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(Groomed) Jet Substructure

= Jet substructure provides access to the evolution Lund plane ST
of jet splittings. log kTt . —P—T—2— -7 :' ':
= Can visualize the splitting phase space via the <:‘%ARE :
Lund Plane. ~~~~\\I3T,1 :E
= Three variables define our splittings via the AR I'.,'I

~
~~

1
e

leading (1) and subleading (2) subjets:
= AR = /(91— 92)2+ (N1 —M2)?

sublead

" Z= pread | pysublead

s kr = prvPlead y sin AR
= Selecting on these variables provides a lever for

exploring the phase space. log1/AR
= pp: Limit contamination of QCD background.

Large angles Small angles
= Pb—Pb: Select hard component of quenched jets.
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Jet Substructure Measurements in ALICE

= Jet substructure measurements

take advantage of precise
ALICE tracking in the ITS and
TPC.

= Provide precise angular

THE ALICE DETECTOR

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

e. FMD

resolution down to low pr. -

= For these analyses, we measured

R = 0.4 charged particle jets o
measured within n| < 0.9. 5 Ribs, cov
= Jets are measured for %g?gﬂ
60 < prih < 80 GeV/c for both | EEE™" b
2017 pp and 2018 Pb—Pb e

collisions at /sy = 5.02 TeV.
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Understanding Background Contributions

= Different strategies used by ALICE to suppress = 10.
% % E ALICE Preliminary Charged jets anti-k.
combinatorial background: s -E PYTHIAS embedded R=04,1p | <05
. —F (S = 5.02 TeV Soft Drop 2o, = 0.2, f= 0
= Measure small R jets. F 30-50% 40<p_ <120 GeVic
Constituent subtraction
" Increase Zeut- PYTHIA Event-by-event
= Measure in semi-central collisions. + R =08
= Reduces jet quenching relative to central, but
combinatorial background is heavily suppressed.
= — See James Mulligan’s talk on Wed. 10:20 for L L
. . .. 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
strategies in central collisions. R,
L] Utlllze event-wise constituent AALICE Prelminary  PYTHIAS embedded "FSoftbrop 7,202, 5=0 Charged jets anti-k,
of VS =502Tev 30-50% 6 R=04,|7 <05
subtraction JHEP 08 (2019) 175. (ivirlstﬁirglyjl:!racuon' . Q;)<prm‘el<120<sevn:

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

= Parameters optimized for Pb—Pb
collisions.

o2k T
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https://indico.cern.ch/event/751767/contributions/3771075/
https://doi.org/10.1007/JHEP08(2019)175

Fully Unfolded z,, nsp in 30-50% Pb—Pb Collisions
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é/% Consistent with no modification. %@
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a_ F T T T T T 3
S %"’0.6;*2% Pb 30-50% ALICE Preliminary
0B iy \Sun =5.02 TeV 3
o _%0-5£DSys. uncertainty Charged jets anti-k; ]
0.4 R=04,|7,]<057
0.3; — 60 < p enjet < 80 GeV/cé
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0.1 .
E | | | V—Y—,—Y—:
o E I I I I I T T m|
Zgid i
o) £ . 3
g 12 — ]
T 4 I 1
0.8- i -
06} L L L L L L L {

0o 1 2 3 4 5 6 7
nSD

Consistent with no modification.




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

Rg Zeuyt — 0.2 Rg Zeut — 0.4

H 6, 6,
= Suppression of large 0 02 04 06 08° 0 02 04 06 08°
S’ Fepp | T ALCE Prefiminary ] | 1Sl Fepp " ALICE Preliminary ]
angles and enhancement U"’o 14 . pb-pb 30-50% erzrge,‘:)n:;f\k ﬁ‘?, 14 . Pb-Pb 30-50% V?w:r;g?:\);ﬁ
of small ang|es for both | 2 12}[Sys. uncertainty oy oo jets antik, § || 2 12}0Sys. uncertainty . oed jets anti-k; J
o 105 R=04,1n|<057 o 10 R=04,]7,]<057
Zeut - 8 i 60<p, . <80GeVic 8 60<p, . <80GeVic
) 6L Soft Drop Ze, = 0.2, f= 0] 60 + Soft Drop Zey = 0.4, f= 0]
= Tested for consistency 4 TE iR, -089,1,, =088 ] = £ =058, 124 =056 ]
. . . = E £ —— E
with unity, as determined 2 _— 2k == ]

by 2 CDF £ o) 0 o o

or sys stat Qb Q Ot
y X ys + o =150 3 |le s ]
. H— 1 F
in quadrature. S ] i ]
. -+ —— " 4 . T — 1
" Zeut _02 p_003 O'Eb: I I I I I I ] O'Eb: \4+ﬁ4+7\ I ! I ]
PR 0.4: p:0029 0.05 0.1 0.15 0.2 0.25 0.3 Igfs 0.05 0.1 0.15 0.2 0.25 0.3 8;35
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Fully Unfolded R, in 30-50% Pb—Pb Collisions

More symmetric splittings seem to be more sup-
Supy pressed in agreement with detector level measurements )
u g
. 6 08

=2. PLB 2020.135227). ]

anel in the \/syn = 2.76 TeV data ( 020.135227) p—

eV 7]

o [ ALICEPb-Pb\5, =276Tev T 80s<pd <120GeVic 8= 0-10% Pb-Pb — .= Smeared Hybrid Model 3_;{
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https://doi.org/10.1016/j.physletb.2020.135227

Model Comparisons for R, in 30-50% Pb-Pb Collisions

= JETSCAPE:
MATTER+LBT
arxiv:1903.07706

= Pablos et al. Hybrid model

JHEP 01 (2020) 044
« L=0,2/nT, 00

Rg Zeyt — 0.2 Rg Zeuyt — 0.4

5 6,
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ol F T T T BNE ol T 1 I L
=k ~pp ALICE Preliminary - =ik ~pp ALICE Preliminary
14 . pb-pb 30-50% - 1 145 . Pb-Pb 30-50% - 1
g Sys. uncertaint Sy =502 TeV 4 £ 12ESys. uncertaint VS, =502 TeV 4
— z 12:D YS. Yy Charged jets anti-k; J |z E Y- Yy Charged jets anti-k; J
5 10- R=04,7, <057 S 10 R=04,1n,|<057
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https://arxiv.org/abs/1903.07706
https://doi.org/10.1007/JHEP01(2020)044

Jet Substructure as a Tool to Study Medium Structure?/1

Prob(k™®, oo)
0.0030

—— Weak, g=1
0.0025

=== Strong, g=1

0.0020 |

= What is the impact of the medium on jet

0.0015}
substructure? w0010
= Point-like (Moliere) scattering? JHEP 05 000051
(2013) 031, JHEP 01 (2019) 172 . ko
. . 30 40 50 60 70 80 90 T
= Can we detect with jet substructure Prob, o
observables high-kt emissions which are 006 ek g2
0.05
signature of point-like scatterers in the oos TS
medium? 003

0.021

0.01

30 40 50 60 70 80 90
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Jet Substructure as a Tool to Study Medium Structure?/2

= Searching for signatures of point-like scattering
centers in the medium via large-angle hadron-jet | & * Ao T
decorrelation 2 | 010% Pb-Pb {5y = 2.76 TeV
. ) Anti-k; charged jets, R = 0.4
» ALICE has measured large-angle recoil jet | 40 < pF<" < 60 GV
deflecti in \/ 2.76 TeV: JHEP 09 0.05- oSt -TTes)
eflections in /syn = 2. eV: :
! ! NN I @ Pb-Pb: o =0.173£0.031(stat)+0.005(sys)
(2015) 170. - W PYTHIA + Pb-Pb: & = 0.164+0.015(stat) J
= Consistent with no acoplanarity of recoil jets I 1
within uncertainties. o*#;tﬂt* --------------------- B
i i L Statlstlcal errors only |
= ALICE measurements are ongoing in pp and W R Ry R v ey
Pb—Pb collisions at /syn = 5.02 TeV. Ag
] i N . .
See Jaime Norman, Monday 12:55 JHEP 09 (2015) 170

Raymond Ehlers (ORNL) - 2020 June 03 9
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http://alice-publications.web.cern.ch/node/1630
https://indico.cern.ch/event/751767/contributions/3771078/

Jet Substructure as a Tool to Study Medium Structure?/3
= As an alternative approach, we consider using /

jet substructure as a tool to search for large kt

angle scatterings.
= If a subjet is deflected at a large angle by a
scattering center, it will increase the kt of that

splitting.
= Point-like scatterers in the medium would

trigger

appear as an excess of large kt emissions in
Pb—Pb collisions relative to pp collisions.

= Access to the same physics as investigated via
hadron-jet decorrelations.
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Methods for Extract ardest kv

= Use grooming methods to identify the hardest kt
L . . PYTHIAS8 Particle Level: Jet ptr = 83.3 GeV/c
splitting in a jet: kr in node (GeV,/c)
= For each considered splitting i, kt; = pr;sin AR; lterative splitting
. ] Harder subjet ="
= We compare four main grooming methods: Leading kr splitting -

= Leading kt: max k;
ieC/A

S

s Leading kt for all z > 0.2 splittings.

= Dynamical grooming (PhysRevD.101.034004):
a__ 1 (1 — 7 (0 a
K® = or :renCa/XA[ZI(l z;)pri(0i/R)?]
= a=1- Largest kt ~ k'pr: “krDrop”.
= a=2 - Shortest splitting time t; ! ~ k?pr:

“TimeDrop". h

-
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Grooming Method Characteristics/1

Each grooming method has different characteristic behavior in the Lund Plane.

Leadlng kt Leadmg kr z>0.2 Dynamlcal kt
‘ "ALICE Simulation | |10-3 " ALICE Simulation 0 "ALICE Simulation | ]10-3
4 PYTHIAS /5 = 5.02 TeV ] 4 PYTHIAS /5 = 5.02 TeV 4 PYTHIAS /5 = 5.02 TeV ]
Anti-ky charged jets R = 0.4, [nje:| < 0.5 Anti-kr charged jets R = 0.4, [nje:| < 0.5 Anti-kr charged jets R = 0.4, [1e:| < 0.5
4 4
M 60 < pi 1o < 80 GeV/c 10 . 60 < pi o < 80 GeV/c 104 I 60 < pi 1o < 80 GeV/c 10
2 | Iterative splittings 2 Iterative splittings 2 l Iterative splittings
Leading kr Leading kt z > 0.2
~ R | . 1055 = 103
5 H 15 H 15 b
= 9 3= o 3= o 3
£ 8% HIE o8
1028 1062 10°e
-2 -2 -2
1077 107 1077
—4 4 —4 —4
108 108 108
0 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
log (1/AR) log (1/AR) log (1/AR)
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Grooming Method Characteristics/2

Number of splittings until the selected splitting converges at high k.

kt inclusive kt > 5 GeV/c
o ALICE Simulation 06f < ALICE Simulation ]
PYTHIA8 /s = 5.02 TeV PYTHIA8 /s = 5.02 TeV
04l Anti-kt charged jets ] 0.5F Anti-kt charged jets -
R =04, |ne <05 R =04, | <05
£ 60 < phyjer <80GeV/c 1| 204} 60 < piry jor < 80 GeV/c |
s 03 . 1= K™ > 5 GeV/c
% + Leading kt % 03fF + Leading kt ]
200l —— Leading kr z > 0.2 ] 2 Leading kr z > 0.2
= . + krDrop = oof + krDrop ]
- —_ -+ timeDrop - -+ timeDrop
0.1f e ]
0.1F ES B
—a —_—
0o == . . . et | | B S e A S N S
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Nsplit Nsplit
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Hardest kt+ Measured in pp Collisions

=kt follows characteristic steeply falling shape.
= PYTHIA in broad agreement with the data.

Leading kT Leading kt z > 0.2
100 g 10% S
. F ALICE Preliminary 1 || . F ALICE Preliminary ]
LJ == pp /s = 5.02 TeV ] LG pp v/s = 5.02 TeV ]
> Anti-kr charged jets 1 > Anti-kr charged jets 1
s R =04, || <0.5 1 s R =04, || <0.5 1
C 10l STTTO60 < pfh, jor <80GeV/e | ([ Z10-1) 60 < p§e, jer < 80 GeV/c |
=3 F 1S FPYTHIA _ ) g9
S S tagged . ]
1 s fiaeed = 084 ]
{ |+ Leading kt { Leading kt z > 0.2
™ 10" 2F——PYTHIA8 Monash 2013 L T 10%k——PYTHIAS Monash 2013 4
T e g, oo
E|8 10 + | 1 ||[E|§ 1Of---= :
gl ogf —(— T1[ET o8 ]
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
kr (GeV/c) kr (GeV/c)
14
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Hardest kt+ Measured in pp Collisions

= Dynamical grooming methods show same trends.

= PYTHIA in broad agreement with the data.

Dynamical kt Dynamical time

— B — e —
. F ALICE Preliminary 1 || . F ALICE Preliminary ]
"u\ = pp /s = 5.02 TeV ] "u\ pp v/s = 5.02 TeV ]
> Anti-kr charged jets 1 > Anti-kr charged jets 1
s R =04, || <0.5 1 s R =04, || <0.5 1
E 10_1 E 60 < pgl",]ch jet <80 GeV/C E E 10_1 F 60 < p'cl"jch jet <80 GeV/C E
o 1 R 1
~ ~
= =
o o
{ | <+ k¢Drop { | -+ timeDrop
™ 102 ——PYTHIA8 Monash 2013 4[| 1072E——PYTHIA8 Monash 2013 _ T
< 12F e ) ‘ < 12f B
£ 10} 4 3 |[EIE 10F Aasssadpasasss ;
& ogf —— 111ET osf e :

0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
kr (GeV/c) kr (GeV/c)
15
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Comparison Between Grooming Methods

100 fFrrrrrrrrrrrrrr T
- ; ALICE Preliminary
= - pp /5 = 5.02 TeV
——— . .
= Comparison of the different % E—— /'?Arltlbkl Cr;rg'eijgt;
— Sy et .
grooming methods in pp collisions. %10 . ——— E;E) GeV/c
F —— ,ch je =
= Ratio is relative to leading k. SR :
= At low-mid kT there is some = i i k.TDrSp E——
2 i timeDro
divergence between the methods. % " Leading iT ———
= All grooming methods converge at | — 10—22 |- Leading kt z > 0.2, | | | o
high kT- - 1.4?““I““I““I““I““I““I““I““I‘ E
s . = 1.2F E
= The exact same splitting is selected S“;%" 1_0§---¥ 4 ' #--—
by all methods at very high kt. —""82 . ; . —
0 1 2 3 4 5 6 7 8
kr (GeV/c)
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Toward Hardest k1 in Pb—Pb

PYTHIA part. level
: Y. Chen

*|@ EMMI

W Ilqi;lr T

= To access feasibility in Pb—Pb, study the correlation
between the hardest kt splitting in the parton graph
and from declustering at particle level.
= |dentified the hardest kt graph, and then performed
declustering for R = 0.8 jets.

log(Hardest shower splitting kr)

= Compare pythia graph vs: L A

= Particle level PYTHIA (as crosscheck). i log(Groomed k)
= Particle level PYTHIA + thermal background. PYTHIA part. level + thermal

T T T T T T T T
Pythia8 pp {5 =5.02 TeV + HIC toy background s =" &
Pl > 80 Gevire, C ent Sublraotign ™

= Strong correlation between the hardest emission
and the hardest splitting at large k.
= Studied at EMMI| RRTF Workshop on the

space-time structure of jet quenching. S

T
A A R

log (khardest,graph)
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https://indico.gsi.de/event/8938/

Toward Hardest k1 in Pb—Pb

PYTHIA part. level
=Y. Chen

*|@ EMMI

W q;l..
W ¥

= To access feasibility in Pb—Pb, study the correlation
between the hardest kt splitting in the parton graph

and from declustering at particle level.
= |dentified the hardest kt graph, and then performed
declustering for R = 0.8 jets.

log(Hardest shower splitting kr)

= Compare pythia graph vs: it B0

= Particle level PYTHIA (as crosscheck). i log(Groomed k)
= Particle level PYTHIA + thermal background. PYTHlA part level + thermal

T T 4.\
Teyiriag op 55,02 ToV + HIG toy by Kgn ng

Pl > 80 GeVic, Constituent ut

= Strong correlation between the hardest emission
and the hardest splitting at large k.
= Studied at EMMI| RRTF Workshop on the

space-time structure of jet quenching.

hardest,graph,
kT g P

log(
Q) .\ T T T

|
~
T

Raymond Ehlers (ORNL) - 2020 June 03

3
lo g (k:\—ardest)



https://indico.gsi.de/event/8938/

Summary and Outlook

Measured zg,
and pp collisions at /sy = 5.02 TeV.

= 7z, nsp consistent with no modification.
= R, shows enhancement at small angles
and suppression at large angles.
= Both for z.,; = 0.2 and 0.4.

= Measured hardest kt splittings in pp
collisions at /syny = 5.02 TeV.

= Grooming methods converge at high kr.
= PYTHIA broadly consistent with data.

= Hardest kt in Pb—Pb in progress.
= Further exploration of larger R jets, jet
splitting structure, and grooming methods.

Raymond Ehlers (ORNL) - 2020 June 03

Rg, and nsp in 30-50% Pb-Pb

[z
08"

0.2 0.4 0.6
T T 3
*Pli") b ALICE Preliminary 3
= Pb—-Pb 30-50% - ]
: [ISys uncertaintl;/ IS, =502 TeV
| £ . Charged jets anti-k; J
o 10 = R=04,1n | < o.5g
8- o 60<p, . <80Gevic]
6F [ ] Soft Drop Zey = 0.2, f= 0]
AL T 1 ,=080, 1, =0.88 ]
Ee= 1
2? s ——— |
E :.::
g 0 -JETSCAPE MATTER+LBT (Prel. )
| & mPablos etal., L =
2 (%-1.5H DPablos etal., g =2/mT b
o H mPablos etal., Lo, = ]
100 1
l == 0. I I I I I I h
) 50 0.05 0.1 0.15 0.2 0.25 0.3 0.35
> —— Ry
3 — TR~
T 60 < pf, jor < 80 GeV/c |
o
% ~+ krDrop ——p—
2 -4 timeDrop
= + Leading kr
1072 Leading kr z > 0.2, ) ) ) 3
14 t : 1 1 1 1 1 1
£ 12
EER S — .
2 T
s 08 —,——
0.6 L | i L \ L L L
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Jet Substructure Groom

= Groomed jet substructure serves different purposes in pp vs Pb—Pb collisions.
= In pp: Limit contamination of QCD background (and pileup) in a controlled
way while retaining bulk of perturbative radiation

= |In Pb—Pb: Select hard component of quenched jets.
= This isolates medium effects, making them easier to calculate.

Dropped branch

O — MassDrop/SaftDrop
M.Dasgupta et al, MEP1309 (2013) 029
A.Larkoski etal, JHEP 1405 (2014) 146
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Grooming Method Characteristics

Leadmg kt

Lund Planes

Dynamlcal time

Dynamlcal kt

ALICE Slmu\atlon 103 ALICE Slmu\atlon 5 ALICE Slmu\atlon 103
4 PYTHIA8 /s = 5.02 TeV ] 4 PYTHIA8 /s = 5.02 TeV ] 10 4 PYTHIA8 /s = 5.02 TeV ]
Anti-k charged jets R = 0 4, || < 05 Anti-k charged jets R = 0 4, || < 05 Anti-k charged jets R = 0 4, || < 05
e 60 < P, o < 80 GeV/c { [ {10” r 60 < P, o < 80 GeV/c 1|10 = 60 < pi . < 80 GeV/c { [ {107
2 1 Iterative splittings 2 Iterative splittings | 2 Iterative splittings |
Leading kt £ timeDrop £ ktDrop £
— 105G~ 1052||~ 107°%
= HIIS HIS £
= 3= o 3= o 3
£ (|2 5|2 o8
10 £ 1076 2 10 &
-2 -2 -2
107 107 107
—4 - —4 —4
- - 108 R 108 - 10
1 2 3 1 2 3 4 1 2 3 4
log (1/AR) log (1/AR) log (1/AR)
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Comparison to PYTHIA

100_I“"I""I""I‘“‘I““I““I““I““I“
B F ALICE Preliminary
= pp /s = 5.02 TeV
= Comparison of the grooming % ;"t'bkl c|harg|ei18t;
= U.4, [Tjet .
methods to PYTHIA 8, S 60 < p . . < 80 GeV/c
F ,ch jet 1
= PYTHIA broadly consistent with 3 F 4 kD
-~ [ TUrop
data within statistical and 3 [+ timeDrop
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Model Comparisons for z,, nsp in 30-50% Pb—Pb
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Consistent with no modification.
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