Latest techniques for studying perturbative and
non-perturpative physics with jets at colliders

Laura Havener, Yale University
CFNS Workshop - Advancing the Understanding of
Non-Perturbative QCD using Energy Flows, BNL
Monday, September 19th 2022

Yale



Why jets?

Laura Havener, Yale University



Why jets?

QCD high momentum
scattering of two partons
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Why |ets?

Final state radiation (FSR)
Initial state radiation (ISR)

Parton shower from
QCD branching

pQCD ~In(1/R)
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Parton shower from Hadronization: quarks and gluons
QCD branching become confined inside hadrons

pQCD ~In(1/R) npQCD ~1/R
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Defined pr and R

Parton shower from Hadronization: quarks and gluons
QCD branching become confined inside hadrons

OQCD ~In(1/R) npQCD ~1/R

Jets connect the pQCD and npQCD scales!
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Jet kinematics: QCD knob

Jet pr[GeV]



Jet kinematics: QCD knob

npQCD
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Jet kinematics: QCD knob

npQCD
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https://arxiv.org/abs/1609.05331
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Radial scan: varying perturbative scale
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.034911

Jet internal structure

o ! npQCD
> t
¢ Different variables probe different scales X\
= Distribution of charged
hadrons inside the jet
Sensitive to hadronization o/

S
n . . \‘ ",
= Subjets from hard parton splittings ‘ %
AVAY
i
(\006 ‘
Q? pQCD
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Jet internal structure

‘_--— --------------------------------------------------------------------------------

= Distribution of charged
hadrons inside the jet

Sensitive to hadronization

5
............................................................

Laura Havener, Yale University



(Generalize angularities

Exponents vary aspects of QCD

LHA Width Thrust
@ O O

Multiplicity
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(Generalize angularities

a scales from pert. to np
EXpOnentS vary aSpeC’[S of QCD ﬁ
ALICE arXiv:2107.11303 /\
S 24F ALICE + / t NP o chjet
K 04 < 3 - 3 + Data P o Aa SA(P R)
/\,K K ARI © x 225 PP E_.S'OQ L 1 , 1 [ Syst. uncert;inty
— 7. o] 20 charged jets anti-ky + ==NLL'® PYTHIA8 T
B E : 1 R OlS  1gf R=04 In |<05 d ML Heria? e
. icjet 2 16 60<pT"®<80GeV/c F T @ herwig ! ALICE
D)~ N o M e a=15 R =2 (x065) § o = 3 (x0.27) ]
2 p | _8 o 12F ¥ T ™ T :
O
LHA Width Thrust — JElh & 3@ =w. 1 | N
o ——
1 @ O O _ | -
8 2 —
Multiplicity
6 ..... 01.1. A M .Of2
(94 Z’(Z

A scales from np to pert.

Laura Havener, Yale University
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NNL pQCD calculations describe data fairly well in perturbative regions

Laura Havener, Yale University


https://arxiv.org/abs/2107.11303

Generalize angularities: g/g seperation

Vary R, jet pr, A, B, x all changes the pert. to np scale!

CMS JHEP 01 (2022) 188 f

CMS 35.9 fb' (13 TeV) CMS <35.9 fb™ (13 TeV)
1:<(\l 22 [ 1 I [T T 1 | I I I I [T 1 ‘:<‘_ = T 1 | I I I I I [ ]
0| T o[ AK4 —— Data - o|T 8 Ak4 —3— Data -
o ~ Z+jet region (XZ/N = 13/5) ] Q " Central dijet region —=— tPythiad -
o 161 <P < © (X2/Nb|ns = 54/5) 7 o - <P; < °V I Herwig++ ]
q u ark A -Q E NIEO + NLL'+ NP 1 A % 6 :_ (XZ/Nbins —_ 110/8)_:
8 14F (/N = 4.1/5) = s . E
12 =" E ER— -
= - 41 E
. - - : —é— ]
Z-jet o | E e E
AE E 2 —4— == E
- - = == -
2 —= — 1 o ]
O:"""l _E_I lilll_ O_||| |=|E:Ilil_
ﬁ=2!K=1 S 3r T T | T T T 11 S 3||| | L | T T T 1 ﬁ=1,K=1
© Data total unc. \\\ Data stat. unc. © Data total unc \\\ Data stat. unc
O 2 C ] © 2 - (—
~~ B S~
g 1 #___4.—1.__. G i i e TS ST TS R T — g SOSeXS
cD E 3 EREEERZIREEE Al (D
O [ 1 [ I | | | | [ I B | | | | |
0.04 01 0.2 0.3 : 8.07 0.1 0.2 0.3 0.4 1
Thrust () Width (1))

Exposes regions where models are (more) less constrained
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Jet internal structure
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Jet Lund plane density

e | und Diagram: phase
space of jet splitting

Andersson et al ZPC43 (1989)
Dreyer et al JHEP 12 (2018)
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https://link.springer.com/article/10.1007/BF01550942
https://link.springer.com/article/10.1007/JHEP12(2018)064

Jet Lund plane density

e | und Diagram: phase Dr2 = ZPr
space of jet splitting
Andersson et al ZPC43 (1989)
Dreyer et al JHEP 12 (2018)
pri=(1-2)pr

® K7:relative transverse momentum kt = zptSin(AR)

Laura Havener, Yale University 4


https://link.springer.com/article/10.1007/BF01550942
https://link.springer.com/article/10.1007/JHEP12(2018)064

Jet Lund plane density

e | und Diagram: phase
space of jet splitting

Andersson et al ZPC43 (1989)
Dreyer et al JHEP 12 (2018)

Z pr2 = Zpr

‘ pr1=(1-2)pr
® K7:relative transverse momentum kT = zprsSin(AR)
e AR:opening angle .

In(1/AR)

Laura Havener, Yale University 4


https://link.springer.com/article/10.1007/BF01550942
https://link.springer.com/article/10.1007/JHEP12(2018)064

Jet Lund plane density

e | und Diagram: phase
space of jet splitting

Andersson et al ZPC43 (1989)
Dreyer et al JHEP 12 (2018)

e kt:relative transverse momentum
e AR: opening angle

e Formation time: how long until the
splitting occurred |
f A

Y. L. Dokshitzer, et.al. (1 — 2)ktAR

Laura Havener, Yale University

pr2 = zpr

pr1 = (1-2)pr
kTt = zprSIin(AR)


https://link.springer.com/article/10.1007/BF01550942
https://link.springer.com/article/10.1007/JHEP12(2018)064
https://www.lpthe.jussieu.fr/~yuri/BPQCD/BPQCD.pdf

Exploring phase space of QCD

Parton shower

e |solate different QCD effects like
hadronization, perturbative vs.
non-perturbative emissions, etc. and
tune MC models

e KT ~ Aqcp Separates perturbative
from non-perturbative regime

hadronizatio

npQCD soft, collinear

< In(1/AR) arXiv:1808.03689 <:

Laura Havener, Yale University


https://arxiv.org/abs/1808.03689

Primary jet Lund plane density

e Primary Lund jet plane is filled with

splittings from the hardest prong

Andersson et al ZPC43 (1989)
Dreyer et al JHEP 12 (2018)

Primary prong

Laura Havener, Yale University
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Primary jet Lund plane density

e Primary Lund jet plane is filled with

splittings from the hardest prong
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Primary jet Lund plane density

e Primary Lund jet plane is filled with
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Andersson et al ZPC43 (1989)
Dreyer et al JHEP 12 (2018)

Primary prong
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https://link.springer.com/article/10.1007/BF01550942
https://link.springer.com/article/10.1007/JHEP12(2018)064

Primary jet Lund plane density

, QCD jets, averaged primary Lund plane

e Primary Lund jet plane is filled with . VS=14TeV, p;>2 TeV

. 6 .
splittings from the hardest prong Pythia8.230(Monash13)
Andersson et al ZPC43 (1989) 5

e At leading order the emissions
populate the plane uniformly

In(k¢/GeV)

¢ Running of the coupling constant
sculpts the plane!

T

0.0 05 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0
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a (k) |
d2P=2 In(z6)d In(—) B
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P(A, Ke)  Dreyer et al JHEP 12 (2018)
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https://link.springer.com/article/10.1007/JHEP12(2018)064
https://link.springer.com/article/10.1007/BF01550942

e Recluster anti-kt R = 0.4 jets with C/A
algorithm and follow primary splittings

Lund plane measurement

from the leading prong

YATLAS
Js =13 TeV ATLAS
Jet prt(GeV/c) > 675
Max k1(GeV/c) 5 . > 135
AR 0.1 -R 0.005 - R

Laura Havener, Yale University

*charged-
particle jets

e primary
e secondary
e tertiary

01 0 -

03

Image from Gregory Soyez

e Fully corrected with 3D
unfolding in axes of Lund
plane and jet pr

10



Unfolded Lund plane density

ALICE Preliminary
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.222002

Unfolded Lund plane density

_ALICE  ATLAS  Emissions enhanced for np to
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ALICE
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Herwig suppressed relative to data for hard collinear splitting
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ATLAS Vs=13TeV, 139" p,.>675GeV
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*4t4: Regions of the Lund plane

Good agreement W|th I\/IC in most cases
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Analytical calculations

In(1/z)
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Compare to analytical all-order single log+NP calculations
Lifson et al, JHEP 10 (2020) 170 — =
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Good agreement seen in perturbative regions
Tension in NP region
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.222002
https://arxiv.org/pdf/2007.06578.pdf

Soft drop grooming

e Soft drop grooming method select on harder
splittings inside the jet to remove the soft

background contribution
= Directly calculable in pQCD

Laura Havener, Yale University

npQCD

hadronization
soft, collinear

<Z: In(1/AR) d
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Soft drop grooming

e Soft drop grooming method select on harder
splittings inside the jet to remove the soft
background contribution

= Directly calculable in pQCD
e First hard splitting:

min(Oi, Pr;) &
Ly — - —
© Pti + PT; Zg = Zeut 7 ’

npQCD

hadronization
soft, collinear

<Z: In(1/AR) d

Laura Havener, Yale University 15



Soft drop grooming

e Soft drop grooming method select on harder
splittings inside the jet to remove the soft
background contribution

= Directly calculable in pQCD
e First hard splitting:

min(Oi, Pr;) &
Ly — - —
© Pti + PT; Zg = Zeut 7 ’

e Make projections to access different
substructure variables

npQCD

hadronization
soft, collinear

L  In(1/AR)

Laura Havener, Yale University 15



Soft drop grooming

e Soft drop grooming method select on harder
splittings inside the jet to remove the soft
background contribution

= Directly calculable in pQCD
e First hard splitting:

min(Oi, Pr;) &
Ly — - —
© Pti + PT; Zg = Zeut 7 ’

e Make projections to access different
substructure variables

* Distance between subjets g, =1/az2+ a2

G - &

Laura Havener, Yale University

npQCD

@,

In(1/AR)

hadronization
soft, collinear
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SD grooming: Ry 3

Compare to NLL pQCD

calculations

Good agreement in
perturbative region

Underestimate in NP

region

bO)
33

o
Z O
(A

\ /\m

o)

©

Data
Theory

ALICE arXiv:2204.10246

Kang et al, JHEP 02, 054 (2020)

Laura Havener, Yale University
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https://arxiv.org/abs/1912.09837
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https://arxiv.org/abs/1808.07340
https://arxiv.org/abs/1908.01783

Hg VS. Z4

Laura Havener, Yale University

hard, collinear
radiation

hadronization

oft. collinear
npQCD

pQCD
hard, wider
splittings
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Hg VS. Z4

See |saac's talk today!

Laura Havener, Yale University
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Zg PQ
hard, c_:ol_llnear hard, wider
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splittings
| o=
O
©
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]
L
oft. collinear
npQCD Rg

Evolves from soft large-angle
to collinear hard splittings

—
-

1/N dN/dz,

Q0

- ¥ 0sR;<0.15 STAR Preliminary -
Y DRSSO SY  pap (5 =200 GeV :
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: X 20 < Pt < 25 GeV/c -
S :
i » _
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https://indico.bnl.gov/event/15664/contributions/67156/
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- ¥ 0=<R;<0.15 STAR Preliminary
ISRIRIR pm-mosw
¥ 0.30<Ry<0. anti-k; + C/A, R = 0.4

X
SoftDrop z = 0.1,=0

HgVS. ZgVs. splitting #

1/N dN/dz,
Co

o

See |saac's talk today!
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: X 20 < P; ot < 25 GeV/c
— 4 ¥
Z PQCD N M \'t» g
are, corin®ar  hard, wider S M —
radiation splittings | | |
. 0.3 0.4 0.5

hadronization

oft. collinear

Split order Evolves from soft large-angle

to collinear hard splittings

Laura Havener, Yale University


https://indico.bnl.gov/event/15664/contributions/67156/

HgVS. ZgVs. splitting #

See |saac's talk today!

Split order

Laura Havener, Yale University
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zZg PQ
hard, collinear hard, wider

radiation o
splittings

hadronization

oft. collinear

1/N dN/dzg

Evolves from soft large-angle
to collinear hard splittings

...and follows split order evolution
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https://indico.bnl.gov/event/15664/contributions/67156/

Measure splitting formation time

. . Apolinario et al EPJC 81, 561 (2021)
Measure different formation chien et al arxiv:2109.15318

time definitions , 4
f
te X
"7 (1 = kAR
Final state leading and sub- /

leading charged particles:
later and NP7

SD splitting formation time: ‘
earlier and pert? %

See Mriganka's and Isaac's talk today!

Laura Havener, Yale University


https://arxiv.org/abs/2109.15318
https://indico.bnl.gov/event/15664/contributions/67148/
https://indico.bnl.gov/event/15664/contributions/67156/

Measure splitting formation time

Measure different formation
time definitions

I

1
" (1 = kAR

Final state leading and sub-
leading charged particles:
later and NP7

SD splitting formation time:
earlier and pert?

Apolinario et al EPJC 81, 561 (2021)

Chien et al arXiv:2109.15318
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Highlight perturbative to NP transition!

Laura Havener, Yale University
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See Mriganka's and Isaac's talk today!
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Summary of pp measurements

e Jets are a powerful tool for study both np and pQCD

Less M Better

constrained constrained

® Precise comparisons to generators/
calculations useful to tune and provide
theoretical constraints

e MC generators analytical calculations
describe pert. better than NP regions,
still some PS and hadronization
iImplementation differences

> Grooming/higher pr better

e QCD effects still convoluted in

observables <f: In(1/AR) —

What’s next?

Laura Havener, Yale University 19
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Energy correlators:

Defined from first principles QFT,
no grooming required!

Komiske et al arxiv:2201.07800
Lee, Mecaj, Moult arxiv:2205.0314

Clear distinction between pQCD
and npQCD regions

Access hadronization transition!

See Bianka's talk today for more, including in HF!

CMS open data: not unfolded for detector
effects, experimental challenge!

See Andrew's talk today for a look
at pp simulations for RHIC

Laura Havener, Yale University

confinement transition
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O Confinement
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N 102k ¥ 3
S : + :
& i ]
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https://arxiv.org/abs/2201.07800
https://arxiv.org/abs/2205.03414
https://indico.bnl.gov/event/15664/contributions/67181/
https://indico.bnl.gov/event/15664/contributions/67181/
https://indico.bnl.gov/event/15664/contributions/67181/

Jets in QGP: multi-scale probes

QGP: deconfined state of QCD matter at high temperatures

pQCD

21



Jets in QGP: multi-scale probes

QGP: deconfined state of QCD matter at high temperatures

Jets produced early at hard

pQCD scattering scale /f{ﬂ

Propagate through
medium and interact
before hadronizing

Laura Havener, Yale University
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Jets in QGP: multi-scale probes

QGP: deconfined state of QCD matter at high temperatures

Jets produced early at hard

pQCD scattering scale /f{?

Propagate through
medium and interact
before hadronizing

Jets connect the pQCD and npQCD scales
Space-time structure of the evolving medium

Laura Havener, Yale University
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Jet quenching expectations

e Jet-medium interactions: P

) \edium-induced .
splittings

= \ledium response

= \\ide-angle deflection

é‘??n
Eloss9 > Ejoss®
= F|avor dependence
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Jet quenching expectations

e Jet-medium interactions: P

) \edium-induced .
splittings

= \ledium response

= \\ide-angle deflection

é%
Eloss? > Ejossd
= F|avor dependence

npQCD

More pQCD
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Jet quenching expectations

e Jet-medium interactions: P

\./ | ™ Medium response
=) Momentum broadening

) \edium-induced .
splittings

Jet R

= \\ide-angle deflection

v f}i}%
D
Eloss9 > Elossd
= F|avor dependence

Jet pr[GeV]

npQCD

More pQCD

22



Inclusive |et suppression

® Inclusive jet suppression over a large jet pr range

STAR Au+tAu ys,,, = 200 GeV
charged jets, anti-k ;

correlated unc.

N R - B = - N O T E .

| T, uncertainty

PYthia uncertainty 3:2%‘

©
< -+ STAR Au+Au, unbiased R=0.4
&3 + STAR Au+Au, biased
' - cecccscsccsscsscscssanccsapfenans
- central (0-10%)
p’T“:’;ad =5 GeV/c
M <1-R .
je . .-
—k
3
L%_j:__‘
(T;.J :
-1 "B . i
10°°F A ' ->~UNBIASED |
: :
|l||l| |l ||I‘|l|l|ll’ |l
0 5 10 15 20 25 35
ch
STAR PRC 102 (2020) 054913 pT,jet € /C)

Laura Havener, Yale University
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Correlated uncertainty
Shape uncertainty

ATLAS
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https://www.sciencedirect.com/science/article/pii/S037026931830995X?via=ihub
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.034911
https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevC.102.054913&v=69d0acf8

R-dependence of jet suppression

e Compare Raa at larger Rto Raa at R=0.2

24



R-dependence of jet suppression

e Compare Raa at larger Rto Raa at R=0.2

Recovery
of energy?
N
o
[l
r 3
as
- 1
r 3
as
R
A 4

Laura Havener, Yale University | lﬂ
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R-dependence of jet suppression

e Compare Raa at larger Rto Raa at R=0.2

Recovery
of energy?
ol
o
1
r 3
-
-
< . .
o < wider |ets more
r J

suppressed?

Laura Havener, Yale University | lﬂ
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R-dependence of jet suppression

e Compare Raa at larger Rto Raa at R=0.2

Recovery
of energy?
\
)
[l
r 3
A
- 1
: : : <C : :
CMS JHEP 12 (2020082 Different jet populations n& < wider jets more
ALICE PRC 101, 034911 in pp collisions? suppressed?
from Yen-Jie Lee
R

Large R
Increase in gluon
fraction at larger R?

Laura Havener, Yale University
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.034911

R-dependence of jet suppression

Varying R and pr has a high discrimination power for models

’O'T' | | | | | | | | I | | | | J . | I | | B
S 1.4 ALICE Preliminary, 0-10% Pb-Pb {Sy = 5.02 TeV — CMS O 10% PbPb 404 ub pp 27 4 pb1
nlé -Chpartlclejetsantlk|n|<09R A LA LA L i"_i"'i """""""
<10l - OO<p <1000 GeV - anti-k; In I<2
D:< L i i jet
g 1_ ------------------------------------------- C\l 1.5- _“_ -.-CMS O 100/0 _
| . < - ' — Hybrid w/ wake
% O — ¢m< — Hybrid w/o wake
T ) ] e ~ Hybrid w/ pos wake B}
0.6 ¢ | mmjé I -— MARTINI
0.4/ B 0 5'_ 1 LBT w/ showers only il
i i i |Syn = 2-02 TeV LBT w/ med. response
B YN SRR W [N SN TN SN Y SN SO TN NN TN SO TN AN NN AN NN TN SO TN NN AN TR WO N SO TN S N SN NN SN N
0.2~ |# ALICE Data JEWEL w/o Recoils
e b Mo ke 02 04 06 08 102 04 06 08 1
O-I I | | | I \ | | | | | | | | | | | | | ‘ | Jet R

) 20 40 60 80 100 120 140
P T, ch jet (GGV/C)

Lower pr wider jets more suppressed™: Higher prno R dependence:

perturbative effects dominate? convolution of effects?
*Caveat: tension at low prwith ATLAS result at 2.76 TeV Phys. Lett. B 719 (2013) 220-241
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Jet quenching expectations

e Jet-medium interactions: P

) \edium-induced .
splittings

= \ledium response

= \\ide-angle deflection

é%
Eloss? > Ejossd
= F|avor dependence

npQCD

More pQCD
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Jet quenching expectations .

e Jet-medium interactions: A 1\3@6

= 1
= \ledium response
—~

) \edium-induced
splittings

A} ’
'
4
Y q
q
’
'
4
'
q
Y q
Y
4
\ q
; S
Y q
\

\‘ “ "' ‘\
x Qe

Eloss9 > Eloss?
oss¥ = Lloss =) Flavor dependence




e Jet quenching expectations .

?

Distribution of
charged hadrons
iInside the jet

5 _
. = Medium response
E ~

= \Momentum broadening

----------------------------------------------------------------------------------------
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Jet shapes and fragmentation

Jet fragmentation: longitudinal Jet shape: radial profile of
profile of charged particles in a jet charged particles in a jet
CMS Supplementary JHEP 05(2018) 006
2.5 PbPb 404 ub™ (5.02 TeV) pp 27.4 pb™ (5.02 TeV)
.  ATLAS by let|<2.1 anti-k, #=0.4 jets A& 3__ 0 107
% | S Tf . p*>07GpV I
© 2 ® Biims - S anik ets R=0.4
: i = ~ s >2oe p¥'>120 GeV
R ‘ E ol . pi >4 Ge
1.5 PRC, 98, 024908 (208)f" = :
I S 1.51
cos AR 1 . :
Z — pT o . ‘‘‘‘‘ ". I : 1:
T  Pb+Pb, {s,,, = 5.02 TeV, 0.49 nb™, 0-10% 0.5F
A 0.5 pp.iv=5.02TeV,25pb" r
O |

- ! L o I B B
VYV

Energy transferred - i R A -

| Hardening of core: high z Soft particles are
to soft particles enhancement from quark at large angles
inside the et vs. gluons? from jet axis

Laura Havener, Yale University


https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevC.98.024908&v=aa23e4a9

Jet anqularities POTNDNLNS i ol mmmmn | owene
g _8 f@ ALICE Preliminary 0-10% Pb-Pbdata
ATLAS-CONF-2018-014 Lo VS, = 5.02 TeV @ a=1 4a=2 7
T T - _b.ﬁl Ch.-particle anti-k jets m a=15 $a=3
ok ATLAS Preliminary - w0erttBoove o ppama
- Pb+Pb 0-10% - Ppesyst.uncert.
K K ARi 21 1.5 — :
— ZZ‘ - 126 <p_< 158 GeV - -
p= LA (R s | T - :
i€jet O gl — — — — — — — — — — — _~ :

. L ] 0.5 :_ @ ® ® ® ° o —: 80- .o

e |ittle to no modification of £~ - £|°

jet mass (~a =2) 0 005 01 015 02 _ _
<7 o, < i

e |nsensitive to medium effects or cancellation of effects?

e Momentum broadening:

> Inside cone->larger mass e Larger jets more modified->
> Qutside cone->smaller mass smaller mass

Laura Havener, Yale University


https://arxiv.org/ct?url=https://dx.doi.org/10.1016/j.physletb.2017.11.044&v=0bea9dff
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-014/

Jet quenching expectations

------------------------------------------------------------------------------------
4

Subjets from hard
parton splittings

) \edium-induced .
splittings




Lund Plane: space-time structure of QGP

In(kT)

pQCD

npQCD

< In(/AR)  @rXiv:1808.03689 —

vener, Yale University 29


https://arxiv.org/abs/1808.03689

Lund Plane: space-time structure of QGP

1: Qutside of medium

e Formation time: wider jets formed
earlier experience more medium

1
tf ~ n
pQCD
Y. L. Dokshitzer, et.al. (I — 2)krAR

< In(/AR)  @rXiv:1808.03689 —

Laura Havener, Yale University Early times Late times 29



https://arxiv.org/abs/1808.03689
https://www.lpthe.jussieu.fr/~yuri/BPQCD/BPQCD.pdf

Lund Plane: space-time structure of QGP

1: Qutside of medium

2: Decoherence

3: Coherence

e Formation time: wider jets formed
earlier experience more medium

1
fe R~
Y. L. Dokshitzer, et.al. (I = 2)ktAR

< In(/AR)  @rXiv:1808.03689 —

Laura Havener, Yale University Early times Late times 29



https://arxiv.org/abs/1808.03689
https://www.lpthe.jussieu.fr/~yuri/BPQCD/BPQCD.pdf

Lund Plane: space-time structure of QGP

1: Qutside of medium

2: Decoherence

3: Coherence

4: Medium-induced splittings

e Formation time: wider jets formed
earlier experience more medium

1
tf —
Y. L. Dokshitzer, et.al. (I — 2)k7AR

In(1/AR) arXiv:1808.03689

—

Laura Havener, Yale University Early times Late times 29


https://arxiv.org/abs/1808.03689
https://www.lpthe.jussieu.fr/~yuri/BPQCD/BPQCD.pdf

Soft drop grooming: in-medium

Removes NP effects to focus on In(kr)

hard structure modification
Removes some of the

physics signal

Perturbative regime under
better theoretical control

In(1/AR)

Laura Havener, Yale University
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Soft drop grooming: in-medium

Removes NP effects to focus on In(kr)

hard structure modification
Removes some of the

physics signal

Perturbative regime under
better theoretical control

R, = \/ An? + Ag? ; N :I

Resolution length of the QGP?

In(1/AR)

Laura Havener, Yale University



Jet splittings: A,

Laura Havener, Yale University
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Resolution length of QGP?
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Jet splittings: A,
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Jet splittings: A,
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» Modification with large angle suppression (harrowing core)
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Substructure with subjets

See |saac's talk today!

e Recluster constituents of R=0.4 jets into r=0.1 jets HSJ — A Rl )

@&
)

e Find the leading (1) and
subleading (2) jet

Laura Havener, Yale University 32
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Substructure with subjets

See |saac's talk today!

e Recluster constituents of R=0.4 jets into r=0.1 jets O.. = AR
S] T 1,2
HardCore Di-jets
Trigger Py > 16 GeVic
Recoil Pyt > 8 GeVic Au+Au, p+p Wu = 200 GeV
Recoil Matched Jet 6, Selection Sy Wjo 8 5.5y S Bp W 5
A6 (jet, HT) > 27/3 m R, <10
e Find the leading (1) and LR L L L N
subleading (2) jet " B Ausu T o A

il Mo0.1<6,,<0.2 { ¢ 02<0<u.o

J
O
N
'Vl’l'
—il—

evi

No modification with angle

ev

(1/N )dN /dA
o
o
|
L F
—-
—-{}
= =
{
Sea.

=
T
-l
g =1
-
|
R
<p—

o | 0.05} o ? é + -

e Contradiction with LHC? ; 5
RHIC later formation times? " 25 04 08 o - o 4 -
Matched |AJ| Matched |A |

Laura Havener, Yale University STAR PRC 105, 044906 (2022) 392
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Jet axis

collinear radiation soft radiation

groomed-away radiation

ARy =1/ 02 = 3? + (92— 91)?
WTA

Groomed
"

Standard
=

P. Caletal., JHEP 04 (2020) 211

¢ Interplay between np
medium response and
hard core modification

> Not sensitive to grooming: does not

change jet direction

o| 5 SO ALICE Preliminary M Pb-Pb0-10%
c o 0 pp
© g 40 - VS = 902 Ldd Sys. uncertainty
- Ch-particle jets, anti-ky
e - —— WTA - Standard
301 _ l —® WTA - SD (2. =0.1, f=0)
N | D%‘g —m— WTA - SD (z_,=0.2, 8=0)
20~ & 1] 40 < p2'* < 60 GeV/c
- = R=02 |y |<0.7
1O:H i
=
o 0O i
g ': 1 1 | | 1 | i ) 1 i ¥
Q -
_Dé_o. 1.5* . .
Bl
N -l-l.--.- ......................................... E
! |
E " g B
s -
0 002 004 006 008 'R 0.1
—_— Al age

-~ ~ -y P

» See narrowing effect unaffected by soft contribution

Laura Havener, Yale University



Summary of HI measurements

1. Narrowing of hard core observed for pQCD sensitive
observables

2. Softening and broadening observed for more npQCD
sensitive observables

3. Some observables show a cancellation of effects

All observables have a “survivor bias” where we are
looking at less quenched, more perturbative jets

Are in-medium splittings groomed away?

Whats next? need observables that are sensitive to both np and
pCQCD effects BUT have a clear separation of scales

34



Accessing formation time in HIs

Apolinario et al EPJC 81, 561 (2021)

Instead of C/A (p=0) reclustering,

O
N

IIIII
iy

: 1
— - 2
use t algorithm (p= 0.5) d; ~ pr?® ~
Tform

1.8 —
- et < 1 fmic () oo ot < 1 fm/c (C/A) ---- M <1 fm/c -
18— ¢ > 3fmic () — T > 3 fmic (CIA) — T, > 3fmic 3
1 4 — Inclusive .
[ JEWEL+PYTHIA (PbPb) Recluster: Generalized-k. .
1.2 :_ \San = 5:02 TeV, Anti-k_R=0.5 Soft-Drop:z_ =0.1, f=0 _:
= = .
o 1 N e
% § :-'_Lmﬁ H I='=I = ﬂ .
Qm 0 8;|—|_:|_ I - L =
0.6 —
0.4:_ . '—.—l—.‘_.-._ ' I i ‘—.—I- ---I'-- I ‘_|_|—|=--'-- L
_'__'_l— ---------- 2 F b --L-I afe '.4;.. ;“I.“‘.-..-i.d-;lr-!-.':l'.': 'i:
o svvivitvaiior eCL DELT LUEMRRA RS B p it Rt T

P00 150 500 250300 350 400 450 500
p_(GeV)

Directly access time-ordered information may

better separate medium interactions

In( k)

In(1/AR)
Early times

n/

te &

1

(1 — 2)krAR

Late times
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Energy correlators: new HI observable?

Clear distinction between perturbative and npQCD regions
Less sensitive to soft physics, may be more resilient to background?

Hadrons ‘7®Confinement
— /= = 5 _Partons

No soft drop required: access ol ] s
all aspects of the jet evolution w - \ S
in medium including in- s
medium splittings? c_é

S

See Carlota Andres BOOST
talk for first look

Laura Havener, Yale University
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https://indico.cern.ch/event/1144064/contributions/4940403/attachments/2494193/4283576/andresc_boost2022.pdf
https://indico.cern.ch/event/1144064/contributions/4940403/attachments/2494193/4283576/andresc_boost2022.pdf

Conclusion/Outlook

e \/ast array of results in pp and Hls that access both npQCD and pQCD

> Only scratched the surface: see recent BOOST conference for more!
> Many observables for HF jets as well, dedicated HF day tomorrow!
> Open questions to understand and constrain models in pp and HI

Future: Complementary, parallel programs at RHIC and LHC will access uncharted regions

of the QCD phase space

i
&) Brookhaven  SPHENIX turns on| SPHE®
v STAR upgrades

EIC: precision QCD
measurements in a
cleaner environment

Today 2023 — ——2025
2022 — — — — — — 2025 2030s Time
LHC Run 3 started! HL-LHC: continued HI and
pp and HI data QCD program, ALICES3 and

other detector upgrades

Laura Havener, Yale University
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Backup

Laura Havener, Yale University



Perturbative and non-perturbative QCD

e Qu tum Chr odynam s (QCD): theory of the sfrong interaction

Quarks and gluons typically confined Asymptotically free (deconfined)
Non-perturbative QCD (npQCD): low at high energies!
energies Perturbative QCD (pQCD)
CMS
@ V.24 CMS Incl.Jet, Vs = 8TeV, o (M) =0.1164" "
[ 5 m —e— CMS Incl.Jet, Vs = 8TeV ‘
s 0.22— | —=— CMSR,,, (s=7TeV
m N CMS Incl.Jet, s = 7TeV
@ @ 0.2— \{ —=— CMSHt, /s=7TeV
| | = LA CMS 3-Jet Mass , \s = 7TeV
\ / 0.18— Y | —&— DO Incl.Jet
\ @ — | \s\ D0 Angular Correlation
N 0.16 — R a— Hi
. N —a— ZEUS
0.14] - RgY ~ - = World Avg ag(M,)=0.1181 = 0.0011
0122_ [ ¢ o..‘\
Not analytical, = arXiv:1609.05331 S~ Calculable using
needs lattice QCD  ,05F perturbation theory
_5| 6I%8“1|0 2IO 3IO 410 - li(I)O 260 360 — l1I0|0(') ZOIOO
Q (GeV)
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https://arxiv.org/abs/1609.05331

Generalize angularities: g/g seperation
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quark
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Laura Havener, Yale University
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Vary R, jet p1, 4, B, x all changes the np to perturpéﬁve scale!

CMS JHEP 01 (2022) 188
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charged

1 (5) AK4, [120, 150] GeV,

groomed

Exposes regions where models are more and less constrained


http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-010/index.html

<, Analysis procedure .- =+ =
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Regions of the Lund plane

Agreement with MC ~10% in most cases

<

A: wide splittings

k- (GeV/c)
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B: collinear splittings
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Significant suppression of MC compared to data for hard collinear splitting
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ATLAS

EXPERIMENT Wider angles Harder splittings
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.222002

MC generator comparisons

e Different MC generators have different implementations of the
parton shower and hadronization

Parton Shower

PYTHIA8 I\/Ionash

CPC 178 (2008) 852-867

Herwig 7 Angular ordered 601>02 > 03 > 04
LRICTBRUIBYA, IO s
Sherpa (AHADIC) Dipole shower 1 parton -> 2 vs. 2 partons -> 3
JHEP02.(2009) 007
Sherpa (Lund) Dipole shower dipole >

dipole split
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https://arxiv.org/abs/0710.3820
https://arxiv.org/abs/1512.01178
https://arxiv.org/abs/0811.4622

Hadronization models

(a) ', (b)

Lund string: long distance limit of npQCD Cluster: perturbative limit where partons
where partons are connected by QCD flux that are at energies above hadronization
tubes, or strings (lattice QCD) scale are grouped together like in a parton

shower in color-neural clusters (pre-
confinement)



Heavy-flavor jet tagged Lund plane

e | und plane for D%-tagged (charm) jets compared to inclusive jets

e Dead cone effect: suppression of
emissions from a radiator (quark) with, *

Cunqueiro, Ploskon PRD 99, 074027

4 Relative ratio to gluons and light flavor quarks

10 20 30 40 50 60 70 80 90 100
(GeV)

400..

Laura Havener, Yale University

Eradiator
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m m= m#0 Dead cone angle: Bo = m/E
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E q ..\_‘ / \\
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N . e . \
. / Fully reclustered jet |

— Charm quark
*  Gluon emission vertex
~~~~~ Emitted gluon
g,>86,> ...>0;

ERadiaiw;I > .2 ERad;‘awl;5

/
\  Dead-cone effect
Gluon emissions are
suppressed in & cone )
with Odc - mq./IERu:liutur /’/

e EXxpect a suppression at small
angles for heavy quarks


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.074027

SD grooming variables

Modifications to splitting function? |
MINP71.P72)  In(ke) kTg

Pr1 + P

Z:

Resolution Iength of the QGP?

2
v R _\/An Adp
'

In-medium Moliere scattermg’?

~ ZgptHg '
ﬂ kr
Y In(1/AR)
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SD grooming: zg

e Dependence on grooming (f) measured:

SN
» Useful to constrain °
pQCD calculations and

non-perturbative effects™

Data
PYTHIA

*arXiv:1908.01783v1

Laura Havener, Yale University
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https://arxiv.org/pdf/1908.01783.pdf
https://arxiv.org/abs/1912.09837
https://arxiv.org/abs/2204.10246

Dynamical grooming

e First measurements using dynamical grooming in pp collisions
a~0:zDrop a=1:ktDrop a=2: TimeDrop

ALICE arXiv:2204.10246
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> Grooming methods
converge at high At

1

> Data well described by Pythia in pert. region

Laura Havener, Yale University


https://arxiv.org/abs/2204.10246

Compare to analytical calculation

e First comparisons to analytical calculations at LO+N2DL+NP accuracy

Caucal, Soto-Ontoso, Takas, arXiv:2103.06566
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ALICE arXiv:2204.10246

Al

-

-

ALICE

pp ¥s=5.02TeV |
charged jets anti-k; 3
R=04 | njetl <0.5

60 < pg"jet < 80 GeV/c
dynamical grooming

e o — - -

> Once the analytic result was corrected by a phenomenologically
determined non-perturbative factor, good agreement with the data is found
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https://arxiv.org/abs/2204.10246
https://arxiv.org/abs/2103.06566

Lund plane: dead cone effect

H LIC E 50.37 030 025 020 0.17 0.14 0.11 0.09 0.07 0.06 0.05 10°
o il Bl A A BAES RAL EARS RELN RERDRER"
x pp Vs =13 TeV 8
< D” in charged jets, anti-k,, R=0.4 .
. ALICE arXiv:2106.05713 In,l <05 2<p] <36 GeVic T
e | und plane for D°-tagged (charm) jets covsasbonces s<ph <soGavie J1

compared to inclusive jets

® ALICE Data - - - PYTHIA 8 LQ / inclusive
no dead-cone limit

— PYTHIAS > Significant suppression at

_ .. SHERPA LQ/ inclusive

—— SHERPA L
nodeadconeimit @ (rad) ~ SMall angles!
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iy < ERagiator < e | | 8 1.8 pp {s=14TeV (200 pb™, B’, B) E
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8 14 =
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- S 4ok 10 <ED,..o, < 20 GeV -
1 | A ——— :
perieadnatrack > 2 8 GeVle b —kr>2*Aqgp
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E 0.8 B —ky>Agep/2 -
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https://arxiv.org/abs/2106.05713

High temperature QCD

e Deconfined state of quarks and
gluons: quark-gluon plasma at
high temperatures

e Study dynamics of phase and
confinement transition with heavy-ion
collisions at colliders

Laura Havener, Yale University
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Flavor dependence

e The energy loss by quarks is predicted to be less
than the energy loss by gluons

See talk by Sebastian Tapia Araya

2018 Pb+Pb 1.7 nb™, 2017 pp 260 pb " ° Q k . _t d h I
SIS I AL I AL I AL LR BN BN
1 -E---E-"E----— .- -, - .- S-S - - - -— - -—-———-—— - —_— L]
2 Q=——tn structure than gluon jets
0.8 '_"' & C I r + ] + ] o N
o o ¢ ® ‘ ;
< 06 o iz = = w ] ® —
o ) ~~
o - a8
- PLB 790 (2019) 108
i I[nc. ie-i (2019)108] v-jet | Q
0.2 |—anti-k; R = 0.4 jets 6= 0-10% “m 0-10% _ Z
- p! > 50 GeV, n'| < 2.37 4 10-30% -
" %) < 2.8, Ao(y.jet) > 2 +30-80% O
0 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 v
60 80 100 120 140 160 C
v-tagged jet p_ [GeV] -
ATLAS-CONF-2022-019
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R-dependence of jet suppression

e Tension at low prwith ATLAS result at 2.76 TeV  Phys. Lett. B 719 (2013) 220-241
From G. Roland ECT™ slides

e Converge to CMS

. a\ 18_ T T T T T T | T T ] T T T |

result at high pr cwms arxiv2102.13080 = - SPHENIX BUP 2022 -

: _ < 1.6 0-10% Au+Au, Years 1-3 —

o Differences: o : & 62 pb-' samp. p4p -
L [ O~ -

* Rcrvs. Raa Center-of-mass, 2. ' L] | [+l cinbirec Aurhu

. - . ~— . -O=_A_ | —

rapidity, charged vs. full jet S 12F < ol 1 —

e ALICE track prabove 150 GeV, 1i_,+..|.+. ...................................... T -

ATLAS calorimeter towers from - .

— jet —

. . - Lo L9 —— ALICE R =06 -

e Background subtraction: region e " o -

_ _ - -~ ATLAS R™ =05, R, -

with large HI background is 0.4 o CMS R = 0.6 -

. ' B o] . . e |

challenging! 102 ‘ 10

Py [GeV]

e sPhenix will measure this region and be less background dominated

Laura Havener, Yale University
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Jet shapes and fragmentation

o Jet fragmentation: e Jet shape: radial
longitudinal profile of
charged particles in a jet

profile of charged
particles in a jet

'l
r ch
: (AP 1 1 z jets zt1rac:ks€(Ara,A1’b) Pt
p(Ar) =
. ch
or ]Vjets zjets ztraCkSEArﬁl Pt
we 7

Laura Havener, Yale University



Boson-taggea jet structure

e Boson-jets dominated by quark jets

e Boson tag provides approximate initial momentum

of jet (no energy IOSS) sy = 5-02 TeV p_ > 60 GeV/c
® Photon-jet ® PhO’[Oﬂ-jet Shape: PbPb 404 ub | anti-k., jetR=O7.3
: 27.4pb”"  p° >30GeVic, A¢p >
fragmentatlon PRL 123 (2019) 042001 p? | Ipl | pT > | |e| C |¢JYI> 8 - o
§1 L  ytag ('p?'r;'so-ma GeV., ﬂft'=65-1214 'Gév')'_; -CMS Cent. 0-10% - Qualltatlvely similar
5 15 o ggté,Ti.oz TeV, 0-30% Pb+Pb / pp _; A& 3 i Supp/ementary _ behaVior tO inclusive
2 1 45_ Inclusive jets (p’ft=80-110 GeV) E \: - -
T F —'—+ g Data, 2.76 TeV, 0-10% Pb+Pb/ pp 4 - M Data
g . 1~ I SCET, Chien-Vit '
= = len-vitev :
11'215 E = 2 i !LBT . 1 Except high z
ha | i enhancement
— - - .
0.9F 1 = 1 disappears?
0.8 . = _
- Pb+Pb 0.49 nb -
0.7- y .- e ' ] S E R R

10*@ 107 W 1 0 0.1 0.2 0.3
I

Laura Havener, Yale University PRL 122 (2019) 1520



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.042001
http://dx.doi.org/10.1103/PhysRevLett.122.152001

Jet Spllttlngs Zg 7, — mn (P Pry)

Vs, =5.02T=V, pp 27.4 pb', PbPb 404 pb’

— : : : : : : , : S -l""III"'l"'I"'ll"l'l-
Sy I o o0 ALIGE \'s,, = 5.02 TeV - : CMiata e | 5k -
o 10" mPb-Pb30-50% Charged-particle jets - * 010% o E‘?Sh? G?\)’_:’fm'L=5fm :
—| & : Sys. uncertainty A =0.4, | ‘I}jetl <05 2 T —JEWEL _._ 1'93 e -
VS. ° 8§ 002 P, e < 90 eV Z T & - 4 Gevim
: Soft Drop z.,=0.2, f=0 - P, -y  coharent
6 i_ fpp o8 fAA oss B 8 | (GeV) * ~ incoherent
mgeed T VY Tagoed TV a 1 | 140-160 "gre e ®
.9 _ O
Modification of splitting function® N S ol g
I o
o
| : : 1 . | 0 . 9
i Pablos, L 0 i "
L ablos, L = - ;
&l 140 WJETSCAPE 1 papios, L. = 2ixT ; ! Y
C - ==Qin W Pablos, L. = oo . * K
> L . ; 'f' 1.2~ - - s,
OW pPr: no Significant - = :
s . . 10— :=eme N e
modification, mostly consistent 0al . -
. O : | antik, R=04, n_|<13 e
Wlth mOdelS 0.2 N 013 - 014 — SoﬂDrop: B=0, zI =0.1, I.:\R,z>ol1 |

» High pr: hint of suppression at PRL 128 102001 2
high zg ( <: 4RL120 142302 (2018)<

ALICE: low pr, z2wt=0.2, CMS: high pr, Zeut=0.1,
unfolded smeared
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https://arxiv.org/abs/2107.12984

Jet splittings: narrowing?

» Narrowing reproduced by models with different implementations of jet-medium interactions

» Model 1: role of color coherence? Pablos et al JHEP (2020) 044 . 40_ 005 01 015 A,
3|2 S ALICE \s,, =5.02 TeV -

o 397 4pPbPbo_i0% Charged-particle jets
—| = 3° Sys. uncertainty H=0.2, |n |<0.7 i
2 - jet .
-Lres = %, cOherence o - 60<p. . <80GeV/ic -

25 n m N T, ch jet
res = U, decoherence 23_ + Soft Drop z_,=0.2, =0 E
15 + g Fineq = 088, fro s = 0.89 E
g I . AV -
1=¢ e >
05— 5 ALICE ]
: | ) | 1 \ ) | - 1 B
0 B 1506 ' >auca i
D|' Q. 2. -FJ’;:);;(SA;L =0 %an. I&L -5 GeV’ i
. . . i o - Eag:os, Em = :2,’37' xuan. mequ,’ g )
> Model 2: coherence with changing g/g fractions? - ablos, L2 =" —<vuan quar _:
Yuan et al arXiv:1907.12541 - L -
-quark onl _

<: _arXiv:2107.12984 <

Laura Havener, Yale University


https://arxiv.org/abs/2107.12984
https://arxiv.org/abs/2107.12984
https://link.springer.com/article/10.1007/JHEP01(2020)044

Jet splittings: Ry suppression

A

-

AV

Resolution length of QGP?

\
&7 -

o ATLAS measurement at higher pr

e Absolute suppression with RAA instead
of per-jet, differential in pr

» [ arger Jets are more suppressed

Laura Havener, Yale University
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-026/

Jet splittings: hardest krq

> Hybrid model: role of Moliere scattering?

-without Moliere —
\ kt 100 W 1
-with Moliere \) [ ALICE Preliminary
_ [ - PP, Pb—Pb \/SN_N — 502 TeV .
—_ Bl = Anti-ky ch-particle jets -
= e R=02 |nu| <07 ]
Pablos et al JHEP (2020) 044 c = 60 < pr oy e < 80 GeV/c
£1o7! s
Y . : e
» Not sensitive enough to distinguish z g
A !
models yet 2 |4

ol -+ 30-50% Pb-Pb +
10_2; Soft drop z.: = 0.2 g
1.5P::::{:¢f:::##:}::T2}:¢:§=3§3§§f}
" o 1‘
) g & 1.0;" “““-«.ﬁ_ ‘‘‘‘‘ t— T *
» Hint of enhancement at small k1g-> i w/ wake | — B
. : : : 0.5L f Hybrid w/ wake + Moliere
consistent with narrowing picture? LIRS A {

Te ev/C
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https://link.springer.com/article/10.1007/JHEP01(2020)044

Jet splittings: large R trimming

e Combining R=0.2 into
R=1.0 jets removes
energy radiated
between subjets

. I

-

€
©

Recluster with kt algorithm to access kr

How hard is the resolved splitting? v/d12 = Pr2ARy;

<{p v

e Jets with a substructure more suppressed than

jets without (single subjets SSJ)

Laura Havener, Yale University
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_ ¢ 0-10% _
B 10-20%
A 20-40% _
+ 40-60% :
60-80% :
] =
T I
s : '
AR
+
 AA A A 4o 1 . B
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-054/

Groomed jet angularities

e Class of IRC-safe observables to summarize all substructure

i ' ' ' ' ' ' ' ' - , > > - . . y
K Bl S - - 1400 . T L |
K o|l= 18 ALIGE Preliminary Silee T OORIE = fx 3 i ALIGE Preliminary 0-10% Pb-Pb data
0\ /\ T - y5,,=502TeV ® =1 jpa=2 - O B - 502 ToV 1 . -
p s 16%  Ghoparticle antivk, jets =15 a=3 - © qgrk  Yow=S02Te 8 &=1 o=
( D)Z e : P T) W a=10 6= ] 1=z E  Ch-particle anti-kr jets m oe=15 $a=8 3
, . Pt 14 .jil;' A= D‘g:idl TImI < 07’ Pb-Pb syst. uncert. _: 0 : A= 0.2‘- | ,?etl <0.7 Pb-Pb syst. uncert. =
_.;f+ 40 < po < 60 GeVic ¢n  ppdata . 40 < p:' H < 80 GeVic ¢y pp data [
| 12 b 7/ pp syst. uncert. SD:z,, =02, =0 2, op sysl. uncert.
LHA Width Tl 10E & - o
1T @ © O - v
8- ¥ =]
Multiplicity 5 L4 0% sl
—? i { > ﬁ [ L]
1 2 4 % ///////f@/x//////:
2 E VAL :f]'///////,.//,
- = |
ﬁ -
K __ E ZK ARI f ; |
ﬁ o i Lo :
icjet R @ 2 .
1.5
Related to jet shapes: 1 :
: : o L
Angularity (girth) g a=1 0.5 . |
0.4
~Mass a=2 F

e (Grooming reduces systematics and reveals narrowing feature
» (Frooming reduces intra-jet broadening and recoil effects
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Jet axis: model comparisons

> Hybrid model: role of Moliere scattering?

-without Moliere

> Model: coherence with changing g/g fractions?

-medium qg/g

Laura Havener, Yale University

Pablos et al JHEP (2020) 044

Yuan et al arXiv:1907.12541
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https://link.springer.com/article/10.1007/JHEP01(2020)044

Jet charge: g/g fraction modification?

e Jet charge sensitive to electric L 1 1 1 ?
charge of initial parton Q" = et Z qdiPr;
Pr iEjet
e Fractions in pp and Pb-Pb similar -> q )
no modification of gluon fraction?
CMS pp 27.4 pb™', PbPb 404 ub™ (5.02 TeV)
anti-k. R = 0.4 jets, pjft >120GeV,In_1<1.5 k¥ =0.5
- I I I I I + | | | | | -
C - o
-f_,-)’ o8l PP =& Data 1 0-10% PbPb
g | -- PYTHIA6 |
e Possibly indicates that narrowing iIs §0_6= ----- g - & - & - e -4 --
due to decoherence effects! %’ | i $ b
e |s this measurement sensitive to §0_4'_ 1 _
same effects as jet mass? ol [ CMS JHEP 07 (2020) 115
| | | | | | | | | |

1 2 3 4_5 1 2 3 4 5
Track P thresh. [GeV] Track p_ thresh. [GeV]
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http://dx.doi.org/10.1007/JHEP07(2020)115

“Survivor Bias”

C. Nattrass recent talk at INT

Comparing final modified Pb-Pb jet to
unmodified pp jets instead of comparing the
initial unmodified jets

“Survivor bias” where at a fixed pr bin we are
left with less quenched narrower jets

>

PP

Pb-Pb

Pt

Cole, Spousta EPJ C76 (2016) 50 Brewer, et al PRL 122, 222301
Caucal et al JHEP 2020, 204 (2020) Brodsky et al arXiv:2009.03316 | | N |
Final energy selection Initial energy selection
J'U. ........................ I,n.c ].U.Si.v,e m ;( J.h, .-. ........................ I,n.c ].11.5{.‘;,'? m X — -.
] ] L ] Xin=<(.90 mawm Xin=<(.90 mawm
e Selection on the initial instead of
final energy removes narrowing 350 5% R=0.4 1 Red: unquenched jets
. . _334 pp Jel pr = 200 GV . )
effect for more quenched jets in : | Blue: quenched jets
r 1.5 1
hybrid model :
< 10]
U.J."
' PbPb Jet pr > 200 GeV PbPb Jet pr > 100 GeV
& prfyp > 200 GeV
Du, Pablos, Tywoniuk, JHEP 21 (2020), 206 Rg Rg
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https://link.springer.com/article/10.1007/JHEP03(2021)206
https://arxiv.org/abs/2009.03316
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222301
https://link.springer.com/article/10.1007/JHEP10(2020)204
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https://www.int.washington.edu/talks/WorkShops/int_21_2b/People/Nattrass_C/Nattrass.pdf

Jet substructure at RHIC

e STAR uses a HardCore selection to

suppress the background

e Then matches to original jet to

recover constituents

0.25 .
i pS'>2 GeVic; ps“>0.2 GeV/c, Matched:
- © p+p HT @ Au+AuMB O p+p HT @ Au+Au MB
0.2 o Au+AUdHT ® Au+AuHT
c - Au+Au, 0-20%
§ [STAR | g, 41 '
T 015 5 * Anti-k,, R=0.4
T " ' O Cut
™ - : * With p_>2 GeVi/e:
= - ; ’ p_ >20 GeVic
" Thox
¢ 0.1 g: 4 P, .. >10GeVic
uJ : E t + S »
5 o | :
e 3 ¢ V¢
b ¥ L}
8 . : s ®
o =1 PR - 1 = A Q. | BN | %
-0.2 0 0.2 0.4 0.6 0
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HardCore jets
preonst > 2 GeV/c
prlead-iet > 16 GeV/c
pTRecoll-]et > 8 GeV/c
Geom. ma?c_:pi»n_g 15-
o
a 5
Geom. matching

e HardCore jets are imbalanced and
matched jets are balanced

Matched jets
preonst > 0.2 GeV/c
AR (jet, HC-jet) < 0.4

<< ngh tower trigger

STAR, PRL 119 062301 (2017)




Jet splittings at RHIC

e Higher quark fraction could help resolve question about the selection bias and gluon
suppression

o Lower jet pT will allow us to study ':';'C ALICE CMSIATEAS W
different phase space . Vacuum _]
e Caveat: RHIC later 8 — 0=0.1 E
formation times 2Bl | seese 06=04
ST o sup e vew'a £ s — §=2GeV¥m -
% 10 —— JEWEL 2.2.0, T =260 MeV = P“- -
5 - P > 40 GeV, z,, = 0.1, =0 4 -1
< - — — " pip 3
- o Au+Au (0-10%) 3 -
— — =
L —— —— .- E
—— 3 1 —:I
- - © 5 10 15 20 25 30 35 40 45 50
01 015 02 025 03 035 04 045 0.5
Jet z, “ (GeV) M. Verweij QM 17
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