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Heavy ion collisions and the quark-gluon plasma

« The quark-gluon plasma (QGP) is formed in
ultra-relativistic heavy-ion collisions

* What can we learn about QCD from this
complex quantum matter?

+ Is there

?

« What are the relevant length scales and
what can the QGP resolve?

« What can these studies say about " d..
QCD in vacuum? 3 Nk

— Today, utilize the Lund Plane to try to ] _' 7
answer these questions :
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Outline: Utilizing the Lund Plane in pp and Pb-Pb collisions

1. pp: Inclusive Lund Plane 3. pp + Pb-Pb: Characterize grooming algorithms
* Test QCD models + Selections in Lund Plane
* Baseline for Pb-Pb + Optimally find hard splittings
In kT

InR/AR
2. Pb-Pb: Groomed jet radius Ry 4. Pb-Pb: Groomed relative k7 g
+ What angular scale does the medium resolve? * Quasi-particle scattering in medium?
*+ Projection of Lund Plane * Projection of Lund Plane

e =
<51 .1
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Jets and their substructure in pp collisions

* Jets are multi-scale probes of

* Jet substructure observables provides access
to the jet splittings

*+ Sensitive tests of perturbative QCD,
hadronization, etc

* Extra )
+ Heavy flavor (see next talks) s .
+ phase space selections ///':-:'./;,/'/ , Reconstructed
. i / ' |
Tools (eg. grooming) e

Detection

e ~ Hadronization
- Fragmentation ~ hadrons 3@ .
e partons @D @ ...
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https://www.ericmetodiev.com/post/jetformation/

Measuring the Lund Plane in pp collisions

* Test

* Lund Plane density:
1 d’n
Niets d In (R/AR)d In kr
* pp @ 13 TeV, R = 0.4 anti-kt ch-particle

jetsin 20 < p$h, < 120 GeV/c

p(ea kT) =

* Declustering via C/A

+ Sensitive to effects from hadronization
and underlying event

1Dreyer etal.,,
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Lund Plane density in pp collisions at 13 TeV

ALICE Preliminary Charged-particle jets anti-k; R =0.4
pp Vs = 13 TeV Mgl <0.5,20<p" < 12(;?GeV/c
04 035 03 025 0.2 0.15 0.1

* Fully corrected ;1-5 — —_ ‘ 1z
Lund Plane density & g
- Utilize in &1 08%
(Ptjec; Inkr, In R/AR) = 3
+ Unfolding effects ~ 20 — 30% 0.5 0.6
* Largest corrections in the steeply L :—f
falling tails of kr 0 042
* Njets normalization from C é
separate 1D unfolding -05F 02%
— Make selections in phase space C ;‘3
for model comparisons A e P 0 =

o

0.2 0.4 0.6 0.8 1 1|.2 1.4

ey

= AR
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Testing model comparisons:

inclusive

kr AR
P . k; (GeV/c AR
Models for comparison: 0.4 07 10 15 | (3_0 4);,5 04 03025 02 0.15 0.1
* PYTHIA8 Monash 2013 T _[-PYTHIA8 Monash  ALICE Preliminary | S f-PYTHIA8Monash  ALICE Preliminary
: I 3 L A ppis-13Tevy T LSS laianic pp fs =13 TeV |
° Sherpa 2.2.8 with cluster-like gz :Sh:;gg fLund) ) Charged-particle jets | HE :Sh::gg fLund) ) Charged-particle jets |
hadronization (AHADIC) 22150 [ pp anti-ky R =04, 7| <05 82 1.5 L op anti-ky R =04, 1| <05
Z|8  [OSys uncertainty  20< P, < 120 GeVie ] Z|8  [OSys uncertainty 20 < P, < 120 GeVie ]
« Sherpa 2.2.8 with string-like | To=t=tg=, ER E
S e = T L
hadronization (Lund) k05 %= 1 %o 7:‘:_ = — E
. 2 [ 0<In(RIAR) < 1.4 E’Eﬁf ] 2 [ -1.0<In(k/GeV) < 1.5 —
* Herwig7 o 0T <AR<04 . —— o Od<ki<dsGevic”
© r T T T t [ T T T T T t
T ©
. . 3 s - 7-77.:+7:7: S N =) _‘za——ft‘i'f } E— — S
* AR ky agree within ~ 10% o FEEissasimmgy 5 (St bt
except SHERPA is low = 0t ' = 05*
fOI’ kT Z 2 GeV/C o | L L L ' L L 1 L L 1
-1 -0.5 0 0.5 1 15 0 02 04 06 08 1 12 14
In(k,/GeV) In(R/AR)
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Testing model comparisons: narrow vs wide splittings

i\ A A
>1 AR Narrow spllttmgs 5 AR wide spllttmgs
 (Gevie) §) kr (GeVio)

MOdeIS fOr Comparison: 5 0.4PYTHIA(;Z/I 1 2 - iLICE Pi I T 0'4PYTHIA(;Z/I 1 2 . iL]CE Pi I .
. onas| reliminary | . onas| reliminary |
* PYTHIA8 Monash JE 2Hewgr ppis-13Tev| (& ZeHewig7 oo pp (s - 13 TeV |
=S +Sherpa ( ) Charged-particle jets 5= +Sherpa ( ) Charged-particle jets
+ Sherpa (AHADIC) 4215 :ggerpa tund) - ortiks R = 0.4, | <05 4215 :s;e'pa (tund) otk R = 0.4, In, | <0.5-
=2 [Sys. uncertainty 20 < ph <120 GeVic 1 2|2 DSys. uncertainty 20 < p" < 120 GeV/c ]
* Sherpa (Lund) S RCERE R BT A = S & <'p“'e‘< o
. E e ] T ==,

* Herwig 7 s 3 ] s | = ]
205 == 1 .g05F == 3
2 [ 08<In(RIAR)< 1.4 =8=¢ 1 2 [ 02<In(RIAR)<0.4 =1
. [ 0.1<AR<0.12 1 £ 027<AR<033 ]

- Disagreement for narrow g 0 —== g O ; :

. . . L — T

splittings at high kg o S T — s ——— u_l_* i
. o ) o I e o SrsEme——
+ Wide splittings described by = = = —
mOdeIS 057 1 1 1 ' 1 ¢ & 0 57 1 1 1 1 B

-1 -05 0 0.5 1 1.5 -1 -05 0 0.5 1 1.5

In(k;/GeV) In(k,/GeV)

< 14 AkaT %}Th— %:Th
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Testing model comparisons: perturbative vs non-perturbative splittings %
ALICE

= k
% The Non-perturb. (kr < 1) T Mostly perturb. (kt > 1)
AR
Models for comparison: 04 nyli)l;szs 502 o5 071 04 nyﬁzs.zs Ho.z o015 od
* PYTHIA8 Monash § 2 :Herwig7 onas AL:)(;;EETIEW-}?&_: g 2 :Herwig7 onas AL:)(;’)EETIEIE;-Z@_:
= M gge:pa iﬁHn%DIC) Charged-particle jets 1 HE M gﬂe:pa if‘Hn%ch) Charged-particle jets 1
+ Sherpa (AHADIC) 43 1.5t one™ D i R 04, <05 21570 ) anti-k, R =04, In, | <05
+ Sherpa (Lund) %Qc;'i 1DSVS_uncEtamty 20<p?, <120 GeV/c_ %‘”Q‘i 1;DSYS» uncertainty 20 < pf" <120 GeV/c_
< s e R S — ] < r ]
* Herwig 7 s f == I S—— ]
~|_£0.5 - | 205" =
=L ~1.0 <In(ky/GeV) < 0 ] =L 0<in(ky/GeV) <15 =t ]
+ Non-perturb. region I e e e e T T e e e O
described within 10-20% S et 1 3 e ]
. . o I o IF e e . ——
* Perturbative region = s ——
described 05 . 05 .
0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14
In(RIAR) In(RIAR)

A e\ ’A\ i\
)} AR )iAR j AR >1A:
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Jets and their substructure in Pb-Pb collisions %

ALICE

< T { L [ L [ LI | L | T T 7T ‘ L
+ Partons propagate and interact with medium, < [ illl\ll'D%E Data -T _?gdckﬂgge\lélvé\'/&/’glé%:
modifying evolution of parton shower [ mmLBT ) Mehtar-Tanjet. al,g |
0 i i 1.2~ JEWEL w/ Recoils mm Mehtar-Tani et. al, g |
+ Jet-medium interactions modify the C %ﬂﬁVg{Erll-Nvlv/O Recoils g Mehtar-Tani et. al, all
A 3
* Medium properties encoded into jet [ ALICE |5, = 5.02 TeV, 0-10% Pb-Pb 1
modification o.g|_Ch-particle jets, anti-k;, R = 0.6, |njet| <03 ]
— Jets are in-situ probes of QGP dynamics ' C ]
0.6/ -
0.4 =
0.2 o
i ‘ ‘- TAA‘ normallization |uncerta‘inty ]

0 1 1 1 Il 1 Il 1 1 1 Il 1 L 1 1 1 1 Il 1 1

20 40 60 80 100 120 140
Pr chiet (GeVic)
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Jets and their substructure in Pb-Pb collisions

+ Partons propagate and interact with medium,
modifying evolution of parton shower

+ Jet-medium interactions modify the

* Medium properties encoded into jet
modification

— Jets are in-situ probes of QGP dynamics

Raymond Ehlers (LBNL/UCB) - 4 July 2023

Inl/R In +/gL3 ln1/6’

H. Andrews et al., J.Phys.G 47 (2020) 6, 065102


https://inspirehep.net/literature/1686738

Medium properties from jet substructure

Resolving medium scales
+ Substructure observables sensitive to
?

« What are the relevant length scales?

1. Color coherence
* When do partons interact coherently?
— Explore via groomed jet radius (Rg)

2. Medium scattering centers
+ Is there emergent structure, such as quasi-particles?
+ Complementary searches via (sub)jet deflection
— Search for high kr emissions via groomed substructure
as signature of point-like (Moliere) scattering
%

Raymond Ehlers (LBNL/UCB) - 4 July 2023

111 ZG H. Andrews et al.,
J.Phys.G 47 (2020) 6, 065102



https://inspirehep.net/literature/1686738

+ Jets are experimentally challenging due
to large uncorrelated background from
underlying event

* Fluctuations can be ~ pr et
Substructure especially susceptible
Careful bkg subtraction is critical!

Exp. approaches (not exclusive):
Subtract event-by-event bkg, unfold
+ Bkg fluc. limits accessible kinematics

Jet grooming aims to removes
uncorrelated bkg (contamination?)

Reduce bkg sensitivity or size

Rethink problem: statistical + correlation

methods remove bkg on ensemble level

Raymond Ehlers (LBNL/UCB) - 4 July 2023

CMS Experiment at LHC, CERN

i| Data recorded: Sun Nov 14 19:31:39 2010 CEST
| Run/Event: 151076 / 1328520
| Lumi section: 249

Jet 1, pt: 70.0 GeV.

Jet 0, pt: 205.1 GeV/|



Experimentally accessing jets in heavy-ion coll

+ Jets are experimentally challenging due
to large uncorrelated background from
underlying event

* Fluctuations can be ~ pr et
* Substructure especially susceptible
— Careful !

* Exp. approaches (not exclusive):
+ Subtract event-by-event bkg, unfold
+ Bkg fluc. limits accessible kinematics

. aims to removes
uncorrelated bkg (contamination?)

* Reduce bkg sensitivity or size

+ Rethink problem: statistical + correlation
methods remove bkg on ensemble level
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Identifying hard splittings: Soft Drop

In &
2 A2 T
+ 0y =Ry/R= \/A¢R+Ay

. kr = stubIead sin AR ﬁ»‘[k

« Iteratively follow splitting tree W> T
Soft Drop

Larkoski et al., JHEP 05 (2014) 146

i AR
min(pra, pra) r( 2Ry
Pt + pr2 R

* Zow = 0.2 @

rE=0 InR/AR

7
AA ety
< AR ‘ AR
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https://doi.org/10.1007/JHEP05(2014)146

Identifying hard splittings: Soft Drop

lnkT 0/
© 6= Ry/R= VAT 4

. kr = stubIead sin AR ﬁ»‘[k
« Iteratively follow splitting tree W> T
Soft Drop Pe
Larkoski et al., JHEP 05 (2014) 146 ‘e,
>
. “’
min(pr,1, pr.2) AR\ g .
— > zu( ) .
Pt + P2 R g %,
ﬁ T kr ..
© Zae = 0.2 SN *
rE=0 InR/AR

‘ 7

= A\ i

< AR ‘ AR
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Exploring angular dependence via groomed substructure

0 0.05 0.1 0.15 Ry
b (=2 4 E T T T 3
Ul% E e pp ALIGE sy =5.02TeV |
e 3.5 © mPb-Pb0-10% Charged-particle jets
+ Characterize QGP resolution scale via —| 8 3 ' Sysuncertainty A=02 |7 [<07 4
angular dependence of hard splittings © o5F - 60 <p; 4y <80 GeVic
« Relative suppression of large angles of ¢ Soft Drop 2.,=0.2, /=0
and enhancement of small angles 15 4 + ’ frvgea =088, fon /=089 3
* Promotes narrow or EW ] ]
i 1Fe E
subjets 05k H ]
+ Well described by most models “F . . ’ - ]
Ko} L ]
+ Incoherent energy loss effects may o a o0 ';‘iﬁ?[’io SS:ﬁ%L:SGeVZ ]
indicate medium resolving the 2 C Palos, L =2/5T _ Yuan, med g/g
.. t ablos, L=  ==Yuan, quark
splittings? (B
Or changing q/g fraction? Pt \ : =
or ? < 3 AR
05F S
0 0.2 0.4 0.6 0.8 1
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Identifying hard splittings: Soft Drop

. ky = stubIead sin AR
+ Iteratively follow splitting tree

Soft Drop
Larkoski et al., JHEP 05 (2014) 146

min , AR
min(pra, pra) ran (2R

pr1+pr2 R

¢ Zeut = 0.2

«B=0
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Identifying hard splittings: Soft Drop

. ky = stubIead sin AR
+ Iteratively follow splitting tree

Soft Drop
Larkoski et al., JHEP 05 (2014) 146

min , AR
min(pra, pra) ran (2R

pr + P12 R
* Zee = 0.2,
«B=0
. trades phase space to focus

on

Raymond Ehlers (LBNL/UCB) - 4 July 2023
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Identifying hard splittings: Dynamical Grooming

< k= stubIead sin AR In kT | ’
+ Iteratively follow splitting tree

Dynamical Grooming W>

Mehtar-Tani et al., PhysRevD.101.034004

K7 o flél?,/)A([Z,('l - Z,‘)pT,‘(AR,‘/R>a] 0.5
+ a = 0.5: "core” - more sym., narrow }
7
ﬁ TkT

InR/AR

>
A A 24
- AR \ AR
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Identifying hard splittings: Dynamical Grooming

DyG 0.5 DyG 1.0

< k= stubIead sin AR In kT | ’ | T

+ Iteratively follow splitting tree 3 N

kr
Dynamical Grooming W>T

Mehtar-Tani et al., PhysRevD.101.034004

K7 o flél?,/)A([Z,('l - Z,‘)pT,‘(AR,‘/R>a] 1‘00.5
+ a = 0.5: "core” - more sym., narrow f
«a=1:"ki"-largest kr ~ k' pr

4
ﬁ TkT

InR/AR

>
A A 24
- AR \ AR
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Identifying hard splittings: Dynamical Grooming

< k= stubIead sin AR In kT ’ T
L> L

+ Iteratively follow splitting tree N
=N T ‘ DYG 2.0
Dynamical Grooming <P \
Mehtar-Tani et al., PhysRevD.101.034004 . 2N
k? oc max|z;(1 — zj)pri(AR;/R) 1.0
iGC/A[ r( I)PT:( :/ ) ] b.0 0.5

+ a = 0.5: "core” - more sym., narrow
«a=1:"ki"-largest kr ~ k' pr

+ @ = 2: "time" - shortest splitting time ey Thr

!~ Kpr S/

ty

InR/AR

e <o,
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Identifying hard splittings: Dynamical Grooming

. ky = stubIead sin AR
+ Iteratively follow splitting tree

Dynamical Grooming
Mehtar-Tani et al., PhysRevD.101.034004

a a
K% o ?elzci/):[zi“ — z;)pri(ARi/R)?]
+ a = 0.5: "core” - more sym., narrow
«a=1:"ki"-largest kr ~ k' pr
* a = 2: "time” - shortest splitting time
tf ~ K*pr
« In practice, need min kt in Pb-Pb

Raymond Ehlers (LBNL/UCB) - 4 July 2023

>
DyG 2.0
N,
2.0 1.00.5
InR/AR

>
>I ARzz
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Identifying hard splittings: Dynamical Grooming

. ky = stubIead sin AR
+ Iteratively follow splitting tree

Dynamical Grooming
Mehtar-Tani et al., PhysRevD.101.034004

a a

K% o ?elzci/):[zi“ — z;)pri(ARi/R)?]
+ a = 0.5: "core” - more sym., narrow
«a=1:"ki"-largest kr ~ k' pr
* a = 2: "time” - shortest splitting time

tf ~ K*pr

« In practice, need min kt in Pb-Pb
« Alternatively, add z requirement (0.2)
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Employing the grooming methods

+ Consider p$}, = 60 GeV/cR=0.2 jet

+ Decluster with C/A, select iterative splittings:

InR/AR
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Employing the grooming methods

+ Consider p$}, = 60 GeV/cR=0.2 jet
+ Decluster with C/A, select iterative splittings:
z=0.175AR = 0.4, kr = 4.09 GeV/c
z=0.2,AR = 0.3, kt = 2.93 GeV/c
z=0.4,AR = 0.2,k = 3.15 GeV/c
z=0.1,AR = 0.1,k = 0.24 GeV/c

Eal

InR/AR
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Employing the grooming methods

Consider p'}; = 60 GeV/cR=0.2 jet

+ Decluster with C/A, select iterative splittings:

z=0.2,AR = 0.3, kt = 2.93 GeV/c
z=0.4,AR = 0.2,k = 3.15 GeV/c
z=0.1,AR = 0.1,k = 0.24 GeV/c

M=

—  Which method selects which splitting?

Raymond Ehlers (LBNL/UCB) - 4 July 2023



Employing the grooming methods

Consider p'}; = 60 GeV/cR=0.2 jet
+ Decluster with C/A, select iterative splittings:
1. z=0.175, AR = 0.4, kt = 4.09 GeV/c

2. z=10.2,AR = 0.3, kt = 2.93 GeV/c

3. z=10.4,AR = 0.2, kt = 3.15 GeV/c

4. z=0.1,AR = 0.1, kt = 0.24 GeV/c

—  Which method selects which splitting?
* DyGa = 1.0:

Raymond Ehlers (LBNL/UCB) - 4 July 2023



Employing the grooming methods

Consider p'}; = 60 GeV/cR=0.2 jet
+ Decluster with C/A, select iterative splittings:
. 2=0.175,AR = 0.4, kt = 4.09 GeV/c

. 2=0.2,AR = 0.3, kr = 2.93 GeV/c

. 2=0.4,AR = 0.2,k = 3.15GeV/c

. 2=0.1,AR = 0.1, kt = 0.24 GeV/c

A W N =

—  Which method selects which splitting?
* DyGa = 1.0:
© SDzye = 0.2: #2
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Employing the grooming methods

Consider p'}; = 60 GeV/cR=0.2 jet
+ Decluster with C/A, select iterative splittings:
. 2=0.175,AR = 0.4, kt = 4.09 GeV/c

. 2=0.2,AR = 0.3, kr = 2.93 GeV/c

. 2=0.4,AR = 0.2,k = 3.15GeV/c

. 2=0.1,AR = 0.1, kt = 0.24 GeV/c

A W N =

—  Which method selects which splitting?
* DyGa = 1.0:
* SDZzgy = 0.2: #2
* DyGa=1.0,z> 0.2: #3
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Employing the grooming methods

Consider p'}; = 60 GeV/cR=0.2 jet
+ Decluster with C/A, select iterative splittings:
. 2=0.175,AR = 0.4, kt = 4.09 GeV/c

. 2=0.2,AR = 0.3, kr = 2.93 GeV/c

. 2=0.4,AR = 0.2,k = 3.15GeV/c

. 2=0.1,AR = 0.1, kt = 0.24 GeV/c

A W N =

—  Which method selects which splitting?
* DyGa = 1.0:
* SDZzgy = 0.2: #2
* DyGa=1.0,z> 0.2: #3
. D #3
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Comparing grooming methods in pp

+ Shape variations at low kt
+ Grooming methods

* Zrequirement
dominates over
grooming method

* PYTHIA in broad
agreement with data

See also: Rg + z4 with DyG:
arXiv:2204.10246
Raymond Ehlers (LBNL/UCB) - 4 July 2023
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4
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https://inspirehep.net/literature/2070421

Unfolding Dynamical Grooming in Pb-Pb

Dynamical Grooming exhibits
in Pb-Pb

+ Off-diagonal mismatched splittings are

major component at low k7 ‘E 16 F PYTHIAS Monash 2013 embedded in thermal background ]
. i 3 1.4[sw=502TeV o ZotDiop: 2w =01 020 max-p3" ]
— Problematic for unfolding o [ Charged jets anti-k,  Soft Drop: 2" = omexz
[ 1.2 FR=04 | n 1<1.0 Dynamical éroommg 0.1 ax-K, 1

o =N - et . Dynamical Grooming 1.0 v max-x

. Caused by ‘5_ [ C-A reclustering + Dynamical Grooming 2.0 ¢ min-t,
S et emeraareae e s ea s sa s n s an =
always S o8l ETELE R EL:

. e . (] b 3 =R °
« Address by minimum measured k; requirement o ; o 89 o’ ]
. . . Ke) 0.6 = ° v YYYY e
+ Trade improved purity for reduced dynamic a : @ g L e
- ic effici 04F ws 9 SEEE RN
range and kinematic efficiency : A B SRR ]
.. T M EEEEE 1
* Minimum z has similar impact 0.2 X §7¢° 1
0 C . . v v ey
0 50 100 150 200

p?g*l"f (GeV/c)
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Unfolding Dynamical Grooming in Pb-Pb

—

+ Dynamical Grooming exhibits
in Pb-Pb
+ Off-diagonal mismatched splittings are
major component at low k7 kr inclusive
— Problematic for unfolding kr > X GeV

0 20 40 60 80 100 120 140
+ Caused by prjet (GeV/c)

always

Subleading subjet purity
—

o

+ Address by minimum measured k; requirement

+ Trade improved purity for reduced dynamic
range and kinematic efficiency

Kinematic Eff.

* Minimum z has similar impact

kt inclusive
kr > Y GeV

0 2 4 6 8 10 12
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Dynamical Grooming in Pb-Pb

DyG 0.5 DyG 1.0 0-10% central

30-50% semi-central

10° — 10°
m Ti, o ALICE Preliminary ALICE Preliminary
DvG 2.0 § - il 0-10% Pb-Pb \/syy = 5.02 TeV | - Pb-Pb /5w = 5.02 TeV
y 3D 0.2 = —-— Anti-kr ch-particle jets | L —-— Anti-kt ch-particle jets
K 0} § R =02, | <0.7 § R=02, |« <07
3 o === 60 < prenje < 80GeV/c| — 60 < pr o jer < 80 GeV/c
S0 ] e
E B ;10 1 ==
+ First measurements of = e =
. L 3 == = ==
Dynamical Groomingin % + DyG 205 S + DyGa=05
= yeam = 4 DyGa=10
Pb-Pb S 02 + D¥Ga=10 B | < 4 DYC 2z 20
. 4 DyGa=20 - yG a = 2. —_—
Grooming methods 4 Dz, =02 102 4 SD 2, = 0.2
15 ‘ ‘ 15
+ Smaller bkg extends 5o 10 + + ;‘3 10 — $
. . > ——— =
- a a
kr,q range in semi-central 05 ‘ ‘ 05
0 1 2 i 2 4 5 6

T,:g GeV/c 3
W S

I
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Comparing grooming methods in Pb-Pb

0-10% central

2 30-50% semi-central
S 0 0
|}.E > 10 ALICE Preliminary 10 ALICE Preliminary
Suc - —— 0-10% Pb-Pb /sy = 5.02 TeV - 30-50% Pb—Pb ,/syy = 5.02 TeV
DyG 1 '0‘I?yG 1.0 Py —— Anti-ky ch-particle jets | - Anti-kt ch-particle jets
1~ ® Q) R=02, |nul <07] < - R=02, || < 0.7
K] - 60 < pryju < 80GeV/c| 3 60 < prgy jer < 80 GeV/c
=107 1 107! —_— E
¢ Similar trendsin0-10% = = —
_—
- [) ° o
and 30 50 % 2’2 4 SD z =02 2’-1 4 SD z,, =02
— _ —_——
* Reduced SD 7oy = 0.4 R vy —— S0 ]
. yG a =1 yG a = 1.
yield due to phase space # DyGa=10,2=02 4 DyGa=102-02
. Js 1s Js 1
ol ll of I
fromallDyG  z; 10 2 10 e 4
a=1.0,SD z.,t = 0.2 @ 05 ‘ ‘ ‘ \ \ ‘ 3 05 ‘ ‘ ‘ ‘ ‘
. 0 1 2 3 3 5 6 0 i ) 3 i 5 6
— Suggests few hard splits

further into tree

A’ T kr
ST/R SR/

Raymond Ehlers (LBNL/UCB) - 4 July 2023

krg (GeV/c) N
A TkT

krs (GeV/e) N
ﬁ’ T kT A TkT
: E)-) :2)9
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Searching for modification

0 T T T T T T
DyG 1.0 10 —o— ALICE Preliminary
—— pp, Pb-Pb \/syn = 5.02 TeV
T + Anti-kr ch-particle jets
L = R=0.2 |nel <0.7
2 60 < pr ey jer < 80 GeV/c
* No enhancement at high krg 2101 —— ]
+ Standard DyG shows £ =W Tk A’Tk
< T " T
SRS/ T
o
PR of 1)
2 e ——
3107 30-50% Pb-Pb
- 0-10% Pb-Pb
Dynamical grooming a = 1.0
150 ' ' '
i & L0 e ————— - ]
o
0.5} ‘
0 1 2 3 4 5 6
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Searching for modification

' ' ALICE Preliminary

. —— pp, Pb—Pb. V/SNN = 5._02 TeV
/4 Anti-kr ch-particle jets
R=02 |nel <0.7

60 < propjer < 80GeV/c
* No enhancement at high krg 2101 — ]

eV/c)™!
|'

+ Standard DyG shows £ =W T A’Tk
R . o T — T
* Modification in methods with z > 0.2 = W» W»
+ Larger modification in 0-10% < -+ pp
. , £ —_
seenin = 30-50% Pb-Pb
many substructure analyses. — 10~

0-10% Pb-Pb

* eg. Ry, jet axis difference, angularities, etc Soft drop ze: = 0.2

* No clear evidence of Moliere scattering

ST S
2z 10
o
0.5¢
0 i 3 3 £ 6
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Searching for modification

' ALICE Preliminary

.T == pp, Pb-Pb /syy = 5.02 TeV
¢ + = Anti-kr ch-particle jets
R=02, |nu <07

60 < propjer < 80GeV/c
* No enhancement at high k74 < 10-1t —— ]

GeV/c)™

+ Standard DyG shows £ = Tk A’Tk
. g . . . Y T T
* Modification in methods with z > 0.2 = W» ‘W»
+ Larger modification in 0-10% < <+ pp
. i 3
seenin = 30-50% Pb-Pb i
many substructure analyses. —~ 1072

0-10% Pb-Pb

* eg. Ry, jet axis difference, angularities, etc Dynamical grooming a = 1.0, z = 0.2

* No clear evidence of Moliere scattering

STEES
Ta 100 g
o
0.5¢
0 i 3 3 £ 6
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How do models fare?

SD 0.2
’ 0-10% central 30-50% central
0 i . . 0 i i i
10 ALICE Preliminary 10 ALICE Preliminary
. —a— pp, Pb—Pb /sy = 5.02 TeV . —- pp, Pb-Pb /syn = 5.02 TeV
JETSCAPE\[3.5 AA22 tune i * g Anti-kr ch-particle jets ] | * Anti-kr ch-particle jets
. 3 R=02, |nel <07] £ — R =02, |nel <07
JETSCAPE arXiv:2301.02485 E 60 < Pr gy jor < 80 GeV/c E 60 < pr.gy e < 80 GeV/c
10! - 1 <10t —
* MATTER+LBT < Z
. 2 — = —
= =
el el
i = |4 * = |4 ——
Hybrid model Sl PP | Sl TP
y 107% 4 0-10% Pb-Pb 107% 4 30.-50% Pb-Pb
D’Eramo et al. JHEP 01 (2019) 172 Soft drop zg = 0.2 Soft drop zg,: = 0.2
Hulcher et al. QM 22 15f # 1 1.5¢
i i i‘ N f‘ 2 1.0 S o
. Wlth, W/OUt Mollere o 0.5 Hybrid ) ke - — i o5 Hybridw,’w;e‘iq_
. . . Hybrid w/ wake + Moliere JETSCAPEV3.5 AA22 el Hybrid w/ wake + Moliere JETSCAPEV3.5 AA22
+ w/out Moliere describe R TR E e ot ke el

4 5 6

3
0-10% data better krg (GeV/c) N krg (GeV/c) N
Caveat: pp baseline W}T’ﬁ w)TkT w)TkT A TkT
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https://inspirehep.net/literature/1685742
https://inspirehep.net/literature/2142666

Summary + Outlook/1 %

ALICE
10° : . .
ALICE Preliminary
~ . pp, Pb—-Pb /syny = 5.02 TeV
+ Lund Plane is useful approach for = + Anti-kr ch-particle jets
understanding QCD and QGP properties = = = R =02, |ne| <0.7
3 60 < propjer < 80 GeV/c
1. Low prjet inclusive pp Lund Plane to test QCD 10!} ==

ﬁ’ A kr A

= 5
w/ similar narrowing in many observables § W;rlﬁ Wﬁ{

(Ry, kr.g, jet-axis, angularities, etc) = 4 pp

3. Comprehensive grooming method study: S& 30-50% Pb-Pb —J‘—

+ First measurement of DyG in Pb-Pb - 0-10% Pb—Pb

* 2., dominates over grooming method details Dynamical grooming a = 1.0, z = 0.2
. of splittings far into 1.5 ' ' ' ' ' ]
splitting tree 2
L&
4. No clear evidence of Moliere scattering & 10
0.5 ]
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Summary + Outlook/2 %

ALICE
10° : . .
ALICE Preliminary
- —— PP, Pb-Pb /snn = 5.02 TeV
I + == Anti-kr ch-particle jets
§ - R=02, |l <07
v 60 < propjer < 80 GeV/c
81071, —_—— ’ ]
e y g
* Much more to explore! 3 = 1k A TkT
¢ Full Lund Plane in Pb-Pb? = 3> ‘W*
+ Can we relax our grooming requirements? 2 + pp
L
* New approaches: Statistical? ML? 510,1 30-50% Pb-Pb v |
. - 0-10% Pb-Pb
Dynamical grooming a = 1.0, z=0.2
1.5} ' ' ' ' ' ]
2z 10
o
0.5¢ ‘ ‘ ‘ ‘ ‘ 5
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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 -
2. FMD, TO, VO
— Enables strong substructure 3 TPC
rogram S Jor ©
prog o £ o -
* Anti-kt charged-particle jets 8 oca oy

measured in pp and Pb-Pb 10 Ansorer
collisions at /syn = 5.02 TeV 15 Moo war
' 14, Muon Trigger
15. Dipole Magnet
16, PMD
17. AD
18.ZDC
19. ACORDE
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Dynamical Grooming: Lund Planes

ZDrop (a=0.1)

In(k_)[GeV/c]

PYTHIAS p+p @13 TeV E
- p,>450 GeVle, antik R=0.8 [
K e C/A declustering E

k;Drop (a=1) E |

Raymond Ehlers (LBNL/UCB) - 4 July 2023

6
In(1/AR)

Mehtar-Tani et al., PhysRevD.101.034004

G! 7
In(1/AR)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.034004

Comparing grooming methods in pp: mixed methods, R = 0.4

10°

. ALICE Preliminary 10° . ; . : : :

. pp /s = 5.02 TeV . ALICE Preliminary
T :t == Anti-kr ch-particle jets P pp /s = 5.02 TeV
< —— R=02, |ne <07 2 Anti-kr charged j
> -y » e N nti-kT charged jets
3 60 < pr g jer < 80 GeV/c 3 R =04, |ne| <05
1077t ] —
g 10k 60 < pf'y, o < 80 GeV/c |
<] —— I ktDrop
= = .
< ] timeDrop
ZE + 23 Zeut i gi =*= 2‘:1 Leading kr
102 Zye = 0. 1 g Leading kr z > 0.2

4 DyGa=10 1072k PYTHIAS Monash 2013 ]

# DyGa=10,z=02 A A b T A
JS L8 2. M3 3
[ e s R | cle 10Eg
e T " osf 3

a 057 4 1 L 1 L 1 1 1 L 1
, 5 3 , . 5 0 1 2 3 4 5 6 7 8
0 1 4 5 kr (GeV/c
kg (GeV/c) T (GeV/e)
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Dynamical Grooming: analytical calculations pp

DyG-a=1 DyG-a =2
# ALICE 60 < ps < 80 GeV
0L ’ J
& 10 LO+N?DL 7] < 0.5, anti-k | (R = 0.4)
> - LO+N?DL'+NP
(jv ==
: %1071 ——
"E% PEDEY SIS
-5 —— ——
= =.=
1072 et i L 1 T i i | Lo
05 20 4.0 6.0 8005 20 4.0 6.0 8.0
kig[GeV] ktg[GeV]

1 .
Raymond Ehlers (LBNL/UCB) - 4 July 2023 Zgﬂaeuhctaalr;aa'?' T;E'F;v g7h{25(');16)v62% 101, 034004
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Comparing grooming methods in 30-50% semi-central Pb-Pb

DyG 0.5 DyG 1.0 DyG 2.0 SD 0.2

DyG 0.5 DyG 1.0 DyG 2.0 S

i 17

EARENR

1 0 1 0
ALICE Preliminary 0 ALICE Preliminary 0 ALICE Preliminary
- - Pb—-Pb /syy = 5.02 TeV - - 30-50% Pb-Pb /syy = 5.02 TeV B . 30-50% Pb-Pb /syy = 5.02 TeV
— —- Anti-kr ch-particle jets i — Anti-k ch-particle jets | - Anti-k ch-particle jets
L R=02 |nul<07] X R=02 |ne <07] < R=102, |nul <07
3 = 50 3 = 60 80GeV/c| 3 == 6 80 GeV.
] < Pranje <80GeV/c| 3 . < PTchjet < eV/c 3 . < Prchjet < eV/c
= =10 — =10
L1 = £ £
2 2 2 —
= — = — =
A + DyGa=05 < = +
£ B £ D z = 0.4 £ D z = 0.2

§ + DyGa=10 §10*1— DyG 5 05, 2 — 02 —_— §10?27 D7 —04 _—

, + DyGa=20 e 4 DyGa=10,2=02 4 DyGa=10

107 4 SD z,, =02 4 DyGa=20,z=02 4 DyGa=102z=02
1.5
2 8 1t 8 1t
i " 3|1 - i ) .
£~ 1.0 :‘__3_§_ 3 K 1.0p- S e B K 1.0p - — —.
=& g osf g osf
0.5
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6

<& 1 &
P

<
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Comparing grooming methods in 0-10% central Pb-Pb
DyG 0.5 DyG 1.0 DyG 2.0 SD 0.2

EARENR

DyG 0.5 DyG 1.0 DyG 2.0 S

[ A

10° 10°
ALICE Preliminary 0 ALICE Preliminary 0 ALICE Preliminary
. = 0-10% Pb-Pb /sy = 5.02 TeV| o 0-10% Pb-Pb /sy = 5.02 TeV| - 0-10% Pb-Pb /suy = 5.02 TeV
Py —— Anti-k ch-particle jets | — Anti-kt ch-particle jets | —— Anti-kt ch-particle jets
L R=02, |ne| <07 < R=02, |ne| <07 < R =02, |nel <07
K] - 60 < proy < 80GeV/c| 3 - 60 < proy < 80GeV/c| 3 - 60 < pr.ep jor < 80 GeV/c
=107 =107 =107
2 - 2 2
£ 4 DyGa=05 £ SD 2z = 0.4 £ 4 SD 24 =02
S DyG a =10 e S DyGa=05z=02 S SD 7 = 0.4
— 1072 — S10% s | 102 ———
4 DyGa=20 4 DyGa=10,z=02 DyG a = 1.0
4 SD z,e = 0.2 DyG a=2.0,z=02 4 DyGa=102z=02
1.5F
2 |z 15 |3 15
9 ol I ol I
;‘ 1 — + = 53 10rme— 33 10
2 —.
() 3 0.5¢ 3 0.5¢
0.5

0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6

kg (GeV/c) 5 kg (GeV/c) 5 kg (GeV/c) 5
ﬁ’ T kT A‘ T kT ﬁ7 T kT A‘ T kT ﬁ7 T kT ﬂ T k
S/ SS SS
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Searching for modification (with mor

DyG 0.5

r

DyG 1.0

T

methods)/1

DyG 2.0

K A
10°) — 10°) — 10°) — 10°, —
o 'ALICE Prefiminary e ALICE Prefiminary - 'ALICE Prefiminary ALICE Prefiminary
. o pp, Pb-Pb /sy =502 TeV]{ o pp. Pb-Pb \/suy = 5.02 TeV] - pp. Pb-Pb \/suy = 5.02 TeV] = pp. Pb-Pb \/suy = 5.02 TeV
. + Anti-kr ch-particle jets o * Anti-kr ch-particle jets o Anti-kr ch-particle jets o * g Anti-kr ch-particle jets
Q) - R=02, [l <07] < - R=02, [l <07] < o R=02 [l <07] < . R =02, |na| <0.7
3 60 < proje < 80GeV/c| 2 60 < propje < 80GeV/c| 2 60 < propje <80GeV/c| 2 = 60 < pr oy jee < 80 GeV/c
3 i 3 e / 3 o / 3 h /
=107} =107} =107} =107}
£ £ £ £ -
= z ¢ z —t— z ==
= = = = -
) +pp ) +pp ) +pp ) +pp
g g E— g — g —_—
= |+ 3050% Po-pb = |+ 3050% Po-pb = |+ 3050% Po-pb = |+ 3050% Po-pb
107 4 0.10% Pb-Pb ~107% 4 0.10% Pb-Pb 107 4 0.10% Pb-Pb 107 4 0.10% Pb-Pb E——
Dynamical grooming 2 = 0.5 Dynamical grooming 2 = 1.0 Dynamical grooming 2 = 2.0 Soft drop 7., = 0.2
15 15 15 15f &
g K K K ==
Flg 1.0p— Flg 1.Op——m Iz 10 ;,‘a 1.0 4=
2 —— 2 3 E B - -
05 05 05 05 =
T 2 ER 6 T 2 D 6 T 2 T 2 D 6
krg (GeV/c) krg (GeV/c) krg (GeV/c)
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Searching for modification (with mor

DyG 0.5

7

DyG 1.0

methods)/2

DyG 2.0

N

*
>
10° 10° 10° 10°
'ALICE Prefiminary 'ALICE Prefiminary 'ALICE Prefiminary 'ALICE Prefiminary

. == pp. Pb-Pb /sy = 5.02 TeV| =% pp. Pb-Pb /sy = 5.02 TeV] =t pp. Pb-Pb /oy = 5.02 TeV] pp, Pb-Pb /sy = 5.02 TeV
iy + Anti-kr ch-particle jets T + Anti-kr ch-particle jets iy + Anti-kr ch-particle jets T - Anti-kr ch-particle jets
< . R=02, el <07] < . R=02, el <07] < . R=02, |nul <07] < o R =02, |nu| <07
3 = 60 < pro e < 80GeV/c|  Z = 60 < pro e < 80GeV/c|  Z = 60 < pro e < 80GeV/c|  Z 4+ 60 < prop o < 80 GeV/c
=107} =107} =107} =107}

£ . £ * £ N £ = =

z o et z === z === = ,

== = L =g
) +pp ) +pp ) +pp ) +pp —_
i i i i
= |+ 3050% Pb-Pb = |+ 3050% Pb-Pb = |4 3050% Pb-Pb = |+ 3050% Pb-Pb
107 4 0.10% Pb-Pb seeeee ) T10% 0.90% Pb-PD e 10 0.10% Pb-PD e T 010% PP
Dynamical grooming a = 0.5, z = 0.2 Dynamical grooming a = 1.0, z = 0.2 Dynamical grooming a = 2.0, z = 0.2 Softdrop z =04
15 ¢ L5 15
4e 1ob—E s 10 ++ 3 19 ++ ge 12 o
I8 L I8 L I8 L I8 L g=
&) o *=% &) o5 ==¢= a| o5 =—=%= L == -
T S R S S T S R S S T S R S S [ R R S S

kg (GeV/c)

kg (GeV/c)
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Comparing with models in 0-10% central Pb-Pb

DyG 1.0 DyG 1.0 SD 0.2

4 : s

>

0 0 0 0
W ALICE Prefiminary 10 'ALICE Prefiminary 10 ALICE Prefiminary B 'ALICE Prefiminary
. o pp, Pb-Pb /sy = 5.02 TeV] e = pp, Pb-Pb /sy = 5.02 TeV] = pp, Pb-Pb /sy =5.02 TeV] pp. Pb-Pb \/5yy = 5.02 TeV/
T * Anti-kr ch-particle jets N + = Anti-kr ch-particle jets T * Anti-kr ch-particle jets T - Anti-kr ch-particle jets
< — R=02 | <07] < = R=02 | <07] < . R=02 | <07] < - R=02, |nu| <0.7
2 60 < propje <80GeV/c| 3 s 60 < propje <80GeV/c| 3 - 60 < propje <80GeV/c| 3 -+ 60 < pr e jor < 80 GeV/c
3 Y 3 chj 3 chj / 3 chj /
=107} =107} —— =107} e =107}
E E = E - E +
£ £ £ £
2 = = == 2 b 2
= = = = +
s s — s — s
2 2 2 2 —
=107 te — =107 Hoe — =103 Foe —_— =103 Foe —_—t
4+ 0-10% Pb-Pb 4+ 0-10% Pb-Pb +# 0-10% Pb-Pb +# 0-10% Pb-Pb
Dynamical grooming a = 1.0 Dynamical grooming a = 1.0, z = 0.2 Soft drop z,: = 0.2 Soft drop z,: = 0.4 b
2
. 15 ., L5 t PEREE . L
Iz 10 ;‘a 1.0 ;‘a 1.0 Zg 1
0.5 EHybrid w/ wake ="  ——mul 0.5 Hybrd w/ wake 0.5 Hybrid w/ ke Hybrid v/ wake
- Hybrid w/ wake + Mohcrc!l[TSCAP[v}ﬁ AA22 - Hybrid w/ wake + Mohcrc!l[TSCAP[v}ﬁ AA22 Hybrid w/ wake + Mohcrc!l[fSCAP[v}ﬁ AA22 0l Hybrid w/ wake + Mohcrc!J[TSCAPEVJS AA22
T 2 3 4 5 6 T 2 3 4 5 6 T 2 3 4 5 6 T 2 3 4 5 6
krg (GeV/c) krg (GeV/c) krg (GeV/c) krg (GeV/c)
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Narrowing in kr g Vs Ry

v}

10° w w w

. . . 0 0.05 0.1 0.15
ALICE Preliminary blmm 4F T ; : S
= pp, Pb—Pb \/syy = 5.02 TeV BB . ep ALICE |suy=502TeV |
- 356 E
! * Anti-kt ch-particle jets g °VF mPb-Poo-10% Charged-particlejets 7
< R = ) —| & 3F Sys. uncertainty A =0.2, |7 |<0.7 3
~ — 02, |77Jet‘ < 0.7 &> F 60 JetBOG vie ]
% - 60 < pTchjet < 80 GeV/C 25:— m N <pT,chjeﬁ< e C—:
S0t = ’ | of ¢ Soft Drop z,,=0.2, f=0 ]
5 15 7 +t 3 17 os=0.88, 4 =0.89 7
= c . H E
o e 1Fe ) E
g + pp 050 . ]
2 _*_ 5t :
= ) 30-50% Pb-Pb : s ]
— 107 1 o L 1 !
010% PoPh T Tk o] SEET. TEhae
Soft dT}OP Zeyt }: 0.2 } } } } g s L P:blgi L::;mn —-YE:E: cr;nuearkq g
150 4+ ] 5
£ == ,
ii‘ g 1.0 g
e ——__o
0.5¢ —— ]
0 i 2 3 &8 6
kg (GeV/c)
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https://inspirehep.net/literature/1893479

Groomed jet radius 6,

4o 0.05 0.1 0.15 Ry 0 0.1 0.2 0.3 R
o = : ; : = o r ; : : .
g 4, op ALICE sy =5.02TeV ] g ef , o ALICE {8y =5.02 TeV -
8 35 E mPb-Pb0-10% Charged-particle jets 7 2 [ WPb-Pb30-50% Charged-particle jets |
—| 8 3F ' Sys.uncertainty A=02 |7 [<07 4 —| g Sys. uncertainty A =04, |7 [<05
S 255_ - 60<pT chJet<80GeV/c_§ S 4i 60<pT Chie‘<80GeV/cj
27 u : Soft Drop z,,=0.2, =0 F . ] Soft Drop z,,=0.2, =0 ]
3 + 3 Faggea = 0-88, Flrgee = 0.89 3 e 12 o= 089, 18 =090 ]
; c . [ 2F " &
g —, Cm ]
F ¢ H E 1f® E
0.5F ' 4 F 2
F f E F P’ ]
o o 1 1 I 1 & o r L |
JETSCAPE Caucal
&l 2¢ = Pablos, L. 0 Vaan. &L= 5 GeV? ] Qlg = JETSCAPE
o2 E Pablos, Lye, = 2/xT * Yuan, med g/g &sla 15 -+ Pablos, L, = 0 b
o [ Pablos, Lyee= o ==Yuan, quark o + Pablos, Lye, = 2/xT ]
1.5 r Pablos, L = o
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https://inspirehep.net/literature/1893479

Groomed shared momentum fraction Zq

o n T T ]
Ly 10F emp ALICE {5, =5.02TeV
g I mPb-Pb0-10% Charged-particle jets 1
| B sl Sys. uncertainty R =0.2, | nje‘| <07 R
© L 60 < P ohjet < 80 GeV/c 1
6 Soft Drop z,,=0.2, =0
AA
sbe Frnges = 087, figoeg =088
[ ] ]
[ ] [ | [ o]
2r .
o 1 1
o m JETSCAPE =2 JEWEL, recoils off
Lla L Caucal JEWEL, recoils on h
o] 1.4 Pablos, L =0 Chien
o Pablos, L,es=2/1:T ==Qin
L Pablos, L, E
1.2 res = ]
1k
0.8 .

0.2 0.3
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o NU) 12 F T T 9
S C e pp ALICE {5y, =5.02TeV |
2 10F mPb-Pb30-50% Charged-particlejets
| B r Sys. uncertainty R =04, | njet| <05 1
© 8 60 < Pr et < 80 GeV/c
6 E Soft Drop z,,=0.2, =0
f forgea = 089, frm ;=0.89 1
40 ]
L ] a ]
2r - b
r | ]

£ Pablos, Lyes = 0

Q. ablos, Lies =

bla 1.4F B JETSCAPE - papios, L. = 2/nT .
o ==Qin Pablos, Lye = o ]
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Jet mass: model baseline in pp

— Model baseline is important for many observables!
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