R-dependence of inclusive jet suppression
and groomed jet splittings In heavy-ion
collisions with ALICE

Hannah Bossi (Yale University) for the ALICE Collaboration
Quark Matter 2022
April 7th, 2022
Krakow, Poland




Expectations of jet quenching (1/2)

Parton energy loss leading to a suppression of jet yields In daN ALICE
heavy-ions (A—A) in comparison to vacuum (pp). dpt oD
A—A
@ Internal structure modification due to... PT jet
- neqahve \no¥e
(9'5‘“) 3 \\ wake
mediuam \
L
!‘- Jet
| , ‘\\)g:n // -
Vacuum jet Jet in Medium Image Credit:Jing Wang
Momentum broadening Medium-induced wake

Hannah Bossi (Yale University) Quark Matter 2022 1



S

ALICE

Deflection of the jet centroid due to multiple soft
scatterings or scatterings with QGP quasi-particles.

—pp Different jets with different partonic structures,
flavors, transverse momenta, path lengths through
the medium, etc. lose energy differently.

—P® The same jets can lose energy differently due to fluctuations in jet-medium interactions.

Isolating the same jet population can be challenging, but useful for
disentangling energy loss mechanisms.
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Jet splittings

—p Use declustering history to experimentally probe partonic splittings within jets. ALICE

Pt1 = (1 = 2)pr
Pr - AR
R
kt = pr,sin(AR) P12 = ZP7
& Shared momentum fraCtiOn between 9 . Opening angle between Subjets (width)
subjets (asymmetry)
k+ : relative transverse momentum of subjets
Pt2 Pt2
7= = (hardness)

Pri1+Pr2 Pt
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Grooming methods

—® |n vacuum: mitigate impact of hadronization, MPIs, pileup ALICE

—p INn medium: reduce sensitivity to soft background, removes some soft signal from
momentum broadening and medium response. (Focus on hard structure modification)

Soft Drop Grooming: Dynamical Grooming:
e Select hard splittings ¢ Find hardest branch amongst
AR set of iterative splittings
Z > Zcut(T)ﬁ ® Grooming cutoff in z is generated on a

jet-by-jet basis

¢ Results in this talk use f = 0
S use ® Different values of a specify different

hardness measures

e In heavy-ion collisions, increasing 2., 1
AR.

n to mitigat kgroun (@) — ___ . i
can be used to gate background k9 = —max;cc/a 2(1=2) pri ( %
Mulligan et al. Phys. Rev. C 102 (2020) 4, 044913 Pr R

Larkoski et al. JHEP 05 (2014) 146 Mehtar-Tani et al., Phys. Rev. D. 101.034004
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https://link.springer.com/article/10.1007/JHEP05(2014)146
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.034004
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.044913

Physics of jet splittings

—P In vacuum, jet splittings can be used to probe pQCD, BSM searches etc. ALICE

—® |In medium, jet splittings can be used to probe the modification of jet substructure

—® resolution length of the medium and its space-
time structure, QGP effect on the splitting
function, identify in-medium scatterings, etc.

|
- '(;
v

PRI, .
Vacuum jet Jet in Medium

Decoherence: medium resolves
split, more energy loss (more
effective energy loss sources)

Coherence: medium does not
resolve split, less energy loss

(Fully Coherent ~ L. = o0)

CS
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Groomed momentum

—® Increased 7, to reduce
the background.

—P No observed

modification of the
groomed momentum

splitting fraction (z

—® Consistent with
quenching models.

Pablos et al. JHEP (2020) 044

litting fractio
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Phys.Lett.B 808 (2020) 135634

JETSCAPE arXiv:1903.07706

Phys. Rev. Lett. 128. 102001 (2022)
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https://link.springer.com/article/10.1007/JHEP01(2020)044
https://link.springer.com/article/10.1007/JHEP10(2019)273
https://www.sciencedirect.com/science/article/pii/S0370269320304378?via=ihub
https://arxiv.org/abs/1903.07706
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.102001

Groomed jet radius (@) ceacon ()

See a suppression of wide
angle splittings, favored by
models with decoherence.

e
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Could this also be coherence

with a high quark fraction?
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New for

QN

Phys. Rev. Lett. 128. 102001 (2022)
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.102001

R-dependence of the R »

—® R-dependence of the R, ,is another way to disentangle energy loss mechanisms. AQLICE

l\s\ona . "
Eﬁt 507.,5!. —® Recovery of wide angle radiation R, ,
0GP sl A
me(llum
= jet —P» Medium response adds energy to the jet
L S cone Ry, /
enetgj loss
Image Cred””‘”? Wa:s —P Large R jets have more effective energy
(QCTP neqanve jpote ek loss sources, therefore could experience
(/] 4
oAt by A more quenching. Ry \\
. et . .
/3 e ) —® Increase gluon to quark ratio at fixed pr,
porton /" AN gluons lose more energy R "\

— Inclusive jet measurements at large R and low p difficult due to the large fluctuating

underlying event ( R?)
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ML-based background estimator

ALICE area-based approach: Correct the jet for the
background with a pedestal subtraction. Apply a

minimum p requirement on the leading track of the jet.

ML approach: Use ML to construct the mapping
between measured and corrected jet without a leading

track bias.

—® Fragmentation

dependence introduced
by learning on constituent
information included as a
systematic.

R.Haake, C. Loizides Phys. Rev. C 99, 064904 (2019)

N
~

L\,
N

SO NN A OO O O DN A~ OO O

Standard deviation (GeV/c)

o

i

ALICE

5pT = PTrec — PT true

m | |
— ALICE Performance, Embedded PYTHIA

- 0-10% Pb-Pb s, = 5.02 TeV

C Ch-particle jets, anti-k, R =0.4, |n t| <0.9-R
- - =240 GeV/c e

0-10% central
-o— Area-based
-a- ML-based

30-50% central
-o= area-based
-o=- ML-based

0.2 0.4 0.6
Jet resolution parameterR

I_
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.99.064904

LIDO: JHEP 05 (2021) 041

Nuclear modification factors (0-10%)

JEWEL: JHEP 1707 (2017) 141 Hybrid Model: Phys. Rev. Lett. 124, 052301 (2020)

New for
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i .l " o | ]
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| n ]
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i l | l l l | l l l | l l l | l l l | l l l | l l l |
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P, ot (GOV/O)
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1.2

0.8

0.6

0.4

0.2

R = 0.6

—® Measuring down to lower p and larger R than ever before in heavy-ions at

the LHC!

—P» Models generally agree with data, but can they describe the R-dependence?

I | I I I | I I I | I 1 | 1 I | I I I | I 1 |
—ALICE Preliminary —
~ Ch-particle jets, anti-k.,R = 0.6, |/7jet| <0.3 i
_ [ 7 ,, normalization uncertainty _
el el oo .
i [@]ML-Based Hybrid Model w/ Wake |
I LIDO WJEWEL w/o Recoils |
| " JEWEL w/ Recoils ]
I =T I .
L ¢ ¢ y
| ® _
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] I | I | I | I | [ 1 1 | I | I |
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https://arxiv.org/pdf/2010.13680.pdf
https://arxiv.org/abs/1707.01539
https://arxiv.org/abs/1907.12301

R-dependence via R , ratios @) coracron
New tor o ALICE

—3p R-dependence

| R=04/R=0.2 R=0.6/R=0.2
of the R, Ais a _
Al B [ | o | o | o | o | o | I | N i [ | T | I | o | o | 1 | T |
useful and > 1.4~ ALICE Preliminary, 0-10% Pb-Pb |5\, = 5.02 TeV —| S 1.4— ALICE Preliminary, 0-10% Pb-Pb s, = 5.02 TeV —
_ . _ _ Ch-particle jets, anti-k-, n|<09-R i Qlé | Ch-particle jets, anti-k-, n,|<0.9-R i
discriminative . T ol -
I = -
measurement I : = [ }
)T L __ - — . f—----- S __ o el —
when compared : — o -
to moaels. - 1 2080 -
n o C i l
: B B - |
—p No evidence of o8 1o | .
R-dependence 0.4 1 oab -
between R = 0.2 : : : :
0.2~ [m]ALICE Data [1] JEWEL w/o Recoils — 0.2~ [#|ALICE Data [l JEWEL w/o Recoils -
and R = 0.4. - Lo Hybrid Model w/ Wake : - LD Hybrid Model w/ Wake :
O I 2|O I 4|O L1 | 6|O I 8|O L | I1 O|OI l I1£OI I I14O O | 2|O I 4|O I 6|O | 8|O L1 I‘I (|)OI l I1£OI l I14-O
'OT, ch jet (GeV/C) 'OT, ch jet (GGV/C)

R = 0.6 jets appear more suppressed than R = 0.2 jets, suggesting an R-dependence.
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Hardest k , splittings

—p Use jet substructure techniques to search for point-like

(Moliere) scattering D'Eramo et al. JHEP 05 (2013) 031
D'Eramo et al. JHEP 01 (2019) 172

Barata et al. JHEP 09 (2021) 153  Jgeci i S SR LR s
kT — pT,zsln(AR)

—p Experimentally appears as an excess of (large) k splittings in Pb—Pb collisions

relative to pp collisions
—P® Also sensitive to substructure modification as probed by Zg and Rg.

—p Use various grooming methods to identify the hardest k splitting within a jet
* Soft Drop with a 7., of 0.2 e Dynamical Grooming a = 0.5

e Dynamical Groominga =1.0

largest k-

e Dynamical Grooming a = 2.0 -
shortest splitting time
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https://link.springer.com/article/10.1007/JHEP05(2013)031
https://link.springer.com/article/10.1007/JHEP01(2019)172
https://link.springer.com/article/10.1007/JHEP09(2021)153

Hardest kt . splittings in pp New for

o ALlC'E'Prél.'n%.ha'ry' ':
[ _¢=0= _
~ . pp /s = 5.02 TeV !
Py ' ; —— Anti-kt ch-particle jets |
§ | - R =02, |« <07
Eb‘_), 60 < prepjer < 80GeV/c
flo_lr I
=< :
= ——
T | 4 DyGa=05
= -+ DyGa=1.0
~—
— <+ DyG a=2.0
107°F 4 SD 74, = 0.2
1.5F
£~ 1.0f
~{C} _
- I
0.5t

—» Grooming methods converge at high kr

—p Some difference in grooming methods at low kT,g
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Hardest kt . splittings in pp New for

------------------------------- -
| —e— ALICE Prellmmary : ALICE Preliminary :
_ o pp /s =5.02 TeV | _ pp /s = 5.02 TeV -
— ' ; —— Anti-kt ch-particle jets | ‘— Anti-kt ch-particle jets
§ | - R=02, [ <0.7] 2 R=0.2 |ne <07
CDO 60 < pT,Ch jet < 80 GeV/C - CDO 60 < pT,Ch jet < 80 GeV/C - .
~10-1| —— | -1l | = All grooming
= ' 1 £ : : :
SH 1= 4 DyGa—05 methods in pp
= —— | = | e
T | 4 DyGa=05 | = | 4 DyGa=10 generally agree
= | + DyGa=10 |2 |+ DyGa=20 with PYTHIA 8
i 102 + Dy6a=20 i 102} " iBTZ:;A_ (I)\/Iz h 2013 within
T SD z., = 0.2 : — 8 Monas C
| & + 5D zu ' 1 5F uncertainties
B ol g2 10
Bz 1.0} LA
O I I
: 0.5%
0.5 5

—» Grooming methods converge at high kr

— Some difference in grooming methods at low k-
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Hardest k. , splittings in 30-50% Pb—Pb (§

(5

W — ALICE
[ ALICE Preliminary !
_ . == pp, Pb—Pb /syy = 5.02 TeV |
— e = Anti-kt ch-particle jets New for
O -
; . R =0.2, |77jet‘ < 0.7
QB/ 00 < pT,Ch jet < 80 GeV/C -
21071 —
o
=
= |+ opp .
— -+ 30-50% Pb-Pb .
10_2:‘ Soft drop z.,t = 0.2

=
ol

Pb—Pb

o 1.0_' ----------------------------------------------------------------- _
[ Hybrid w/ wake
0 5L Hybrid w/ wake + Moliere
0 1 2 3 & 5 6

kT ¢ (GeV/c)

—— Consistent with no modification at high k.
— Hint of modification at low kT,g for Soft Drop, consistent with models.

See talk by Zach Rulcher JHEP 01 (2019) 172
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https://inspirehep.net/literature/1685742
https://indico.cern.ch/event/895086/contributions/4733107/attachments/2421746/4145268/QMKrakow_ZH_final.pdf

Hardest k. , splittings in 30-50% Pb—Pb (§

10— _ 10— _ ALICE
: ALICE Preliminary - | ALICE Preliminary - New for
_ R pp, Pb—Pb /syy = 5.02 TeV | _ e Pb—Pb /syy = 5.02 TeV |
I - Anti-kt ch-particle jets | '~ ' —-— Anti- k1 ch-particle jets |
§ R=02, |nel <07 § R=02, |« <07 o
LCB :.: 60 < pT,Ch jet < 30 GeV/C - CDO — 00 < pT,Ch jet < 30 GeV/C - . .o.
21071 —— 1 21071 —a— ;
£ | = | | =9 Soft Drop
< — = _
o S | 4 DyGa=05 j and
= |4 pp . = | + DyGa=10 | dynamical
— -+- 30-50% Pb—Pb - — '+' DyG a = 2.0 S — T— gr()()ming
1072 Soft drop zes = 0.2 t 107 4 SD 7, = 0.2 : . .
15_ ————t— _ 15_ —t _ COnSIStent In
N T e R 1L — QE:b_*_“_ Hhi
- [ Hybrid w/ wake | = LD; Z j wIthin
0 5L Hybrid w/ wake + Moliere =~ .i OBE. . . . : Nt
0 1 2 3 4 TE % S S R S R S uncertainties.
kt ¢ (GeV/c) kt ¢ (GeV/c)

—— Consistent with no modification at high k.

—p Hint of modification at low kT,g for Soft Drop, consistent with models.

See talk by Zach Rulcher JHEP 01 (2019) 172
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https://inspirehep.net/literature/1685742
https://indico.cern.ch/event/895086/contributions/4733107/attachments/2421746/4145268/QMKrakow_ZH_final.pdf

Conclusions

ALICE
—® Hint of larger R jets being more suppressed via the R 4.
—p Suppression of wide-angle splittings via Rg.
— Hint of the modification of the kT,g distribution for Soft Drop groomed splittings.
Seg talks by James
— Consistent with narrowing of jet distribution at a fixed pr. Mulligan and Rey Cruz-
Torres (next!) for other
hints of narrowing.
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ALICE Jet Results at QM

Longitudinal:
energy loss, path
length
dependence

Isolated photon-jet
correlations: Alwina Liu
Tues. 16:30

Transverse: wide
vS. harrow, quark/
gluon, intrajet
broadening

Path length dependence
in Pb--Pb and p—Pb
collisions: Caitie Beattie
Wed. 8:40

Jet anqgularity and
fragmentation in Pb-Pb:
James Mulligan Wed.
10:00

Search for jet quenching
in_ high-multiplicity pp
collisions: Filip Krizek

Wed. 12:50

ot

ALICE

Heavy-flavor jets from

small to large systems:

Marianna Mazzilli Wed.
14:40

A

R-dependence of jet
suppression and
groomed jet splittings in
Pb--Pb: Hannah Bossi
Thurs. 18:10

A

Jet acoplanarity and
energy flow within jets in
Pb—Pb and pp: Rey
Cruz-Torres Thurs. 18:30

P

ALICE

P

ALICE

Thanks!

: Mass/Flavor : Non-Perturbative
Jet Deflection Denendence Jet Grooming Effects Small Systems
ALICE
®» ® |7
ALICE ALICE
ALICE A
ALICE ALICE ALICE
ALICE ALICE ALICE







Fragmentation toy modifications

We also study a toy model with three different ways to
alter constituents of the jet, changing the fragmentation
to generate a different training set.

0SS

Eﬂef 9\’

Also use this varied fragmentation to fill the response -
use systematic to check the whole procedure! In the ratio
these systematic (along with tracking) are largest.
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Fragmentation toy modifications

-O B I I I I I I o | I I I o I_ -c B I I I I I L | I I I o I_
2 | ¢ CMS y+etFF Fractlonal 25% AR=02 - QD L ¢CMSy+jetFF Fractlonal 25% AR=02 -
5 PRL 121 (2018) 242301 Fractional 25% A R =0.6 S O PRL 121(2018) 242301 Fractional 25% A R =0.6 -
B2 = ALASH —Sinhepne ot | Bp ALK “feimgaonse 0
g - PRC 98 (2018) 024908 ~ Bluons On@,’ - g - PRC 98 (2018) 024908 ~ Glions oniy -
2 [ - 2 [ -
E 20 N\ ] 8 2_——T— —
S [ i— - ;8 e —*— -
- - B — _
= —- | -—* B *—
B _._—I— 7 B _._—l- 7
1— B — — 1= +—-—_._ —
B —- *.;_._—l— _ = ='=+'=' —— ~
B =.;I —9¢ T ‘ _ = ? . |
0.5 ' — 0.5 - . —
~  ALICE Simulation Ch-particle jets, anti-k;,R =0.4 ™\, ] — ALICE Simulation Ch-particle jets, anti-k,R=0.4 ™
- PYTHIA + Thermal Bkg 40 < p_ o <100 GeV/c - - PYTHIA + Thermal Bkg 100 < Pr o < 200 GeV/c -

B | | | Lo | L | | 0] O ' ' ' IR ' ' ' (I I
107 10~ m 107 10~ 1
Z Z

—+pp Our fragmentation variations qualitatively cover the data in different regions of phase
Space.

—P Toy model parameters motivated by experimental data: JHEP 05 (2018) 006
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Nuclear modification factors (30-50%) =X

ALICE
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Area-based comparisons (0-10%) o for

ALICE

R =0.2 R=0.4

i([ i [ | [ [ [ | [ [ [ | [ [ [ | [ [ [ | [ [ [ | [ [ [ | :E i [ | [ [ [ | [ [ [ | [ [ [ | [ [ [ | [ [ [ | [ [ [ |
@4 5| _ALICE Preliminary | @4 ol ALICE Preliminary _
~ Ch-particle jets, anti-k,R = 0.2, |/7_et| <0.7 j ~ Ch-particle jets, anti-k,R = 0.4, |/7_et| <05 i
_ @ T ,, normalization uncertainty | . _ @ T ,, normalization uncertainty J i
I - I -
i ¢ | Area-Based, ptTrf‘:;"ad >5GeV/c i B » | Area-Based, ptTrf‘:;"ad > 7 GeV/c - N O area- bas ed
0 8_— ¢ | ML-Based B 0 8_— m | ML-Based N
: : : : comparison for R = 0.6
0.6 0.6 - (not possible in this
b s B region of phase space).
] ¢ | i 0 |
0.2 | ¢ — 0.2 . —
. 0-10% Pb—Pb |5 = 5.02 TeV - i 0-10% Pb—Pb |5 = 5.02 TeV -
i l | l l l | l l l | l l l | l l l | l l l | l l l | i l | l l l | l l l | l l l | l l l | l l l | l l l |
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Pr e jet (GeVic) Pr o jet (GeVic)
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Area-based comparisons (30-50%) X\

R=0.2 R=04 R=0.6

< L | | | < ot | | | < ot | | |
< L - < L _ < - _
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Experimental Measurements of the R, ,

Clear evidence of suppression at many different p; scales!

— Extending ALICE measurements to lower p1 can bridge the gap!
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Selection bias

Brewer et. al: Phys. Rev. Lett.122.222301

dN —® |f some populations lose more energy than others,
we Will see a suppression purely from the selection

dpt
o]e bias by measuring modified jets at a fixed pnr.
25t Initial selection 02050 Final selection xv>050
p T,j et § - P Jok py > 200 GeV
%"-
—® (Changing selection removes
POPD Jet pr > 200 GeV POPD Jet py > 100 GeV

& prlxy = 200 GV

narrowing for more quenched
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R; R,

jets.
JHEP. 2021, 206 (2021)
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The ALICE Detector

—P Dedicated heavy-ion experiment at the LHC.

—p Reconstructs jets at mid-rapidity in pp, p-Pb
and Pb—Pb collisions.

—_— -

_ | 4
. " il'l'” l‘ll

—3p Can utilize high precision
tracker to measure charged-

particle jets up to high pr.
T

' —= T

W<~“ —» Full jets combine charged
particle information with neutral
particle information measured
INn the electromagnetic
calorimeter.

ALICE is great for jet measurements, especially measurements of jet substructure!
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ML background estimator

Use machine learning (ML) to correct the jet for the
large uncorrelated background in heavy-ion collisions!

Conventional approach: Apply a minimum p.

requirement on the leading track of the jet, correct the
jet for the background with a pedestal subtraction.

ML approach: Use ML to construct the mapping between measured and corrected jet
without a leading track bias.

ML

R.Haake, C. Loizides Phys. Rev. C 99, 064904 (2019)
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