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Jets and their substructure
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Jets and their substructure

* Jets are in situ probes of QGP dynamics

+ Jet-medium interactions modify the
internal jet structure

* Jet substructure observables sensitive to

Inl/R In\/qL3 In 1/9

H. Andrews et al., J.Phys.G 47 (2020) 6, 065102
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Medium properties from jet substructure

Resolving medium scales

* What are the relevant length scales?
* Eg. When do partons interact coherently?

Ezra Lesser Reynier Cruz-Torres
Tuesday 17:10 Tuesday 17:50

Eg. Medium scattering centers

+ Is there
?

+ Search via (sub)jet deflection

Jet deflection:

Yongzhen Hou
Tuesday 12:10
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This presentation

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

— Search via groomed jet substructure

—(kT
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Identifying hard splittings: Soft Drop

k= stubIead sin AR In kT
+ Iteratively follow splitting tree
Aﬁ"
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Larkoski et al., JHEP 05 (2014) 146
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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) ren (2R
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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) ren (2R

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

on
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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
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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

ke
Dynamical Grooming W>T

Mehtar-Tani et al., PhysRevD.101.034004
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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

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

Raymond Ehlers (LBNL/UCB) - 28 March 2023

ﬁ’ TkT

DyG 2.0
N,
bo 03
InR/AR

75 AR :I ARm

P


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.034004

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 ?euci/):[zi“ — z;)pri(ARi/R)?]
« a = 0.5: "core” - more sym., narrow
«a=1:"ks"-largest k ~ k' pr
* a = 2: "time” - shortest splitting time
tf ~ K*pr
« In practice, need min kt in Pb-Pb
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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 ?euci/):[zi“ — z;)pri(ARi/R)?]
« a = 0.5: "core” - more sym., narrow
«a=1:"ks"-largest k ~ 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, kt = 3.15 GeV/c
z=0.1,AR = 0.1,k = 0.24 GeV/c

o

InR/AR
—  Which method selects which splitting?
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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

InR/AR
—  Which method selects which splitting?

* DyGa = 1.0:
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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

InR/AR

—  Which method selects which splitting?

* DyGa = 1.0:

¢« SD zeye = 0.2: #2 SD 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:
. 2=0.175,AR = 0.4, kt = 4.09 GeV/c

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

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

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

A W N =

InR/AR
—  Which method selects which splitting?

* DyGa = 1.0:
* SDzeyt = 0.2: #2
* DyGa=1.0,z> 0.2: #3

Raymond Ehlers (LBNL/UCB) - 28 March 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, kt = 2.93 GeV/c

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

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

A W N =

InR/AR
—  Which method selects which splitting?

* DyGa = 1.0:

* SDzeyt = 0.2: #2

* DyGa=1.0,z> 0.2: #3
. D #3
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Comparing grooming methods in pp

DyG 0.5 DyG 1.0 DyG 2.0 SD 0.2

PR

0
! ALICE Preliminary 10 ALI\(/jI_E Preliminary
o . pp /5 =502TeV | _ < pp /s = 5.02 TeV
* Shape variations at low kr L Anti-kr ch-particle jets | Anti-kr ch-particle jets
. G , hod = R=02 |l <07 2 R=10.2, [nul <0.7
rooming methods 3 60 < pr e < 80 GeV/c 3 60 < pr g jer < 80 GeV/c
= v1071 4
w010-1 60
. £10 £
+ Zrequirement 2 + DyGa=05 =
dominates over = + DyGa=10 A T sDDsz AT
. 3 - o yG a=20,z=0.
grooming method = |+ DGa=20 T 4+ DGa-10:-02
. - + SD zy = 0.2 ~10 DyG a =05, z—02
* PYTHIAin broad 1072 PYTHIA8 Monash 2013 PYTHIA8 Monash 2013
agreement with data ‘ ‘ ‘
g 15 |
;:5': 1.0F-- S
05

See also: Rg + z4 with DyG: ﬁ)

kr g (GeV/c) jh)
arXivi2204.10246 W> Th W)T r
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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 ‘E 16 F PYTHIAS Monash 2013 embedded in thermal background ]
i 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
0 0,
m m 10 ALICE Preliminary 10 ALICE Preliminary
DyG'2.0SD 0.2 - 0-10% Pb—Pb \/sun = 5.02 TeV | - Pb-Pb \/syy = 5.02 TeV/
1 —_ Anti-kt ch-particle jets | — Anti-kt ch-particle jets
K ,} Q R=02 Iyl <07 2 R =02, el < 0.7
K] == 60 < Propje < 80GeV/c| 3 - 60 < Pr.cp jer < 80 GeV/c
~1n-1 1 =
Elo 510 1 =
+ First measurements of < = =
. . = = = —
Dynamical Groomingin % 4 DyGoro0s S + DyGa=05
= yeas = 4 DyGa=10
Pb-Pb 51072 4 DyGa=10 | = + DyG 20
. 4 DyGa=20 = ylb a =2 —_—
Grooming methods 4 SD 2~ 02 1072 4 SD 7, = 0.2
15 ' ‘ ‘ ‘ = 15
+ Smaller bkg extends 5o 10 + ¥ ;‘3 10 e
k . 2 — 2
- o a
kr,q range in semi-central 05 ‘ ‘ 05
0 i 2 i 2 ! 5 6

= o /% ] < ka“cew‘)%jh
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Comparing grooming methods in Pb-Pb

sD0.2 S 0-10% central 30-50% semi-central
S 0 0
|}.E > 10 ALICE Preliminary 10 ALICE Preliminary
—— - — 0-10% Pb-Pb \/syy = 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~ R Q) R=02, |nul <07] < - R=02, || < 0.7
K] . - 60 < pryju < 80GeV/c| 3 1 60 < pr gy jer < 80 GeV/c
=10- i =100 — ]
- . £ £
* Similar trendsin0-10% = = =
_
- [) ° o
and 30-50% ZE 4 SD 2 =02 2*-1 4 SD zy =02
— _ —_——
* Reduced SD z.,s = 0.4 R vy —— S0 R ]
. yG a =1 yG a = 1.
yield due to phase space 4 DyGa=10,2=02 4 DyGa=102-02
. S 15 S 15
Bl Bl
fromallDyG  §; 10 R s Ep—
a=1.0,SD z.,t = 0.2 @ 05 ‘ ‘ ‘ \ \ ‘ 3 05 ‘ ‘ ‘ ‘ ‘ ‘
. 0 1 2 3 3 5 6 0 i 2 3 ) 5 6
— Suggests few hard splits
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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
H‘,\ * Anti-kr ch-particle jets
§ = R =02, |nel <0.7
* No enhancement at high k4 3 o 60 < prchjer < 80 GeV/c
+ Standard DyG shows = i o 4
% = The ; A TkT
SRS - T
©
s + pp
3, ——
= o 30-50% Pb-Pb
- 0-10% Pb-Pb
Dynamical grooming a = 1.0
1.5} ' ' ' '
i & L.0prmmroe e e T —_ 1
o
0.5¢ ‘
0 1 2 3 4 5 6
Raymond Ehlers (LBNL/UCB) - 28 March 2023 kT,g (GeV/c)


https://inspirehep.net/literature/1893479

Searching for modification

10° T T - - . .
3D 0.2 ALICE Preliminary
- B —-— pp, Pb-Pb \/syn = 5.02 TeV
o i * g Anti-kr ch-particle jets
Q . R =02 |nel <07
>
+ No enhancement at high kr g S 60 < pr.ch jer < 80 GeV/c
dard DyG shows 107k ]
+ Standar =
o . 3 < 1y = k
* Modification in methods withz > 0.2 S ‘W T T — T
. . ) = ps ps
+ Larger modification in 0-10% o
. seen in 2‘3 +pp , S —
many substructure analyses. =10-2 30-50% Pb-Pb
+ eg. Ry (Phys.Rev.Lett. 128 (2022) 10, 102001), 0-10% Pb-Pb
jet axis difference, angularities, etc Soft drop zy,e = 0.2 ‘ ‘ ‘
* No clear evidence of Moliere scattering 1.5 C > ]
2z 10
o
0.5 ‘ ‘ ‘ | , j
0 1 2 3 4 5 6
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Searching for modification

0 T T T T
DyG 1.0 10 ALICE Preliminary
. . pp, Pb—Pb /syn = 5.02 TeV
¢ i + = Anti-kr ch-particle jets
2 R=0.2, |l <07
- 2 60 < Prop o < 80 GeV/c
* No enhancement at high k4 S ol ich jet |
+ Standard DyG shows E’ ¥ A—)
* Modification in methods withz > 0.2 S ‘W TkT —— w ke
. . ) = ps ps
+ Larger modification in 0-10% 5
. seenin 2‘3 + e ,
many substructure analyses. =10-2 30-50% Pb-Pb v
+ eg. Ry (Phys.Rev.Lett. 128 (2022) 10, 102001), 0-10% Pb-Pb
jet axis difference, angularities, etc Dynamical grooming a = 1.0, z = 0.2 ‘
* No clear evidence of Moliere scattering 1.5 C >
Ta 100y
o
0.5 ‘ ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 5 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
. — pp, Pb—Pb /syny = 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
Hybrid model Sl PP Sgel 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 # i 1.5¢
i ; f‘ g 10 f‘ & 1.0p bae .
. Wlth, W/OUt Mollere o 0.5 Hybridw/%ze - — 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 Mo, ETSORTRA

3
0-10% data better krg (GeV/c) krg (GeV/c)
‘ﬁ) k A7 k ﬁ’ k A) k
T T T T T T
SN SE/™ SE/N
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Summary

ALICE
10° : . .
ALICE Preliminary
~ . pp, Pb—-Pb /syny = 5.02 TeV
. + == Anti-kr ch-particle jets
« Comprehensive study searching for Moliere L —— R=10.2, |nel <0.7
scattering via jet substructure > 60 < propjer < 80 GeV/c
© a1 —_— '
1. First t of DyG in Pb-Pb i Y ]
. First measurement of DyG in Pb- o =y
<
+ Minimum k; or z requirement to avoid 3 ‘W_ T kr —— ‘W‘ TkT
background dominated component % + > >
2. z.,: dominates over grooming method details 2‘«3 gg 50% Pb—Pb
* Suggests minimal impact of splittings farinto  5-10-2| ) . o X i
splitting tree b 0‘19 A)I Pb_Pb_ 10 ,—00
3. , similar to narrowing seen ynamica, gropminga = 2 25 02 ;
in other substructure observables 1.5¢ ]
4. No clear evidence of Moliere scattering Tz 1.0
o
0.5f ‘ ‘ ‘ ‘ ‘ ]
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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 L s
2. FMD, TO, VO
— Enables strong substructure s TPC
ro ram 5. TOF @
prog o  Lee -
+ Anti-k; charged-particle jets 8 DGl oy
measured in pp and Pb-Pb 10 Ansorer

P 12. Muon Tracker
collisions at \/syny = 5.02 TeV 13’ buon Wl

14, Muon Trigger
15. Dipole Magnet
16, PMD
17.AD
18.ZDC
19. ACORDE
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Dynamical Grooming: Lund Planes

In(k_)[GeV/c]

PYTHIA8 p+p @13 TeV E
- p,>450 GeVle, antik R=0.8 [
K e C/A declustering E

_t_i% zDrop (a=0.1) _t‘hﬁ‘ k;Drop (a=1) E |

6
In(1/AR)

Mehtar-Tani et al., PhysRevD.101.034004
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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 =102, | <07 § Anti-kt charged jets
3 . 60 < pr g jer < 80 GeV/c 3 R =04, |ne| <05
2 q9- 1 = h
g 10k 60 < pTleh jer < 80 GeV/c |
<] —— I ktDrop
= = .
< ] timeDrop
8 4 Dz =02 —— 8 Leading k
s _ SD z ) =04 = - ?ng !
102 eut 1 g Leading kr z > 0.2
+ DyGa=10 ™ 107F——— PYTHIA8 Monash 2013 E
4 DyGa=102z=02 | I I I S Cym‘ais.u ++ . t -+ t
S8 15 ' ' ' < 1.2F E
5 15F | E8 10F-
£ 5 1.0fd—a— 4 T l z°
28 FE R —— & osf ]
a 05— 4 1 L 1 L 1 L 1 L 1
, 5 3 . . 5 0 1 2 3 4 5 6 7 8
0 1 4 5 kt (GeV/c
kr g (GeV/c) T (Gev/c)
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Dynamical Grooming: analytical calculations pp
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Comparing grooming methods in 30-50% semi-central Pb-Pb
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Comparing grooming methods in 0-10% central Pb-Pb
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Searching for modification (with mor
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Searching for modification (with more methods)/2

DyG 0.5

1

DyG 1.0

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| == pp. Pb-Pb /oy = 5.02 TeV] pp, Pb-Pb /sy = 5.02 TeV
T + 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}
£ e £ e £ T £ = =
5 5 5 E ‘
== == L
) +pp ) +pp ) +pp ) +pp —
i i i i
= |+ 3050% Pb-Pb = |+ 3050% Po-Pb = |+ 3050% Pb-Pb = |+ 3050% Pb-Pb
107 4 0.10% Pb-Pb seeee ] T10%4 0.10% 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 ze =04
15 ¢ L5 15
4e 1ob—E 3 19 ++ 3 19 ++ ge 12 o
A& 1. A& 1. Ale 1 Ale 1 -
& 0 B =S &) o =% &l s ~—%_{ $ — = os ++4¢7
T S R S S T S R S S T S R S S [ R R S S
krg (GeV/c) krg (GeV/c)

Raymond Ehlers (LBNL/UCB) - 28 March 2023

krg (GeV/c)

kg (GeV/c)

38



Comparing with models in 0-10% central Pb-Pb
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Narrowing in k1 g Vs Ry
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