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Jets and their substructure
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Jets and their substructure

* Jets are in situ probes of QGP dynamics In z0

* Modifications while traversing the medium
collectively known as “jet quenching”

* Jet-medium interactions modify the
internal jet structure

— How to quantify this modification?

In1/R In /g3 11'11/9

H. Andrews et al.,
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https://inspirehep.net/literature/1686738

Experimentally accessing substructure

1. Ungroomed substructure
Sensitive to the whole splitting phase space, including soft emissions

2. Groomed substructure

Dynamical Grooming (DyG) Soft Drop (SD)
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Jets and their substructure in ALICE

THE ALICE DETECTOR

a. ITS SPD (Pixel)
b. ITS SDD (Drift)
c. ITS SSD (Strip)
d. Vo and TO

e. FMD

ALICE well suited for measuring:
* Low pr jets

Small splitting angles at high
efficiency

i®

2. D, T0. V0
— Enables strong substructure 3 Tec
rogram o Hwe
prog & HMPID g
« Anti-kt charged-particle jets & pios crv

. 10. L3 Magnet
measured in pp and Pb-Pb 11 Absorber

collisions at y/syy = 5.02 TeV 14 Mion Trigger

15. Dipole Magnet
16, PMD

17.AD
18.ZDC
19. ACORDE
* Seealso: ] ] )
+ Artem Kotliarov on jet quenching search in pp (7 July, 11:30) * Yongzhen Hou on jet acoplanarity (8 July, 15:05)
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https://agenda.infn.it/event/28874/contributions/168953/
https://agenda.infn.it/event/28874/contributions/168938/

Jet substructure observables

1. Summary substructure observables 2. Subjet observables
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Jet substructure observables

1. Summary substructure observables
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Angle between jet axes

collinear radiation

o £ %OFALICE Preliminary ™ Po-Pb0-10%
c Fe = O pp
\P\Lcalu 85200211 WTA © _g 40F Sy =902 TeV Sys. uncertainty
[ Ch-particle jets, anti-k;
Groomed '—|b r —— WTA - Standard
sof- | —B— WTA - SD (2,,,=0.1, #=0)
Standard = %«!» —— WTA - SD (z,,=0.2, =0)
20r & B a0<p"<60Gevic
10, " , R=02 g |<07
® A [ i o
L [ | i
[ 1 I i ! .
Raxis \/()’1 - ¢2) g a L ]
LIg 1 5# 9
+ Study impact of soft radiation via jet axis o ] ]
* Narrower jets found in Pb-Pb relative to pp L — ! 'l'l""l" """""""""""""""""""""" =
« Jet axis is - " gy g
* Qualitatively describe by models, except one I ‘

* Role of changing q/g fraction? 0 0025 0.04 = 0.06 = 0.08 A 01
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https://inspirehep.net/literature/1765736

Angle between jet axes

collinear radiation

o/ 8 45| ALICE Preliminary ¢ pp
Fiee 04 0620) 211 WTA © % s0f Sy =502TeV W Pb-Pb0-10%
©  4gE Ch-particle jets, antik; Sys. uncertainty
Groomed v—|b 30 E .
E u WTA - Standard
Sonden 25 Mooy 40 < p™1 < 60 GeV/c
E T
20 - i R=02 | |<0.7
155 et
fm
105, °
Sy E °
® 5¢ = a .
E 1 1 ._n_
— 2 F - JEWEL, recolls of JEWEL, recoil 1
Racs \/()’1 ( ¢2) 0|' & 2F  —— Hybrid recols e Hybrid (h;l?)lciglr:)on 1
. Lo L . Ke] [ e medium q/g aq/g + Py broadening
+ Study impact of soft radiation via jet axis el 45k MATTER+LBT 3
* Narrower jets found in Pb-Pb relative to pp ‘ ]
+ Jet axis is insensitive to grooming :
* Qualitatively describe by models, except one OE ‘

* Role of changing q/g fraction? Coherence? 0 002 004 006 008 A 0.1
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https://inspirehep.net/literature/1765736

Jet shape via generalized angularities

K
N
"Larkoski et al.,
K __ <~ ,kpa D)2
Ao = 27,6 (p7)
20
LHA Width
+ IRC-safe observables to 1T ‘ . O
summarize substructure’
+ Focusonk =1 Multiplicity
—? 4 i > a
1 2
CMS,
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Jet shape via generalized angularities

N
) ‘Larkosk‘l etal, Ungroomed Groomed
D T T ! T T
(pT ) « P _g S 18f  ALICE Preliminary 0-10% Pb-Pbdata ] _g P ALICE Preliminary 0-10% Pb-Pb data
— o o = 5.02 TeV ® a=1 4a=2 ° o = 5.02 TeV o a=1 4a=2
2 . Aa - ZI zi 9/ ,_| 3 16 E gpamcle a:n -k jets m a=15 $a=3 7 ,_l 3, 10° 3 gpamcle afm Ky jets m a=15 $a=3 3
o 4L R=02 |n|<07 Pb-Pb syst. uncert. ] R=02, |1 <07 Pb-Pb syst. uncert.
. B 40<p< 60 Gev/e s ppdata 40<p" < 60 Gev/c . ppdata
LHA Width 12 T; Pp syst. uncert. b 10 i 8D:z,,=02,8=0 Pp syst. uncert. B
1T @ @ o 108 % 3
+ ’&‘i o
8F ¥ 4 4, [ ] ~
¥ " 8
T 6L 6 ke E = . © i
Multl}l)haty . R 2 ommm E +  jonm . .
————>a ey it
1 2 20 g =l a ] ~ E a
- + ¢ w @ 10 N E
« IRC-safe observables to ;‘& ok ] ;‘& ol ]
summarize substructure' 1508 o : 1.5.1. . .
-y e b .
_ 1P : 1ty
+ Focusonk =1 ol P EF e o W ] o5l N A T
+ Smaller uncertainties, 0 02 04 0 02 0.4
. lx- AK=1
in groomed a a

* Grooming reduces intra-jet

broadening, recoils effects
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Jet substructure observables

2. Subjet observables
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Exploring angular dependence via groomed substructure

0-10% R=10.2 30-50% R=0.4
o 2 0.05 0.1 0.15 Ry . 0 0.1 0.2 03 Ay
+ Suppression of large RSk B ALICE (5py=502Tev | ST 6 oo ALICE {$yy =5.02 TeV
o 99F wpp-Pb0-10% Charged-particle jets E| I ® Pb-Pb 30-50% Charged-particle jets
angles and enhancement — é 3F  Sys.uncettainty A=02, |5 [<07 4 ;—_, 5 Sys. uncertainty R =04, |7 |<05
ofsmall an |es © 255 60<pT‘c e<80GeV/ca © 4k 60<pTvche<80GeV/c_
9 oF - ; Soft Dropn ;cu(=0.2, B=0 u ¥ Soft Drop Jz(m=0.2, B=0
* Promotes narrow or 15k s 8 12 10s = 088, 110, =089 ] st ¢ 0 0 =089, 12 =080 1
filters out wider subjets TEm H E 2F e E
1Fe ) E ]
* Qualitative description 05F (] P e 2 . E
by most of the models £l LI wtsowe mcaal I ' ' ' ’
o 2 =0 Yuan, L = 5 GeV? (% W JETSCAPE
. . Py =2/zT ~ Yuan, med q/g &Ll 15F * Pablos, Ly, = 0 B
* Medium has resolving s Te e *
power for splittings g
* No modification of shared 05
momentum fraction, zq 0
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Search for hardest k; 4 splittings in Pb-Pb

10° T T " y T T
; I~ . ALICE Prelimi
+ Search for high kr emissions as signature of ) - pp, Pb-Pb /s :r;gg'q—aer\};
point-like (Moliere) scattering iy » Anti-kt ch-particle jets
§ —— R =02, |nel <07
j ke QO, 60 < pr ey jer < 80 GeV/c
a0 —1L >y ]
\ % 10 ﬁ’ TkT A TkT
+ Search via groomed jet substructure = W> . ‘W*
=S '
* Set of consistent set of splittings at high kg 4 = + pp [E——
- 30-50% Pb-Pb
* SD z.,t = 0.2 removes soft component 102t Dynamical grooming a = 1.0
— Measure over larger kr range 1.5 ‘ ‘ ‘ ’
+ Convolved with narrowing effects £la P S Sy S ]
+ Measurement to impact of i ' Hybrid w/ wake o
Moliere scattering 0.5 Hybrid w/ wake + Moliere . ‘ ]
0 1 2 3 4 5 6
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Search for hardest k; 4 splittings in Pb-Pb

+ Search for high kt emissions as signature of
point-like (Moliere) scattering

—(j/ﬁ
N\

+ Search via groomed jet substructure

* Set of consistent set of splittings at high kg 4

* SD z.,t = 0.2 removes soft component
Measure over larger kr range

+ Convolved with narrowing effects

* Measurement
Moliere scattering

to impact of

Raymond Ehlers (LBNL/UCB) - 08 July 2022

GeV/c)™

-
w0

1/Niews dN /dkr

Method
DyG a=0.5

10° . : .
ALICE Preliminary
- Pb—Pb /sy = 5.02 TeV
—— Anti-kr ch-particle jets
R=0.2, [ne| <07
== 60 < pr ey jer < 80 GeV/c
1071_ S _=a=— 7 1
ﬁ T ke A’ TkT
SR | S/
4 DyGa=05
4 DyGa=1.0
4 DyGa=20 ——
1072 4 SD 24 = 0.2 1
1.5f ’ ’
1.0 e | $
f— — ¥
0.5t - .
0 1 2 3 4 5 6



Search for hardest k; 4 splittings in Pb-Pb

+ Search for high kt emissions as signature of
point-like (Moliere) scattering

—(j/ﬁ
N\

+ Search via groomed jet substructure

* Set of consistent set of splittings at high kg 4
* SD z.,t = 0.2 removes soft component
— Measure over larger kt range
+ Convolved with narrowing effects
* Measurement to impact of
Moliere scattering
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Pb-Pb
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1/Niews dN /dkr

PP

10° : : ;
ALICE Preliminary
== pp, Pb-Pb /syny = 5.02 TeV
L — Anti-kr ch-particle jets
R=02 |nel <0.7
60 < pr ey jer < 80 GeV/c
101 S i >y i
= Tk =y T kr
SR L
+ pp
. S—
30-50% Pb-Pb
1072F Soft drop ze,e = 0.2 ]
1.5f ’ ’
10—
Hybrid w/ wake
0.5¢ Hybrid w/ wake 4+ Moliere ) ) ]
0 1 2 3 4 5 6
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Exploring fragmentation via subjets

+ Access via subjets
+ Recluster inclusive jets using anti-kt with
resolution parameter r < R

+ Characterize the subjet fragmentation via:

ch,subjet
T

ch
P jet
+ Leading subjets are measured for pp and Pb-Pb
collisions at /syn = 5.02 TeV

+ Consistent with no modification for r=0.1, 0.2

Zr =

+ Softening due to medium-induce radiation

. for z, — 1 dueto

+ Interplay yields non-trivial shape change

* Well described by medium jet functions, JETSCAPE
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do
dz,

Pb-Pb

Uz.. >07

pp

30

2

(8]

20F

151

[ Charged-particle anti-k; jets

K
[ 80 < p"" <120 GeVie

ALICGE

I ®pp
i Sy =902 TeV WPk PH O 10%

A=-04 |z |<05 Sys. uncertainty

anti-k; subjets | r = 0.2

Medium jet functions
== JETSCAPE

JEWEL, recoils on

JEWEL, recoils off

IR BRI WA N \M..-P_

07


https://inspirehep.net/literature/2070434

Exploring fragmentation via subjets

. . ; 10F 4
+ Access via subjets 3N I ALICE . ]
. Lo . . . =5.02 TeV Pe 1
* Recluster inclusive jets using anti-kt with © 8+ Vs ° .. WPb-Pb0-10% -
o + Charged-particle anti-ky jets — o i
. | A ys. uncertainty |
resolution parameter r < R & [ R=04 |n |<05 1
. . . . [¢) 6 ch jet -
+ Characterize the subjet fragmentation via: - 80<p" <120 GeVie ]
. [ anti-k; subjets | r = 0.1 ™ i ]
ch,subjet a4l 7
_pr ! ¢
Zr = ch [ ’

pT,jet oL [ ] N

+ Leading subjets are measured for pp and Pb-Pb 8 u
collisions at /syn = 5.02 TeV @ o ‘ = e ot ncions ]
+ Consistent with no modification for r=0.1, 0.2 o 450 == JEWEL, recoils on =
o ~r == JEWEL, recoils off ]
+ Softening due to medium-induce radiation N = E
. for zz — 1 due to E ]
. - 0.5 -
+ Interplay yields non-trivial shape change F ]
. . . . L 1 1 1 \ 1 1 1 \ 1 1 1 | 1 1 L
+ Well described by medium jet functions, JETSCAPE 0.6 0.7 0.8 0.9 1
zr
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Summary %

ALICE

10° : . ,
ALICE Preliminary

3= pp, Pb—Pb V/snn = 5.02 TeV
b — Anti-kr ch-particle jets
R =02, || < 0.7

60 < pr ey jer < 80 GeV/c

< v L

1. No modification to splitting function

2. Narrowing effect in substructure
observables with angular dependence

- Color coherence? q/g differences?
* “Survival” bias?

._.
o
N

+ pp

1/Niets dN /dkT 5 (GeV/c) 7!

3. Groomed relative transverse
momentum kr,q to _,| ¥ 30-50% Pb-Pb
Moliere scattering effects 12 5' Soft dfoF’ Feut = 0.2
- First DyG measurementinPb-Pb
collisions T|e 10f  —— -

Hybrid w/ wake
0.5F Hybrid w/ wake + Moliere ) ) .
0 1 2 3 4 5 6
krg (GeV/c) 21
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Understanding background contributions

+ Different strategies used by ALICE to suppress combinatorial 10

. Zlx E ALICE Preliminary Charged jets anti-k;
background: jlua £ PYTHIAS embedded R=047 |<05
+ Measure small R jets - BE |5, =502TeV Soft Drop z,, = 0.2, £=0
7 ;30750% 40 < P < 120 GeVic
* Increase Zeyt Consmuentsubtracnon
. . .. 6, Event-by-event
* Measure in semi-central collisions 5E _;YTHVEs
£ 4+ Rppax = 0.
+ Reduces jet quenching relative to central, but combinatorial 45 *Ew = 3-25
background is heavily suppressed 3t e
. . 28
Strategies selected based on constraints of observable E 4580334,
= ()
ili H H R I I R TN BN N ..
+ Utilize event-wise constituent O T o IE 03 S s o oy
subtraction Ry
. imi - g 0'4: ALICE Preliminary ~ PYTHIA8 embedded 7 Soft Drop z,,, = 0.2, =0 Charged jets antik,
Parameters optimized for Pb-Pb N P Tbeddec e e
.. & g.ah VB =502Te -50% 6
collisions =~ Constituent subiraction: go<p, <120Gevic
—— Jet-by-jet R

—a— Event-by-event, R, = 0.8
—+— Event-by-event, Ry, = 0.6
o+ Event-by-event, Ry, = 0.25

| PP PRI NI SR B ST
B 2-~56" 100 150 200 250 300 0.5-04-0.3-02-01 0 0.1 oz 03702705
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Jet shape via generalized angularities

Ungroomed Grqomed

W T T T T
S B @ AUCE0-10%Popbga  ALICE Preliminary 5 5 @ AcEo0%popbcaa  ALICE Preliminary
-2 6 P-Pb syst. uncert. VS =5.02Tev ] & Pb-Pb syst. uncert VS =502 Tev
© ¢ AucEppda Chv-par:‘cle anti-ky jets 9" 102 ¢ auceppoan Ch,-par:lcle anti-kq jets |
5[ 40<pY"" <60 Gevic | 40 < p"" < 60 GeV/e

pp syst. uncert PP syst. uncert.

In <07, R=02 In, <07, R=02

et et

SD:2,,=02,=0

P 222 10E -

g 3

Q
(¢]

.

1

o
©

° o] .
L]
- 7o 5 i o)
s .
I 4 I
) f s t t
ala JEWEL (recalls of) 1 alg 25F JEWEL (recolls of) 1
£ %] JEWEL (recoils on) &) %] JEWEL (recoils on)
[+ | JETSCAPE (MATTER,LBT) [+ | JETSCAPE (MATTER,LBT)
# | Higher-Twist parton E-loss | 2F Hybrid model (no elastic) |
Hybrid model (no elastic) Hybrid model (with elastic)
Hybrid model (with elastic)
= S
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Extracting hardest k; 4 splittings

. .
A.ttempt tO. select harqut kr dlreCtIy -'E 1.6 [ PYTHIA8 Monash 2013 embedded in thermal background
L soft |
via Dynamical Grooming (DyG) 2 1.4[(5w=502Tev e SotDropiz, =01 /-0 maxp]
+ Grooming cutoff depends on jet properties o | Charged jets antiky , Soft Drop: 2, =03, 6=0 " maxck,
9 P Jetprop S 1.2[A=04 Iy I<1.0  DnamealGroomng: =0 o maxx
+ Can change hardness measure via parameter s [ C-A reclustering + Dynamical Grooming: 2 =2.0 o min-t,
2 e rienraraenssessessass s s s s .
* k" ocmax|(z(1 — z)pri(6;/R)°] £ : seE88 T
i€C/A S o8 as 888 0 e
. _ o E N & ] [ )
Use a=0.5,1 (k7), 2 () _g 06F - .-;vvvvvvvv,
. [ a °
+ Also measure with Soft Drop, z¢,¢ > 0.2 e e A % F e d
: T g vy Bt o8
* To measure k4 (or other observables) in AA, ook ¥ 7 ¥ % R ]
- 2% ¢
need to deal with: g ¥ | | ‘ 1
1. subjet purity % 50 100 150 200
. i pPYTHIA
2. Off-diagonal components in the response Praner (GEV/C)
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Extracting hardest k; 4 splittings

0.8 i
« Attempt to select hardest k; directly - ALICE Preliminary
via Dynamical Grooming (DyG) 0_7;0 19/9 Pb-Pb Embedded PYTHIA \ s, = 2.76 TeV el
[ Anti-k; Charged Jets, R=0.4 ]
+ Grooming cutoff depends on jet properties 0.6F-80 < p%" < 120 GeV/c 3 1o
‘ Jjet =4 -
+ Can change hardness measure via parameter F 1 7
0.5 0
k% o max(z(1 — z)pri(6;/R)°] . c . 1=
iEC/A € o 4W I
. Usea=05,1 (k) 2 (0) e T e
+ Also measure with Soft Drop, z,¢ > 0.2 0.3f F 45107
* To measure k4 (or other observables) in AA, 0.2 ]
need to deal with:
subjet purity 0.1
. . 10°
2. Off-diagonal components in the response 0
0 01 02 03 04 05 06 07 08

true
Rg
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Using DyG for hardest k1 g splittings in Pb-Pb

+ Subleading subjet purity must be sufficiently -‘gl
high to unfold 3,
. are major component of Zo ]
low kr splittings 3
+ Minimum k; requirement increases purity 3 : :C;’z":v
+ Sketch illustrates effects on purity and kinematic R 0 . o % 0 0
efficiency prjer (GeV/c)
+ Optimization problem
+ Off-diagonal response components are driven by 1
mismatch of subjet to low kr & {
* Reduced via minimum k; requirement g
+ Minimum z (SoftDrop) has similar impact for < o
sufficiently small background (eg. smaller R) : :c\'(”s(':v
0

0 2 4 6 8 10 12
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Varying Dynamical Grooming hardness parameter

PYTHIAB p+p @13 TeV' E
- P, >450 GeVie, anti-k R=0.8 E
C/A declustering E

e

;. 2Drop (a=0.1) :_t"'éﬂﬁ‘ k.Drop (a=1) EC. |
™ H : L™

TimeDrop (a=2)

&
In(1/AR)

Mehtar-Tani et al., PhysRevD.101.034004
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