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Jets and their substructure in ALICE

= Jets probe properties of the QGP
THE ALICE DETECTOR

a. ITS SPD (Pixel)
b. ITS SDD (Drift
c. ITS SSD (Strip)
d. VOand T0

e. FMD

= Substructure provides access to the
evolution of jet splittings
= Explore via a variety of strategies:

.
= Inclusive jet Raa =9
= Groomed jet radius and momentum : fiomuw
4. TRD —
sharing £ loo @
- - 8. DCal
= N-subjettiness 3. PiGs.cey
. . 1 Absorber
= Subjet fragmentation 12 Muon Tracker
. . . 15 Dipoe Magnet ‘,
= ALICE is well suited for measuring: 16,740 i
18.z2DC
= Low Joas jets 19, AcoroE

= Small splitting angles at high efficiency
Anti-kt jets measured in pp and Pb—Pb [ = Charged-particle jets, with larger acceptance

collisions at /syy = 2.76, 5.02 TeV = Full jets, capturing more pr jer with the EMCal
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Inclusive Jet Raa

. . . . é F T T T T ‘ T | 4
= Inclusive jet Raa is one of the basic o 1.4 ALICE R=0.4 -
measurements for characterizing jet [ Pb-Pb 0-10% /s, =5.02 TeV 1
suppression: 1.2 pp Vs =5.02 TeV ]
1 d’N [ 1n,1<03 pr'>7 GeVic ]
Nevent dpT jetdNjet PbPb e I
Ran = > = % ALICE0-10% |
T d?o [ SCET,
< AA> dpr jetdnjet 0.8 [ [ Hybrid Model, L, =0 [ | Correlated uncertainty
PP "=+ W Hybrid Model, Lies= 2/(xT) Shape uncertainty
= Measured R = 0.2 and 0.4 full jets 0 6: =jExEt recotl on. AhomSuo
= Focus on measuring down to low jet pt Tt
= Most models are able to describe 0.4l
reasonably well, with some slight tension
— Need more differential measurements 0.2
to disentangle effects O: N T
0 50
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Groomed Jet Substructure %

ALICE
L arkoski et al., JHEP 05 (2014) 146

= Selecting on substructure variables provides a

lever for exploring the splitting phase space.
= Such selections performed with jet grooming
= Often via SoftDrop!:

pT,sub]eading

PT Jleading + PT subleading

Rg \/Ayz + Ag?
i

R

i AR
mln(pT,llpT,Z) >Zcut(_)ﬁ
pr1+pT2 R

= pp: Limit contamination of QCD background

= Pb—Pb: Select hard component of quenched jets
= Combinatorial background introduces off diagonal

components in response of substructure variables
= How to handle the background?
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https://inspirehep.net/literature/1893479
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Groomed Jet Substructure

Selecting on substructure variables provides a
lever for exploring the splitting phase space.
Such selections performed with jet grooming
Often via SoftDrop!:

min(pT 1, pP1,2) - Zcut(ﬁ)ﬁ

pT1+pT2 R

pp: Limit contamination of QCD background
Pb—Pb: Select hard component of quenched jets
Combinatorial background introduces off diagonal
components in response of substructure variables
How to handle the background?
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ALICE
ML arkoski et al., JHEP 05 (2014) 146

ALICE Preliminary

0.7[-0-10% Pb-Pb Embedded PYTHIA | s, = 2.76 TeV
Anti-k; Charged Jets, R=0.4
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Groomed Jet Substructure %

ALICE
ML arkoski et al., JHEP 05 (2014) 146

= Selecting on substructure variables provides a

ALICE Preliminary

0.7[-0-10% Pb-Pb Embedded PYTHIA \ s, = 2.76 TeV
Anti-k; Charged Jets, R=0.4
0.6[-80< pj"l':;"" <120 GeV/c

lever for exploring the splitting phase space.
= Such selections performed with jet grooming

= Often via SoftDrop!: 107

min(pr.1, p1.2) >zcut(ﬁ)fg. gﬁ:@_
PT1+ P12 R 102
= pp: Limit contamination of QCD background
= Pb—Pb: Select hard component of quenched jets
= Combinatorial background introduces off diagonal 103

components in response of substructure variables
= How to handle the background? Rg“e
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Understanding Background Contributions

= Different strategies used by ALICE to suppress = 10-
i . %l% gg ALICE Preliminary Charged jets anti-k;
combinatorial background: | & _F PYTHIAS embedded R =04, | <05
) Z 8|5, =5.02Tev Soft Drop z,,=0.2, =0
= Measure small R jets 2E30-50% 40<p <120GeVic
E Constituent subtraction
= Increase Z.; 65 Event-by-event
. . .. 5E —PYTHIA
= Measure in semi-central collisions E +Rpa, =08
45 0 % Rpax = 0.6
= Reduces jet quenching relative to central, but 3E * Rnay =0.25
combinatorial background is heavily suppressed 251
. . 1
= Strategies selected based on constraints of observable oF
. . A 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 .
= Utilize event-wise constituent Rq
subtraction JHEP 08 (2010) 175, | [y "oy | [omesonr gy
.. ’ Constituent subtraction: 40<p, ,, <120Gevic
= Parameters optimized for Pb-Pb L e 5 :
.. W Evemrb;evenl:R
collisions P .~ Eventhy-ovent R
070
-0.1f-"
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Fully Unfolded z; in 0-10%, 30-50% Pb-Pb Collisions

0-10% R =0.2

o F T ]
8 1of ep ALICE |5y =5.02 TeV
g [ mPb-Pb0-10% Charged-particle jets
| & gL = Sys uncertainty R=02, | Nl <07 3
© L 60 < P onjot < 80 GeV/c 1
6 , Soft Drop z,,=0.2, =0 ,
. L . Forgea = 087, oy = 0.88 ]
L ] ]
[ . [} ] L
2r ]
a . .
[y m JETSCAPE 11 Pablos, Ly = 0
s ‘0- 1.4F = Caucal Pablos, L. = 2/xT E
e Shien 1 Pabios, Lig, =
1.2F —
1 - =
0.8F
0.2 0.3 0.4
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SIS 12F ! ]
Sy F epp ALICE {5y =5.02 TeV ]
2 10[ mPb-Pb30-50% Charged-particlejets |
—| & F | Sys.uncertainty R=04, |7 [<05 1
SHE:18 1
8 a 60 < — 80 GeV/c ]
6k Soft Drop z,,=0.2, f=0
. frgea =089, fini =0.89 |
48 M ]
2r v —
g 1 1 ]
Pablos, L =0 ]
& ‘o. 1.4F BIJETSCAPE - papios, i, = 2/2T E
o ==Qin W Pablos, L = o ]
1.2F 7
1 ’—--Wﬂ'
8F 3
0.2 0.3 0.4 0.5
Zg

Consistent with no modification

30-50% R = 0.4

arXiv:2107.12984

&
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https://inspirehep.net/literature/1893479

Fully Unfolded R, in 0-10%, 30-50% Pb—Pb Collisions &

0-10% R =0.2 30-50% R = 0.4
] 4o 0.05 0.1 0.15 Ry l 0 0.1 0.2 03 Ay
. SIEY 3 ' Ol ' i oy
Ee] ALICE F 502TeV B 6 ALICE VT:S.OZTeV
- Suppre55|0n Of Iarge 1; 35F :E‘t’kpb 0-10% Charged-| p'gqmcle jets 3 -?é 5 : E’;pb 30-50% Charged-| pNaNrtlcle jets
g 3F  Sys.uncertainty R=0.2, |’I |<07 4 |z F  Sys.uncertainty R =0.4, |1] |<05
angles and enhancement | = 3 _ 60<p,, <80Gevc i I8 60<p, ,  <80GeV/c |
of small angles. o = Soft DIop 2,02, f=0 L Soft Drop 2,,=0.2, =0
= Qualitative description 15F . + s ™08 =02 b e o =08 =020 3
1Fe E -
by most of the models 05F : N 3 1fe . 1
- - 1 1 L L . 3 1 1 1 . 1
= Medium has resolving &l o =, e L. &g p—
o & by = o2 s &l Claa :
power for splittings 1.5 37 '
= Promotes narrow or 1
filters out wider subjets 05
0
X _ D
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Exploring radiation patterns with N-subjettiness

= N-subjettiness describes the number of subjet

. . L B e L
prongs in a jet: F ALICE
F 0-10% Pb-Pb {5y = 2.76 TeV
1 _ SE Anti-k; charged jets, R = 0.4
™= = > prmin(ARy K, ARy, .., ARy i) C Ir-Agl <06 = ALICE Data
PTjet K 4 TT(1545) - TT(89) = PYTHIAG Perugia 11

F 40 <pch <60 GeV/ic A PYTHIA8 Monash
Tjet

B
3~ Soft Drop z,,=0.1 =0

Nd(t/7))

7l7,
recoil
n
TT
1723
@
=
>
o
g
3
o
=
(9]
+ Q

= Describe how 2-pronged the jet appears via 12/711
= Insight into radiation patterns

= Measured using recoil jets in Pb—Pb collisions at % ;
VSN = 2.76 TeV ==
= Measure unbiased jets to lower pr jet o S ——
= Subjet axes determined via SoftDrop = o 3
= In-medium interactions could shift up or down £ 1r 'ﬁ
= Consistent with no modification relative to e 82 0.4 0.6 0.8 1

77T,
PYTHIA _
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Subjet fragmentation %

. . . . . OlN 30F -
= Recluster inclusive jets using anti-kt with 8y £ ALICE Preliminary o
) w250 VSw=502TeV ™ Pb-Pb 0-10%
resolution parameter r < R s E Charged jets anti-k; Sys. uncertainty
: : : . A E R=04 |p_|<05
. N 20 et
= Characterize the subjet fragmentation via: o " s0<p, chjeJt< 120 GeVie
ch.subjet 15F anti-k; subjets r=0.2 i
Pt :
Z, = TT 10:— v
PT jet :
= Leading subjets are measured for pp and E . —a .
- o
Pb—Pb collisions at /syy = 5.02 TeV %l = JETSCAPE
. . e . L = Medium jet functi 4
= Consistent with no modification for r = 0.2 &I 15 edium etiunetons ]
= Hints of modification for r = 0.1
= May be related to quark/gluon differences
= Well described by model predictions
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Subjet fragmentation

. . . . . ol 1OF o
= Recluster inclusive jets using anti-kt with 8y [ ALICE Preliminary o
: o gl VSw=502Tev ® Pb-Pb 0-10%
resolution parameter r < R S [ Charged jets anti-k; Sys. uncertainty
: : : . A I R=04 |p_|<05
. N L t
= Characterize the subjet fragmentation via: o 6F 80<p. chj:< 120 GeVie
p::l_h,subjet 4:_ anti-k; subjets r =0.1 : i
Zr = ch L ,
pT,jet 2F " »
= Leading subjets are measured for pp and ro A ‘ .
. . Ko}
Pb—Pb collisions at /syy = 5.02 TeV %l = JETSCAPE
. . e L = Medium jet functi 4
= Consistent with no modification for r = 0.2 &I 15 edlum et iunetons ]
= Hints of modification for r = 0.1
= May be related to quark/gluon differences

= Well described by model predictions
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Where else can we look for further modification?



Selecting specific splitting with Dynamical Grooming

= Focus on subset of splittings via

[y
(=)
=

alternative grooming methods ) " ALICE Preliminary ]

= First measurements of k4, Ry, and z; in 5 pp /5 = 5.02 TeV |
. . .1 > Anti-kt charged jets A
pp with Dynamical Grooming K] R = 0.4, 1] < 0.5 1
= Hardest kt splittings shown for a variety ;.110—1 60 < pfy, jer < 80 GeV/c |
of grooming methods § i ktDrop ]

. . - timeDrop
= All methods consistent at high kt ] 4 Leading kr
= PYTHIA broadly reproduces data within § . < Leading kr z > 0.2
. 10~ E
stat. and SYys. uncertainties - :PY:TFJI:AS:M?QBS? 2013 b
. . 2 < 1.2 E
= Recent analytical calculations® show R T e *—*— ______________ i
£ ] *

good agreement al” o8 e — :

= Large uncertainties due to 0 1 2 3 k '46 §

non-perturbative effects 7 (GeV/c)
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Selecting specific splitting with Dynamical Grooming

Focus on subset of splittings via
alternative grooming methods

First measurements of kt 4, Rg, and z; in
pp with Dynamical Grooming!

Hardest k1 splittings shown for a variety

of grooming methods
= All methods consistent at high kt

PYTHIA broadly reproduces data within
stat. and sys. uncertainties
Recent analytical calculations? show

good agreement
= Large uncertainties due to
non-perturbative effects

1d -

102

100

01071}

'Mehtar-Tani et al., Phys. Rev. D 101, 034004
2Caucal et al., arxiv:2103.06566

. | DyG —a= 1 | |
4 ALICE
LO+N2?DL/ E
g - LO+N?DL'+NP
L _ 4
» i
—
05 20 40 6.0 8.0
kt ¢[GeV]
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Extending the hardest kt splittings to Pb—Pb

= Can we detect high k1 emissions which are kTt
a signature of point-like (Moliere)

scattering in the medium?

1.6 ?PYTHIAB Monash 2013 embedded in thermal background ]

. ape . soft

= Groomed jet substructure can facilitate 1.4 s =502TeV o 30h D00 Zu =01 £=0  maxp]
[ Charged jets anti-k; , Soft Drop: zé =03, 8= o o mack

. + =0. t A

this search 12FR=04 Iy I<10 | Dumamea Gioomig 2=?.2, smack

[ C-A reclustering + Dynamical Grooming: a =2.0 ¢ min-t, 1

= Complementary to ALICE large angle

Subleading prong purity

recoil jet deflection searches: JHEP 09 a T LR
0.8¢[ a8 o ®

: N . ]
i
= Two major difficulties in Pb—Pb: 04fF war o 08YY SRR ERR
. . . T s 7V o ¥ % 1
= Decreased subleading subjet purity for ook ¥ ¥ z R ¢ ]
. . Rl = 4 ]
Dynamical Grooming O:WIXI L

= Off-diagonal components in the response 0 50 100 150 200
pPYTHIA (GeV/c)

T,chjet
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Extending the hardest kt splittings to Pb—Pb

= Subleading subjet purity must be sufficiently
high to unfold
= Mismatched splittings are major component
of low kT splittings
= Minimum kT requirement increases purity
= Sketch illustrates effects on purity and
kinematic efficiency
= Optimization problem
= Off-diagonal response components are driven
by mismatch of subjet to low kT
= Reduced via minimum kt requirement
= Minimum z has similar impact for sufficiently

small background (eg. smaller R)
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Subleading subjet purity

o

Kinematic Eff.

///
kt inclusive
kr > X GeV
20 40 60 80 100 120 140

prje (GeV/e)

kt inclusive
kr >Y GeV

4 6 8 10 1
kr (GeV/c) 7



Further splitting information via the Lund Plane

1 ALICE Preliminary Charged-particle jets anti-k; R = 0.4
= The Lund Plane* can be used to pp V5 = 13 TeV | < 05,20 < p"_ <120 GeV/c
. . - ° " AR
describes the full set of jet splittings 4504 03503 025 0.2 0.15 0.1

—_

= ALICE recently measured the fully

_.
o
©

unfolded primary Lund Plane in pp
collisions at /s = 13 TeV
= Selections in phase space illustrate

In(k,/GeV

0.5

o
e}

some tensions with model 0

1
~

predictions

o
n

(1/ N )P N s/ (AN K/ GeV)dIn( RIAR))

= Substantial experimental challenges

for measuring in Pb—Pb, but _1
contains wealth of information

Dreyer et al., JHEP 12 (2018) 064 \§
(2018) = jAR :1 AR
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Further splitting information via the Lund Plane

= The Lund Plane! can be used to
describes the full set of jet splittings

= ALICE recently measured the fully
unfolded primary Lund Plane in pp
collisions at /s = 13 TeV

= Selections in phase space illustrate
some tensions with model
predictions

= Substantial experimental challenges
for measuring in Pb—Pb, but
contains wealth of information

Dreyer et al., JHEP 12 (2018) 064
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dNemwssions
Nigs din(k;/GeV)dIin(R/AR)

1

MC/Data

k; (GeV/c)
0.4 07 1.0 15 30 45
of PYTHIAS Monash  ALICE Preliminary |
-+ Herwig _ 1
- Sherpa (AHADIC) e 00,0 SR 1ol -
-+ Sherpa (Lund) . ged-particle jets
1.5 pp anti-k; R=0.4, 1| <05
[Sys. uncertainty 20 < p$n1a <120 GeV/c 1
| | ]
§ = ]
g ¢ ]
0.5 == 3
F 0.8<In(R/IAR) <1.4 =% ]
£ 0.1<AR<0.12 ==__ ]
O f t i :
4-:3:5‘3— = e —
1 =
’ ==,
d:7+7ﬂ::
0.5 — 4
1 L | |
4 05 0 05 1 15
In(k;/GeV)
=) "TAR
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Further splitting information via the Lund Plane

AR
0.4 03025 02 0.15 0.1

= The Lund Plane! can be used to

describes the full set of jet splittings g 25:%:;":'?78 onash IALloEgrflzn;i?Zr\)/,é

18 SPIHNE ST [ Shema (AHADIO)  gdt it |

= ALICE recently measured the fully ég 1.5 pp ~ antik; R=0.4,In | <05

unfolded primary Lund Plane in pp = éh 15_DSYS' uncerainty 20 < pffy, <120 Gewc_g

collisions at /s = 13 TeV :f - ]

= Selections in phase space illustrate ,250.57'51?;:7!5—1 = _

some tensions with model @ O 105k <45Gelle \='=|§’§

predictions a et e ]

= Substantial experimental challenges L§) I ’ $ffj

for measuring in Pb—Pb, but 0.5¢ . . . . | . 1
contains wealth of information 0 02 04 06 08 1 InzﬁsA.‘;‘?)A

IDreyer et al., JHEP 12 (2018) 064 7§AR ’iAR
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Inclusive jet Raa via Machine Learn

g <<( \!!"11\\‘\!!!['\\1‘1\!\[!!'111\\
= Utilize shallow neural network to expand o | - ALICE Pb-Pb 5.02 TeV, 0-10% B
measurements to larger R, lower pT,jetl - Charged jets, anti-kr, | <0.9 - R ]
. . . 1.2 ML estimator trained on PYTHIA A
= Uses jet properties (pT,jet, p, constituent pr, R =04
angularity) to help characterize background L MA=08 -
contributions " mm T, normalization uncertainty
. 0.8
= Measured for R = 0.4 and 0.6 charged jets, : 1
R = 0.4 full jets at /syn = 5.02 TeV 06 o
= Consistent with area based methods in r
0.4/
overlapping regions r _
= Some dependence on fragmentation patterns 02 o -
. L ALICE Preliminary |
= |mpact on other jet observables to be -

L1l - ‘ L1l ‘ 111 ‘ L1l ‘ 11 1 ‘ | - 1
%O 40 50 60 70 80 90 100
p. (GeV/c)

ALI-PREL-324714 T, chjet

investigated
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Inclusive jet Raa via Machine Learning

" B B e o B

= Utilize shallow neural network to expand & [T ALICE Po_Pb |5, = 8.02 TeV, 0-10% ]

measurements to larger R, lower pT,jetl 1of  FullJets, anti-k; R=04,In [<0.7-R ]

. . . r ML Estimator Trained on PYTHIA 7]

= Uses jet properties (pr jet, P, constituent pr, r ]
. . e

angularity) to help characterize background i }

. . I ® ML-Based B

contributions 08l ]

= Measured for R = 0.4 and 0.6 charged jets, r E|Area Based (p, _>7 GeV/c) 1

. 0.6/ —

R = 0.4 full jets at \/syn = 5.02 TeV r - 1]

- . . - PS 4

= Consistent with area based methods in 0.4( E& ¢ + 3

overlapping regions | o g ]

= Some dependence on fragmentation patterns r ALICE Preliminary 1

= Impact on other jet observables to be ol v b b b by 1l

. . 20 40 60 80 100 120 140

investigated p.  (GeVic)

T, jet
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Summary and Outlook

ALICE has measured a diverse collection of jet

0 0.05 0.1 0.15 Ry
substructure observables in Pb—Pb collisions: - ALICE {5yy=5.02TeV |
= Groomed jet radius and momentum sharing _ g 3'55_ ] gb—ano-:to:ﬁ,t CthrOg:d»plarticl|2 jgt7s E
= N-subjettiness 6 22: yiu e 60 < ;';chhj:ii'so G;eV/cE
= Subjet fragmentation 27 " ¢ Soft Drop z,,=0.2, =0 7
= Visible modifications in groomed observables 1,55— 8 frnggea = 0-88, flyncey = 0.89 ;
and subjet fragmentation, but not in 1": : s E
N-subjettiness 0'55 ‘ . ' -8 _
= Variety of observables and tools are upcoming E‘% 2r 'EE%E?{;;%“T 5555551:;3,3“2
= Hardest kT,g with DyG o 15 Pablos, Liee = w0 ==Yuan, quark
= Utilizing the Lund Plane
= Machine Learning techniques
= Continue to focus on increasing precision

= Stay tuned!
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