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The Zoo of Jet Observables

Inclusive jet cross-section

. L. Groomed jet substructure
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_ With great flexibility...comes great responsibility
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Perturbative vs. Non-perturbative QCD

(1) Cannot test perturbative accuracy if non-perturbative
contribution is not under control
0 This requires comparison of data to analytical calculation — not a tuned MC!
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Perturbative vs. Non-perturbative QCD

(1) Cannot test perturbative accuracy if non-perturbative
contribution is not under control
O This requires comparison of data to analytical calculation — not a tuned MC!

(2) Jet quenching: Need theoretical control of pp baseline in order
to understand perturbative vs. non-perturbative modification
O This requires comparison of data to analytical calculation — not a tuned MC!

(3) Ultimately: seek first-principles understanding of hon-
perturbative physics

0 Scaling laws; new observables; real-time dynamics; ...
See talks by Moult, Lee, Sterman, Ringer, ...
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Inclusive jet cross-section

PRC 101,034911 (2020)
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Inclusive jet cross-section

PRC 101,034911 (2020)
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Jet substructure in proton-proton collisions

Non-Perturbative R 6 Fixed Ord
e —— - Jet substructure observables are
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Example |: Jet angularities

i,jet

Parameter a > 0 systematically
varies weight of collinear radiation

Almeida, Lee, Perez, Sterman, Sung,Virzi PRD 79 (2009) 074017
Larkoski, Thaler, Waalewijn JHEP |1 (2014) 129
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Example |: Jet angularities

JHEP 05 (2022) 061
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with pQCD calculations
Kang, Lee, Ringer JHEP 04 (2018) 110
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Groomed jet angularities — pp

Apply grooming procedure to remove

JHEP 05 (2022) 061

low-energy, wide-angle radiation °  EaLcE o o
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Jet grooming recovers larger region of
successful perturbative description

Larger 4 : Good agreement

with pQCD calculations
Kang, Lee, Liu, Ringer PLB 793 (2019) 41

Small 4,: Non-perturbative

See also: CMS arXiv 2109.03340
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Jet angularities — pp

Non-perturbative shape function
JHEP 05 (2022) 061

F(k) to describe hadronization S el T wone m
- O = pp Vs=5.02TeV 1 ' RIFeX?® PYTHIAS 1 ¢ |
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Test predicted scaling of F(k) with a
Universal description of data for 2 < 1 GeV

Korchemsky, Sterman Nucl. Phys. B 555 | (1999)
Stewart, Tackmann,Waalewijn PRL | 14,092001 (2015)
Kang, Lee, Ringer |HEP 04 (2018) 110

Kang, Lee, Liu, Ringer JHEP 10 (2018) 137

See also: Kang, Lee, Liu, Ringer JHEP 10 (2018) 137
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Jet angularities — Pb-Pb
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Jet angularities — Pb-Pb
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Example 2: Groomed jet splittings

How is the perturbative core of the jet modified in heavy-ion collisions?

Measure the kinematics of the two
prongs in the high-O7 jet splitting:

. 0, — angle
<\

Zg — momentum

0, is sensitive to the angular resolution

scale of the quark-gluon plasma

=
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Dynamical grooming — z,

arXiv 2204.10246 pQCD calculations from:

Find splitting that maximizes
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Soft Drop — r

8

Find first splitting that satisfies
grooming condition:

pQCD calculations from:

ATLAS PRD 101 (2020) Kang,Lee, Li, Neil, Ringer, JHEP 2 (2020) 054
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Less grooming — larger non-perturbative region
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Soft Drop — 6,

Find first splitting that satisfies arXiv 2204. 10246 pQCLD calculations from:
. . Kang, Lee, Liu, Neill, Ringer, JHEP 2 (2020) 054
grooming condition: e

Ol - ALICE 1T e oA TE T |
- 1 NP A +5 1 Dat
ﬁ Ol 12F pp (5=5.02TeV T % =R 1 e
N _ . . 1 cut Pr [ —NLL'®PYTHIAS
Z " > Z 9 . £y - charged jets anti-k 1 Syst. uncertainty I , |
) cut ] —| A 10f R=04 Iy <05 T o 1 NLL' ® Herwig7
I ch jet 1 oft drop: z_,, = 0.1 ] ]
Dasgupta, Fregoso, Marzani, Salam 1307.0007 b 8 :_ P < pT <80 GeV/C _:' , “ ++\ / '
Larkoski, Marzani, Soyez, Thaler 1402.2657 N — 1 = 1 = ]
Larkoski, I\/Iarza>r/wi,Thaler 150201719 5 - + + @ 4 + /3 ] 1 + /3 2 ]
: 1 W a I ‘ " :
af ] Yoo | -:
(9—\/A 2+ Ap? /R N 1 1 .
g y @ I 1 - ] - .
i e { .
> | L L L L | L L L l l l l l l l _I_I l l l l l l
| = 2 ——
82 |t * '
— 1___________‘_..;,.;___________: ___________________ rashlEE EEEEEEE ) o N - .
0.5 :u . : ] ) ] ) ) ] ] ) )
0 0.5 . 0 0.5 . 0 0.5 o
9 9 9

At lower jet p;, f = 2 is highly non-perturbative!
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Groomed jet radius — Pb-Pb

Starting point to understand jet quenching:

perturbative-dominated observable

How is the jet core PRL 128 (2022) 10, 102001

substructure modified - . :
: r SRR 20 : w= JETSCAPE Pablos, L =0 :
in heavy-ion collisions! | %2 - o Coucnt —Pablos Lo = 2T -
C Prbeding bcz Yuan, med g/g Pablos, L, = » .
Zg B PTleading T PT,subleading : :
L i S - — R
i el _
: p=0 :
O ! ! ! I ! ! ! I ! ! ! I ! ! ! I ! ! !
0 0.2 0.4 0.6 0.8 p 1
Wide jets are suppressed by the QGP J
P

(1) Wider splittings are resolved by the medium
(2) Suppression of gluon jets vs. quark jets —_ . ve. ¢

James Mulligan, UC Berkeley Jet Physics: From RHIC/LHC to EIC June 30,2022



Example 3: Subjet fragmentation

Cluster inclusive jets with radius R, then recluster with anti-k, with radius r

Neill, Ringer, Sato JHEP 07 (2021) 041
Kang, Ringer,Waalewijn |HEP 07 (2017) 064

ch subjet
_ Pt

ch jet
P

6/
e /
Hy;~ 7
7N
¢ ’ X
P

Diagrams from Felix Ringer
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Example 3: Subjet fragmentation

Cluster inclusive jets with radius R, then recluster with anti-k, with radius r
Neill, Ringer, Sato JHEP 07 (2021) 041

ch subjet Kang, Ringer, Waalewijn JHEP 07 (2017) 064
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Subjet fragmentation — pp

, Inclusive subjets
Measurements described well by rXiv 2204, 10270 ’
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Subjet fragmentation — Pb-Pb

Leading subjets

arXiv 2204.10270
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Subjet fragmentation — Pb-Pb

Leading subjets Consistent with hardening of distribution at intermediate z,
s o 220R1020 _ 0 Large quark-gluon differences in vacuum
33 - ALICE . :
o gl Sw=502TeV 2B e \A Neill, Ringer, Sato JHEP 07 (2021) 041
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- 10._ —
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Leading subjets

arXiv 2204.10270

Subjet fragmentation — Pb-Pb

Consistent with hardening of distribution at intermediate z,

]

Large quark-gluon differences in vacuum

As 7. = 1, the sample becomes closer to purely quark jets!
0 Expose region depleted by soft medium induced emissions

quark or gluon fraction

PYTHIA8 pp \E 5 TeV

— ant| k R 04 In’etl<1 jets from ch. part subjetr O 1—
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New path to disentangle quenching effects —

requires further theoretical work at large z,
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Summary

Understanding the transition from perturbative to non-perturbative QCD

is crucial in order to interpret jet measurements

0 Understand jet quenching effects in heavy-ion collisions

. O Test accuracy of high-order perturbative calculations

Recent LHC jet substructure measurements explore the expected breakdown
of perturbative calculations in the non-perturbative regime

O (i) Jet angularities, (ii) Groomed jet splittings, (iii) Subjet fragmentation

. 3 Provides guidance for future measurements See talks by Moult, Lee, Sterman, Ringer, ...

Will require even more attention at RHIC (sPHENIX, STAR) and EIC
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