 2nd and 3rd splits? Follow

a split
e Compare these at varying initiator
kinematics (direct handle on splits)
e |ndirect constraint on jet kinematics
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GEANT

PYTHIA Event > Det-event
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Particle Level Split #

Shape correction

Unmatched splits/jets

via matching criterion
N

> Unmatched shape

Split Matching done via
geometric matching

HEEEE

Trigger Inefficiency
no matching geant
__event for pythia event

Particle level shape
correction (inclusive)
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Systematic Uncertaintiles

_‘E Fanti-k; + C/A,R=0.4 ISTAR Preliminary == TowerScale var 3.8%::20 25 GeV/
8 [SoftDrop z =01,p=0 Tp+p Vs = 200 GeV Track Efficiency 4% 1<% = Prj < evic
0] —— Hadronic Correction

g 1 ~—— Unfolding

F0<R,<0.15 $0.15<R;<0.30 _ Total $0.30< R, < 0.40

Tracking efficiency : 4%
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Systematic un
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Tower energy scale : 3.8%

—_
<
N

Hadronic correction (Matched track-tower energy subtraction) :
50% - 100%

Bayesian unfolding iteration parameter : 2 - 6

Prior shape variation : Priors reweighed at 1st, 2nd and 3rd split as seen in
PYTHIA 6 vs PYTHIA 8 and HERWIG 7

Split Matching criteria: AR < 0.075, 0.1, 0.125

Variation in truth level shape correction for trigger and jet finding efficiencies
via differences observed in PYTHIA 6 vs PYTHIA 8 and HERWIG 7
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Comparisons with leading order
MC - z, for various jet p;
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o Flattening of the splitting Z, as we increase split number captured by the MC

* Small differences between PYTHIA and HERWIG seen in the first split appear to
be reduced at the second/third splits
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