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Types of Jets in ATLAS
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Jet definitions Anti-kt jet algorithm
e Particle (truth) jets (MC only) o
e Track jets: tracker info only
e Calo jets: calo info only
e LCTopo, EMTopo
e Combined track+calo jets

’ S

e ParticleFlow, UFO,
TrackCaloCluster e Mostly circular in y — ¢ plane

e Used for most purposes
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https://indico.cern.ch/event/1268247/contributions/5464275/
https://arxiv.org/abs/0802.1189

Constituents:
TopoClusters



Topo Clusters
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https://link.springer.com/article/10.1140/epjc/s10052-017-5004-5
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2014-07/

Topo Clusters
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Topological Clusters
of E deposits in calorimeter cells
— algorithm:
1 Seed: Find cells with energy
E>4x|C|
2 Growth: Neighbors with
E > 2 x |(]| are added

2/21


https://link.springer.com/article/10.1140/epjc/s10052-017-5004-5
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2014-07/

Topo Clusters @ﬁl%ﬁé
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ATLAS simulation 2010 Topological Clusters
;; ?zily;?,i:v&;zs’-_ﬁ dlh“" wev) of E deposits in calorimeter cells
§ 00| : — algorithm:
w0 1 Seed: Find cells with energy
E>d4x|
e . 2 Growth: Neighbors with
0 ; E > 2 x |(]| are added
e i E 3 Boundary: any neighboring
fanfxcose R cells are added
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Cell noise ratio: ¢EMl = El\;lzie”
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https://link.springer.com/article/10.1140/epjc/s10052-017-5004-5
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2014-07/

Topo Clusters @ﬁl%ﬁé
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ATLAS simulation 2010 Topological Clusters
g ;Ei{;"‘i;&,‘,‘ff’,_”" S 10E5 [MeV] of E deposits in calorimeter cells
Y S - : — algorithm:
: o' 1 Seed: Find cells with energy
3 i
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o . 2 Growth: Neighbors with
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https://link.springer.com/article/10.1140/epjc/s10052-017-5004-5
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2014-07/

Topo Clusters @ﬁl%ﬁé

(7' Eur. Phys. J. C 77 (2017) 490
ATLAS simulation 2010 Topological Clusters
[ oot Sl 10E5 (MeV] of E deposits in calorimeter cells
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— algorithm:

o' 1 Seed: Find cells with energy
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2 Growth: Neighbors with
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PERF-2014-0
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EM it: i
. em  EEY 4 Split: Breaks up clusters with
Cell noise ratio: (o = —EM i i
/ multiple maxima
noise,cell

Jets build from TopoClusters are called EMTopo Jets
EM: Electromagnetic scale
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https://link.springer.com/article/10.1140/epjc/s10052-017-5004-5
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2014-07/

Topo Clusters @ﬁl%ﬁé
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ATLAS simulation 2010 Topological Clusters
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Jets build from TopoClusters are called EMTopo Jets
EM: Electromagnetic scale
— ATLAS calorimeters are non-compensating

— EM response = 1, hadronic response < 1 2/


https://link.springer.com/article/10.1140/epjc/s10052-017-5004-5
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2014-07/

ocal Cluster Wei
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e TopoClusters are identified to be EM or had by likelihood P5Y
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https://link.springer.com/article/10.1140/epjc/s10052-017-5004-5
https://indico.cern.ch/event/1268247/contributions/5464275/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2014-07/

ocal Cluster Wei

EXPERIMENT
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e TopoClusters are identified to be EM or had by likelihood P5Y
e Their momenta are reweighted (w) by

e Difference in response due to non-compensating calorimeter
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https://link.springer.com/article/10.1140/epjc/s10052-017-5004-5
https://indico.cern.ch/event/1268247/contributions/5464275/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2014-07/
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e TopoClusters are identified to be EM or had by likelihood P5"!

e Their momenta are reweighted (w) by
e Difference in response due to non-compensating calorimeter

e Energy falling in unclustered cells
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https://link.springer.com/article/10.1140/epjc/s10052-017-5004-5
https://indico.cern.ch/event/1268247/contributions/5464275/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2014-07/
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e TopoClusters are identified to be EM or had by likelihood 75

e Their momenta are reweighted (w) by
e Difference in response due to non-compensating calorimeter
e Energy falling in unclustered cells
e Inactive/dead regions of the detector
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https://link.springer.com/article/10.1140/epjc/s10052-017-5004-5
https://indico.cern.ch/event/1268247/contributions/5464275/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2014-07/

Local Cluster Weighting (LCW)

(7 Eur. Phys

J

C 77 (2017) 490

- 4
e F
= 3 HAD-like
< 3
S E .
E“ 25 ;7 EM-like
2 ; |
HLCW E = .
Ucell o 15[ ATLAS
S E Simulation
/‘ 1 Single pions without PileUp
E(L‘(‘\V\ — 2 (L((;IVIV E(]:ill\l[7 g 05F 20< hms\ <22,42GeV < Edus <7.7 GeV
) ’ - E Vs=8TeV, it =30, At =50 ns Noise assumed
i€cluster o) o) St L L L L L L L I
- 9 -85 -8 75 -7 65 6 55 5 45 -4

log10(<p_ > (MeV/mm?) - log10({

e TopoClusters are identified to be EM or had by likelihood P5V
e Their momenta are reweighted (w) by
e Difference in response due to non-compensating calorimeter
e Energy falling in unclustered cells
e Inactive/dead regions of the detector
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https://link.springer.com/article/10.1140/epjc/s10052-017-5004-5
https://indico.cern.ch/event/1268247/contributions/5464275/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2014-07/
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e Energy falling in unclustered cells
e Inactive/dead regions of the detector

used for large-R (R
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e TopoClusters are identified to be EM or had by likelihood P5M

e Their momenta are reweighted (w) by
e Difference in response due to non-compensating calorimeter

Jets build from TopoClusters+LCW are called LCTopo Jets
= 1.0) jets in Run 2

EM Probability

' PERF-2014-07
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https://link.springer.com/article/10.1140/epjc/s10052-017-5004-5
https://indico.cern.ch/event/1268247/contributions/5464275/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2014-07/

Recent Development:
ML Cluster Calibration



70 vs 7= Shower Classification

First step in cluster calibration: Differentiate EM from hadronic clusters
Non-compensating ATLAS calorimeter requires different calibrations for neutral/charged clusters

70 vs 7F classification performance  Baseline used in LCW: PEM
10° T T T T T T T clus
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Single Pion MC, Topo-clusters
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& b B 4 .. . .
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0

Point cloud of energy deposits in

Image: 7" — wi difference

— Or projected on images (CNN)

calorimeter cells

Observations

o

e All point cloud methods significantly
outperform baseline

ATL-PHYS-PUB-20!

4/21

(e


https://cds.cern.ch/record/2803427
https://cds.cern.ch/record/2803427
https://cds.cern.ch/record/2724632
https://link.springer.com/article/10.1140/epjc/s10052-017-5004-5
https://link.springer.com/article/10.1140/epjc/s10052-017-5004-5

Energy Regression @E T

XPERIMENT
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https://cds.cern.ch/record/2803427
https://cds.cern.ch/record/2803427
http://cds.cern.ch/record/2866591

Pileup Mitigation
at Constituent Level



ATLAS

EXPERIMENT
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https://link.springer.com/article/10.1007/JHEP06(2014)092
https://indico.cern.ch/event/1268247/contributions/5464275/
https://link.springer.com/article/10.1007/JHEP06(2014)092

Soft Killer (SK)

Pythia Dijet \s= 14 TeV, u = 200

I:l Topoclusters

-
T Ti Truth jets, R=0.4

)
Qg

-2

-1.5

T T T 1
-1 05 0 05 1 15
n

CS: Scales constituents

e SK: Removes constituents

All constituents with pt < p¢

Consider constituents in 7, ¢

cut

-te* ~H -
i o 9 O
sk e el o
e Mg
0.4 spacing | . . P
L IR R (I Y

2 15 -1-05 0 05 1 15 2
n

are removed
pst determined such that half of grid cells are empty

ATLAS uses CS+SK for R=1.0 jets
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https://indico.cern.ch/event/1268247/contributions/5464275/

Constituents:
Adding Tracks



Adding Tracker Information @EATLAS

XPERIMENT

the tracker pr resolution

F T T
OJ 0.35F- rough sketch!
5 E

1 Sk 3
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obi | | | | | | | L3
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o(E)  50% 1%

an) 3.4% ® f p, or E [GeV]

E ~VE
@ source
Additionally, the tracker has better
acceptance (threshold) for soft
particles

Jet definitions used in Run 3 (and partly Run 2)
rely on calo+track information
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https://link.springer.com/article/10.1140/epjc/s10052-017-5031-2

Particle Flow (PFlow)

(2 Eur. Phys. J. C77 (20
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PFlow makes use of tracking information at constituent level
shows great JER improvement over calo jets in low-pT
Especially in the central reglon
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https://link.springer.com/article/10.1140/epjc/s10052-017-5031-2
https://link.springer.com/article/10.1140/epjc/s10052-017-5031-2
https://link.springer.com/article/10.1140/epjc/s10052-017-5031-2

The Need for LargeR jets @EATL

(4" arxiv:1306.4945

In addition to R=0.4 many analyses use R=1.0 jets

Best option depends on pr(V): -

T T T T T
ATLAS Simulation

e Separation inversely T35 pytiazo it W
proportional to transverse

momentum pr

2my g0 2

AR(q,q') ~ — © 2
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%160 200°300 400°500 600 700 800 °

e For my =80 GeV, R=10.4 PY [GeV] <

cones around gq’ overlap resolved merged

(2 R = 0.4 jets) (1R =1.0jet)
(AR < 0.8) at pt > 200 GeV \ pe > m i
prSm k 8

— Reconstruct merged w/z/H

z

N

E
Cet>

G HCW

Jet-tagging can be done to identify initiator of R=1.0 jets 1021

— need good mass and substructure resolution


arxiv.org/abs/1306.4945
arxiv.org/abs/1306.4945
https://indico.cern.ch/event/1268247/contributions/5464275/
https://indico.cern.ch/event/1268247/contributions/5464275/

ck Assisted Jet Mass m™ AS
EXPERIMENT

(7' ATLAS-CONF. 35

Combine track with calo information for jet-mass definition

e Tracks are = ghost-associated to ~ 03—
lo-i eldi k o [ ATLAS Simulation Preliminary
calo-jet, yielding track mass 50251 /s = 13 TeV, W/Z-jets, n] < 0.8 ]
mtrack GE') 2L R, - S
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. . L
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—2 -2
o
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— Improved mass resolution over the whole pr range
— but only for mass, not for variables 11/21


http://cds.cern.ch/record/2200211
https://arxiv.org/abs/0707.1378
http://cds.cern.ch/record/2200211

Fraction

ATL-PHYS-P!

Make use of excellent angular resolution of track for substructure

e Resolution-based track-to-cluster matching

e resulting in 3 different constituents:

AR <

cluster

+0t

rack

clusters matched to tracks from primary vertex (PV)

charged: tracks from PV not matched to any cluster

neutral: clusters not matched to any track (from the PV)
Clusters matched to tracks from PU vertices are discarded

L
L
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L
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https://cds.cern.ch/record/2275636
https://cds.cern.ch/record/2275636
https://cds.cern.ch/record/2275636

Track Calo Clusters (TCC) ATLAS

EXPERIMENT

(Z' ATL-PHYS-PUB-2

Make use of excellent angular resolution of track for substructure

e Each track can be part of multiple objects

e And any object can include many tracks

But each track 7 defines only one TCC with the 4-vector

pr ¢ = (prIM,], 07, ¢7, m[M-])

7, ¢ purely track-based

pr, m based on TCC energy-sharing equation:
My = pEFST
c

e Sum of momenta p°© of clusters ¢ matched to 7 weighted by:

fF: how much pr c contributes out of all clusters in 7
F57: how much pr this 7 demands out of all 7

12/21


https://cds.cern.ch/record/2275636

Un|f|ed FIow Objects (UFO)

(7 Eur. Phy

Jet Py resolution

-l
objects (PFOs)
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Neutral PFOs

Charged PFOs

/~ Charged : Primary

Inner-detector
tracks

PFO?

vertex?

environment?

TCC cluster
splitting on neutral
PFOs with primary-
vertex tracks &
charged PFOs.

Unified
Flow
Objects
(UFOs)

PFlow Shows best jet mass and pr resolution at low pr
TCC performs better at high pr
combines the best of both
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https://link.springer.com/article/10.1140/epjc/s10052-021-09054-3
https://link.springer.com/article/10.1140/epjc/s10052-021-09054-3
https://link.springer.com/article/10.1140/epjc/s10052-021-09054-3

y UFO lJet

;' Eur. Phys. J. C 81, 334 (2

Background Rejection

Extensive effort in ATLAS to find best jet definition for tagging:
Eur. Phys. J. C 81, 334 (2021)

e Expected tagger performance evaluated for simple 2-variable cuts:
o W/Z tagger: m, D,
e Top tagger: m, T3

UFO jets show best performance for simple top tagger:

< sie

TCC Trimming
EM PFlow Trimming
- UFO Trimming

ATLAS Simulation
Vs=13TeV,t - qab

500 GeV < p|™* < 1000 GeV
|| <1.2

No jet calibrations applied
* Baseline LC Topo 50% signal eff.

'

81, 334 (2021)

* Baseline LC Topo 50% signal eff.

M|

Background Rejection

R

— — LC Topo Trimming ™= 1% — — LC Topo Trimming ™ ~

Phys. J. C

AR |
T

Eur
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I L | L L | L
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I L 1 L L Lol L]
02 025 03 035 04 045 05 055 06 065

Top-tagging efficiency Top-tagging efficiency

true < 1500 GeV

500 GeV < pie < 1000 GeV

1000 GeV <


https://link.springer.com/article/10.1140/epjc/s10052-021-09054-3
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y UFO Jet @E \

XPERIMENT
;' Eur. Phys. J. C 81, 334 (2

Extensive effort in ATLAS to find best jet definition for tagging:
Eur. Phys. J. C 81, 334 (2021)

e Expected tagger performance evaluated for simple 2-variable cuts:
o W/Z tagger: m, D,
e Top tagger: m, T3

...as well as simple W tagger:

c c ~
S 1 S o
5 ATLAS Simulation T ., ATLAS S\mu\ahur\ o
ko Y5=13Tev, W - qa 1 o 107 Vs=13TeV, W — = I3
) 300 GeV < p!™ < 500 GeV/ ] %) fo. 1000 GeV < p™ < 1500 Gov 1 '
o |7 <12 o froseas: || <1.2 | 3
2 No jet calibrations applied 2 I . No jet calibrations applied A ™
3 * Baseline LC Topo 50% signal eff. 3 NS T, * Baseline LC Topo 50% signal eff. bl —
<4 <4 | S—; e 1
[ [ ~ -~ (@]
k4 2 ~ ..
S S L, ~ =
[ < 10° N~ |
o o E ~o E| ”
E ~& ] z
— — LC Topo Trimming [ === LC Topo Trimming * . ] g
» TCC Trimming L TCC Trimming ™ v 4
EM PFlow Trimming L EM PFlow Trimming SN, A 3
+ UFO Trimming + UFO Trimming
101
E 104
L L L L I L I Lol L L 1 L 1 L | Liiil 3
02 025 03 035 04 045 05 055 0.6 065 02 025 03 035 04 045 05 055 06 065
W-tagging efficiency W-tagging efficiency

500 GeV < pie < 1000 GeV 1000 GeV < pire < 1500 GeV
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Grooming



Optimisation of Jet Definition ATLAS

EXPERIMENT

Background rejection for various pileup mitigations and groomings:
Here: 2-variable top tagger, high-pt range

(plots for W and low-p in backup)

ATLAS  Simulation Antik, R=1.0 ets, no jet calibrations applied
£ ¥5=13TeV,t - qib 1000 GeV < p <1500(39V]q °|<12 >
£ soft brop [ 17 18 ' 20 ' 20 ' 20 18 19 1 26 ' 25 S
S mazonp=io [ 25 _ 25 1% % __ 30 '_18___31_'_47__I_4_7_ —45 8
3 16 17- 77 49 19 19 17 27 27~ a2 32 _| g
> 14 13 1 14 “ o7 17 o2 21 —40 o
£ |14 20 ! 23 24 23 ' 29 31 ! 33 35 _| )
£ Recursive D 23 I 28 A u !4 P —ss
<} |18 19 22 22 21 30 30 35 35 _| >
] 14 13 ! 15 14 14 ' 18 18 21 20 —f30 2
B |15 20 ' 23 24 24 ' 30 2 ! 3 36 _| é)

- 23 24_ "' _28 27 28 ' 36 35 _ ! a4 43 —25

[ 6~ "7 774" "9 " "9 172w T T M2 T T R 5

Bottom-up SD 14 14 ' 1 14 1@ ' o7 17 ' 2 21 —q20 B

| 14 20 ' 2 23 23 | 29 31 ! o33 35| L

23 23_ ' _2 27 27 ' _ x4 4 _ ' a3 42 i L

Pruning T S L T S " S L MG 7 SN < 2 @

|14 ~ "4 1748 T 18T T8 VT2 T 7 CT3r T T3 | —° 3 Y

Trimming |12 12 ' 1 14 15 ! 13 1w ' 18 19 _ | E& =

* 20 20 ! 25 25 25 ' 30 31 ! 39 38 —1° % 4

17 18 | 21 20 , 21 | 19 20 | 27, 2 o 8 =

Unmodl(ed CS+SK 'unmamrea CS+SK  PUPPI 'Unmodl(ed CS+SK_'Unmodified CS+SK o

LC Topo PFlow TCC UFO o

Jet Constituent Type ]

Best background rejection with:

e R =1.0 anti-k7 UFO jets
e Pileup Mitigation: Constituent Subtraction + SoftKiller (CS+SK)
e Grooming: Soft Drop (SD) with # =1.0 z,,; = 0.1

Other factors: Good pileup stability, mass resolution, 15/21
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Grooming: Soft Drop

Recluster Remove if fails  Continue until
with C/A soft drop bmnchmg passes

e Re-cluster using
Cambridge/Aachen

(closer constituents first)
e Consider splitting history

e At each split either keep both
or reject one branch

e Based on splitting condition:

e Tunable paramters determined
empirically: z,,; = 0.1, 8 =1.0

Return jet
o
i B
e s
X
min(Pn:P‘:‘z) (ARu
PritPra “ Ry

@ SVJ workshop 2022

16/21


https://indico.cern.ch/event/1133166/timetable/#sc-1-1-jet-substructure-overvi
https://indico.cern.ch/event/1268247/contributions/5464275/

Jet Calibration



XPERIMENT

Jet Callbratlon @EATLAS

(7 Eur. Phy
Reconstructed

jets
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Jet Callbratlon ATLAS

EXPERIMENT

Reconstructed
jets

Pileup Correction

corr reco

P =pTC—p x A—a x Npy — 3 x (1)

«

3 08
o

g

F T T T T ] F T T ]
§ 0.8~ ATLAS Simulation =  ATLAS Slrnulatlon =
= E Vs =13 TeV, Pythia8 dijet 3 E Vs =13 TeV, Pythia8 dijet 3

: 06 Y d 4 06f 15> v ) =
= E Anti-k, R = 0.4 (PFlow) | 5 [ Anti-k, R = 0.4 (PFlow) ]
Q:P 0.4f o o o = & 04 =
T 02 50—0——0*0——0—"'*’ = 02F

oF ] i = e
-0.2F = 02
_04F. —@— seton anycomecton E _04f. —@— Betoranycomecton

"FE —m— Atterp densiy-based correction 3] "F —m— Afterp densiy-based correction
~08E _a— Ater rosiual comections E =06 _a— Ater rosiual comecions
_0.8C L L L I L I I L | _0.8C L L L L I L L L

0 05 1 15 2 25 3 35 4 45 0 05 1 15 2 25 3 35 4

mde\l
In-time pile-up dependence Out-of-time pile-up dependence S

e Jet-Area based correction
e For in-time PU, based on event energy density p and jet area A
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Jet Callbratlon ATLAS

EXPERIMENT

Reconstructed
jets

Pileup Correction

corr reco

P =pTC—p x A—a x Npy — 3 x (1)

(e%
T " T s T
ATLAS Simulation 3 0.8~ ATLAS Slrnulatlon
z

5 osf 3 |
[ .81 ] £
% 0.6F 5= 13 TeV, Pythias dijet E o06F s =13 TeV, Pythia dijet E
z O6f 6 'S=13Te £
# F Antik, R = 0.4 (PFlow) E E Anti-k, R = 0.4 (PFlow) E
S 04p o e o o & oaf E
Q’— E —— — 4 F ]
~ 0.2—I oo o _._:1— —- 02F

;
|
I
L.
g

4 -02f-
—@— Bofore any correcton E _o.4F. —@— getorsany comocton

— B After p -density-based correction 3] "F —m— Afterp densiy-based correction
—&— After residual corrections E ’0-6; —&— After residual corrections j
| | | | | | | L d _0.8b | | | | | | | 2
05 1 15 2 25 3 35 4 45 B R K- R R Y- B B Y- R [
mae\l j
In-time pile-up dependence Out-of-time pile-up dependence S

e Jet-Area based correction

e For in-time PU, based on event energy density p and jet area A
e Residual correction

e Based on number of primary vertices Npy (in-time) and

avg. number of bunch-crossing (out-of-time) over multiple events 17/21
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Reconstructed
jets pile-up correction

PU correction applied to small (R=0.4) jets only

Large (R=1.0) jets:
before MC calibration instead

: PiLEVP Jer :
: JTET rADIVS GROOMING !
H MITIGATION CONSTITVENTS :
: 5 8
; EM : S
H Topo-clusters H H-3
R=0.4 : .-
: PFlow Feeesi|  Residual [ 2
: o : | s |7
: P i &
: CS+SK Lc Soft-drop : H K
: Topo-clusters H H 2
E R=1.0 . =
H H et Taggin G
: UFOs : J g8ing g

ik
~

J
N
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Jet Calibra AS

EXPERIMENT
(7' Eur_Phvs. J. C

Reconstructed lensity-based Absolute MC-based
jets up correction <

R(Elru[h 4 ) — Ereco/Etrth
b Maer) = E b

Jet ‘Jet Jet
. . Calibration
e Calculate E response in bins of ~
1 and Ege in MC S
g
e Numerical inversion yields 2
o

calibration factors

e Origin correction corrects jet n

Largest calibration step that
brings response on average to 1

1 Ereco

true

RES™ 1) — R™NES 140

et t

2023

HCW

()
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Reconstructed pr-density-based Absolute MC-based Global sequential
jets pile-up correction c on calibration

pT resolutlon after each GSC step Global Sequential Calibration

©  **EATLAS Smuat + MCJEs 3 .

< 035; Us=13TeV, Pythia 8 diet - fy.o 3 e After energy scale calibrated on
S 03F Antik,R = 0.4 (PFlow) cnerge =

3 E t - t Trieo 3 GSC f I
2 ozsp 02<n <07 i o average, corrects for sma
¢ 02 ' 0y .

- o ! U'v‘fk differences

@ f Negments i i

B “‘% S, e E.g. for different jet flavours
Eﬁ ‘ ‘ - o Sequentially corrects for each
3 S aas - S FHEENEEISIRI S RS L e o o S .

SEacc i ‘ = variable

2 107 2x107 10° 2x10° 3 .

77 Py [GeVIy e Only for small (R=0.4) jets

GSC improves JER by applying different corrections
for different population of jets (e.g. q/g initiated)
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Jet Ca

(7' Eur. Phys. J. C

Reconstructed lensity-based Absolute MC-based Global sequential
jets up correction c on calibration

Jet p_ response (R)

pt response after each GSC step Global Sequential Calibration
1. T T
£ ATLAS Simulation ! .
1o 18 13TeV, Pythia 8 diet © 'fV'hCrJEdS E o After energy scale calibrated on
“PE Antik, R = 0.4 (PFlow) £ ] f
F 02<in, <07 Lo ] average, GSC corrects for small
1.1+ o 0 t 3 )
E foMn differences
1.05F- 7 Wy
ey L4 nse )ments - .
J gment e E.g. for different jet flavours
o5t e Sequentially corrects for each
oe ‘ ‘ variable
© 30 102 2x10? 10° 2x10° i .
pie [GeV, e Only for small (R=0.4) jets

GSC improves JER by applying different corrections
for different population of jets (e.g. q/g initiated)
but leaves JES on average the same
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Jet Calibr

XPERIMENT

(2 Eur. Phys. J. C 81 ) 689
Reconstructed prdensity-ba: Global sequential Residual in situ
jets up correcti i calibration calibration

In-situ calibration in data
Corrects jets with high uncertainty (e.g. forward)

based on well-known (photons, central jets...) objects
In situ JES In situ JMS

"Relative" "Absolute"

Z+jet Forward

foldi
Jet after et el In situ JES —_— In situ JES ) In situ JMS
MC-based Ty combination THEE combination combination
calibration [gacintercall Photontjet (two inputs) alance (three inputs) (two inputs)

balance

Fully Fully
calibrated calibrated
R=0.4 jet R=1.0 jet
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Jet Callbratlon LAS

EXPERIMENT

Reconstructed bsoll MC-based Global sequential Residual in situ
jets calibration calibration calibration

Jet Energy Resolution (JER)
after full calibration

for and PFlow R=0.4 jets
v 04— ——— —— 0.5 e e g
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Recent Developments:
ML Jet Calibration
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Global NN Calibration (GNNC)

e GSC Does not exploit
correlations of variables

e New method (GNNC) uses
MLP trained to predict pr
response

— Improvement over full pr range
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JES + JMS
Simultaneous Calibration of Jet Energy and Mass using ML

Model Architecture Method:

Input processing

e Predict responses

Ereco _ Mo
Re = &=, Ry =

true Mhrue

e Modeled by Gaussians

— E E  m _m
Yored = (117,05, 7, 0" Jored
= Calibration Factors:
Dense (420 | :
Residual connection - Eca”b = E'Eco 5 Mca“b == M/K;m
Dense (260) ) Hpred Heored

Dense (140) |

Mixture density network (MDN) loss:

000 025 050 075 100 125 150
R

1 rue — red 2
LMvDN = —log(P(}/truev}/pred)) = lOg(UP"ed) + EM
Upred

AS

EXPERIMENT
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LargeR DNN Calibration: Results

E

Jet Energy Response, R

Response: E Response: M
1.2 T T T T T T T ] e 150 T T T T T T T ]
F ATLAS Simulation Internal 4 ) caibratea 3 o« E ATLAS Simulation Internal 4, iratea ]
115 Vs=13 TeV. Pythia 8, dijet Stndadcatoraion 8 1.4[-Vs=13TeV, Pythias, diet Sandadcaibraion ]
E m"*c(50.80) Gev ~— owean ] § | mels080Gev ~ oweaaion ]
1.4e0.002] = g’.)_ 1.3 "0002] E
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1.05¢ E 2 12F =
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E - e z F =
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085 el ]
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preGeV] o L C I
Improvement across the board
e DNN: better closure than calib. in response for E and M

e M response stable even in low and high pt regime

Resolution drastically improved

Less dependence on 7, pileup, MC generator for E and M

More stable across different processes (H, W/Z, top) for E and M
More stable across different flavours (q/g) for E and M
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LargeR DNN Calibration: Results

Resolution: E _ ‘H‘_“Rg‘sg‘ly;i‘qn‘:‘”wH_m_m ‘
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Improvement across the board
e DNN: better closure than calib. in response for E and M
e M response stable even in low and high pt regime
e Resolution drastically improved
e Less dependence on 7, pileup, MC generator for E and M
e More stable across different processes (H, W/Z, top) for E and M
e More stable across different flavours (q/g) for E and M
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Summary ATLAS

EXPERIMENT
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Particle Flow (PFlow) ATLAS

EXPERIMENT
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Tracks [Select Tracks = @
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i /Onchangz
Unmatched Clusters
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PFlow makes use of tracking information at constituent level
shows great JER improvement over calo jets in low-pT
Especially in the central reglon
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How to Make a PFlow Jet AT
EXPERIMENT
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How to Make a PFlow Jet

Selected

Cluster

Track
Tracks [Select Tracks |4 Match Track
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ATLAS Simulation — Correct Cluster

Track-cluster matching F
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How to Make a PFlow Jet AS

EXPERIMENT
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Tracks ‘lsdecv Tracks Compute E/p |3
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E/p Correction low-pr:
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e pp collisions
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How to Make a PFlow Jet

Selected

Tracks

Cluster

Compute E/p

Clusters “Unmatched

Clusters

E/p Correction

e Avg deposited energy of
particle:
(Edgep) = P (Et®/ Prif)
(Edbs /ptrk) measured in
isolated single m

e Sum E of clusters in AR =0.4

cone around track
e Binned in pik nfk, LHED
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How to Make a PFlow Jet @EATLAS

XPERIMENT

Selected
Track

Tracks >|Select Tracks Match Track Compute E/p |3

to Cluster .-

Cluster

Clusters “Unmatched

Clusters

Layer of highest Density (LHED)
e Energy density of jth cell in ith e Avg E density for each layer:

calo layer:
()= wipj

E: energy, V : volume of cell measured in rad length X

— LHED is layer with max change

e Weighted based on proximit to of o
track by gaussian with width
/ /
AR =0.035 Ayl — (p')i = (p')ia
' di—di—1

d;: depth of layer i



How to Make a PFI

Selected

Track

Tracks |5¢|¢¢' Tracks Match Track
1 to Cluster {------3

Matched

Cluster

Compute E/p [_g&  Shower

Clusters

Unmatched Matched

Clusters Clusters Grchangs
Unmatched Clusters
Clusters

Recover Split Showers 8 ol TATLAS Simuation | — €95 "> 90 % 4

£ | Vs=8Tev et <70% ]

. . r ‘matche -

o Often particles deposit energy & O 5<p"*<10 GeV 1.0<f1<2.0

in more than 1 cluster o ot \ =

s F ]

. . O 008 -
e If single/multi cluster 2%
. . . 0.06—
discriminant: 3
0.04f~
clus E
clusy __ E B <Edep> 002
S(E®)= ——————F < -1 b
U(Edep) L

recover clusters within
AR < 0.2 of track


https://link.springer.com/article/10.1140/epjc/s10052-017-5031-2

How to Make a PFlow Jet

Selected
Track ["Match Track

Tracks [Select Tracks

1 Compute E/p [ Shower s

to Cluster |-----3
1 Matched
Cluster

\y

> | Addcl
Clusters Ui | dd Clusters p— Compute E/p
Clusters T
i Clusters
/Onchangz
Unmatched Clusters
Clusters

Recover Split Showers 8 ol TATLAS Simuation | — €95 "> 90 % 4

£ b fs=8Tev —eds <70% 3

. . r matche .

e Often particles deposit energy g o12p 5<p<10 GeV 1.0<I™<20 7

in more than 1 cluster o ot \ & E

s F ]

. . O 0.08 -]
e If single/multi cluster s %
[T Y
discriminant: 3
0.04f~
clus E
clusy __ E B <Edep> 002
S(E®)= ——————F < -1 :
U(Edep) L

recover clusters within
AR < 0.2 of track


https://link.springer.com/article/10.1140/epjc/s10052-017-5031-2

How to Make a PFlow Jet @E

Selected
Track ["Match Track

XPERIMENT

Cell
Subtraction -

Tracks {Selecv Tracks

Compute E/p [

to Cluster |-----3
1 Matched

7 Track
+Remnant
Cluster Pl

1 > [ addcl i’—;‘c 8 e [ Mo
Clusters et | lusters [ ompute P| Clusters

Clusters Clusters
/Onchangz
Unmatched Clusters
Clusters
Cell-by-cell subtraction cell-by-cell subtraction
__ trk/ £clus / Atrk ,"'_— -.\'\,
If <Edep> =p <Eref /pref> after i JUCTLEEED e ..
: clus. S s
correction > Y. . . Ef P P === N
all clusters are removed I v St 8
5 ¥ ¥ * Y ~
H Sty ]G 5
b L) i
VL R T ST N
“\ “ “i ;"' l" o
N E MB2
s’~~~ bl LS E
Seeel - N


https://link.springer.com/article/10.1140/epjc/s10052-017-5031-2

How to Make a PFlow Jet

Selected

¥

XPERIMENT

Cell

Track
Tracks [Select Tracks Match Track Compute E/p [ $&_ Shower s o >
| i R Subtraction [ > Track
T Matched +Remnant
Cluster Removal
a : > Add clusters |— 3] compute €/ 3 Modified
usters (T | lusters [ ompute E/p | Clusters
Clusters i Clusters
H /Onchangz
Clusters

Cell-by-cell subtraction

= k
If (Edep) = P (ESf®/ pres) after
correction > Y. . Eclus:

all clusters are removed

Else: clusters in rings around
track subtracted from
highest-to-lowest energy density

In each layer, starting in LHED

Until Eafter subtr < <Edep>

Unmatched
Clusters

cell-by-cell subtractlon

. -~



https://link.springer.com/article/10.1140/epjc/s10052-017-5031-2

How to Make a PFlow Jet

Selected

¥

XPERIMENT

Cell

Track
Tracks [Select Tracks Match Track Compute E/p [ $&_ Shower s o >
| i R Subtraction [ > Track
T Matched +Remnant
Cluster Removal
a : > Add clusters |— 3] compute €/ 3 Modified
usters (T | lusters [ ompute E/p | Clusters
Clusters i Clusters
H /Onchangz
Clusters

Cell-by-cell subtraction

= k
If (Edep) = P (ESf®/ pres) after
correction > Y. . Eclus:

all clusters are removed

Else: clusters in rings around
track subtracted from
highest-to-lowest energy density

In each layer, starting in LHED

Until Eafter subtr < <Edep>

Unmatched
Clusters

cell-by-cell subtractlon

. -~



https://link.springer.com/article/10.1140/epjc/s10052-017-5031-2

How to Make a PFlow Jet @E

Selected

XPERIMENT

Tracks >select Tracks |5 Match Track | compute £/p F--F& Shower Seh——ms @l
Subtraction -

7 Track
+Remnant
Removal

M iy Modified
> | Add Clusters l'—;' Compute E/p | Clusters
Marched

Cluster

Clusters “Unmatched

Clusters H Clusters
i /Onchangz
Unmatched Clusters
Clusters
Cell-by-cell subtraction cell-by-cell subtraction
__ ntrk/ [Eclus / 4trk ,"'_—- -..\\.
b lf <Edep> =Pp <Eref /pref> after '." LeemTmn . N
i clus. P ~ =
correction > Y. . EFUS: A Y
all clusters are removed P A A N A 8
N N Y i
e Else: clusters in rings around P % N g
track subtracted from VNN, T S 5
highest-to-lowest energy density E M B 2,
e In each layer, starting in LHED -

e Until Eafter subtr < <Edep>


https://link.springer.com/article/10.1140/epjc/s10052-017-5031-2

How to Make a PFlow Jet @E

XPERIMENT

Selected

Track
Tracks >{select Tracks Match Track Compute E/p [ PR Shower e Cell >
[oeeet e to Cluster {3 & b Subtraction -y 77 Track
T Matched +Remnant
Cluster Removal

Tl > [addci i’—;‘c €/ gt Modified
usters Uratched [ nad custers | compute 1| Clusters

Clusters H Clusters
i /Onchangz
Unmatched Clusters
Clusters
Cell-by-cell subtraction cell-by-cell subtraction
__ ntrk/ [Eclus / 4trk ,"'_—- -..\\.
o If <Edep> =p <Eref /pref> after 2 e ..
i clus. e e [
correction > Y. . EFUS: A Y
all clusters are removed P A P N A 8
N N Y -
e Else: clusters in rings around P Q ot &
track subtracted from AN R 5
highest-to-lowest energy density E M B 2,
e In each layer, starting in LHED -

e Until Eafter subtr < <Edep>

e Then scale cluster energies
accordingly


https://link.springer.com/article/10.1140/epjc/s10052-017-5031-2
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Selected

XPERIMENT

[ Track ["Match Track Cell ~
Tracks {Select Tracks e Compute E/p [-—F2_ Shower Do Subtraction -2 Track
T Matched +Remnant H
o Cluster ) Removal f
H i i Modified
Clusters R > { Add Clusters l——;' Compute E/p | - “
Clusters Clusters Grchangs
Unmatched Clusters
Clusters
Remnant removal 3 9F "ATiAS Simuation | po% 90 %
S F Vs=8Tev aiched o ]
If remainging cell E < 1.50 of 5 E — Prrginea < 70 %
gt kg | trk . b 012: 2<pwe<5 GeV  M™¢<1.0 E
H rk( Eclus rk\ . 5 = =
width of p < ref /pref>' c o 1
. o o1 3
o Cluster-system likely T f ]
. . © o0.08 -
produced by single particle w oook ]
— Remaining E removed 0045 E
o Else: 0o
H H :n M 1
likely produced by multiple B T i v
. clus,
particles (E <Edep> )/G( SRS

— Remaining E retained



How to Make a PFlow Jet

Selected

Is

Track
Tracks > select Tracks |- Match Track Compute E/p [--3 Shower e Cell
| fo Cluster |3 Split Subtraction
T Matched +Remnant
Cluster Removal
a > [ addci oo odtied
usters Unmatched | sters l—m ompu'e D | Aoz
Clusters i Clusters
H /(Jnchangz
Unmatched Clusters
Clusters

Donel

Final constituents: Remaining clusters and tracks

— Goal of pflow procedure: Avoid double-counting between them



Why UFO Jets? $ATLAS

XPERIMENT
Calorimeter only: Combined with
e LCTopo: Topological e PFlow: Particle Flow Objects
calorimeter clusters e Low pr: Use 4-vector for

charged particles, subtract energy

from cluster 4-vectors

M seed cells  |E[>40

u I growth cells [E|>20

e High pr: Use cluster 4-vectors,

[ boundary cells

ignore
e TCC: Track Calo Clusters

e Low pr: Use cluster 4-vectors, ignore

O final topoclusters
7 X ¢ = dynamic

en Schramm, BOOST 2020

Topo-clusters

S Calorimeter ‘

Tracker

e High pr: Split clusters using ,

adapted from: Stex

get energy from clusters but angles
>@< o from

Combining PFlow and TCC:

e UFO combines TCC and PFlow to achieve optimal performance
over a broad kinematic (pr) range


https://indico.cern.ch/event/775951/contributions/3903461/

LargeR DNN Calibration:

T T T T
ATLAS Simulation Internal Val. loss total
Vs=13 TeV, Pythia 8 dijet Val.loss Energy

Loss

T T

Val. loss Mass
Training loss total
Training loss Energy
Training loss Mass.

N RN FETE FTN FET T A

15 20 25
Number of processed jets

e soon

s Buchsize  Loss

15000

25000

35000

15000

95000

95000

6
6
6 125000
6

125000

0 155000

50 95000

Training

Training Strategy

e Multi-stage training process

e First E & M simultaneous

e Then only M

e Alternative losses used in some

training stages

e To accommodate for
asymmetric response:

Asymmetric MDN:
1e(x—n)?/201

Puvpna(x) = {

1e(x—1)?/202

Truncated MDN:

1e(x—n)?/20

Ptrunc(X) = {O

if|x < p| < No


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2023-02/

LargeR DNN Calibration: Eta Annotation

(2 Ref. available soon

Complex dependence on 7

e With sharp changes from bin-to-bin due to
detector geometry/instrumentation

e Difficult for DNN to adapt to this

e Annotation strategy

3 — Add 12 features that are functions of
® — Encoding distance to different 7 regions
5
v e Clear improvement:

o 1.2 T T T T

. E ATLAS Simulation Internal 3

$ 115 Vs=13 ToV, Pyihia 8, djet  —a— uncaiaes E

S [ P7°€[300.0,400.0] GeV DNN calibration B

2 1.1 m™ee[50,80) GeV —e— DNN calibration, No Annotation  —|

3 E E

o E b

>, 1.05F -

< E

§ e A e

w £ ]

T 095F .

1 1 1 1

Bt | I |
- 2 15 -1 05 0 05 1 15



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2023-02/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2023-02/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2023-02/

Substructure Variables for Tagging ATLAS

EXPERIMENT

W/Z tagger (NN/ANN)
=z ATL-PHYS-PUB-2021-029

Top tagger (DNN)
@ ATL-PHYS-PUB-2021-028

D>, C;  Energy correlation ratios Ti, T2, T3, T4 N-subjettiness
721 N-subjettiness Vdiz, V/dz  Splitting scales
REW  Fox-Wolfram moment ECF:, ECF,, ECF3 Energy correlation (EC) functions
P Planar flow Gy, Dy  EC ratios
az  Angularity L, L3  Generalised EC ratios
A Aplanarity Qw Invariant mass / virtuality
Zeww  Z—Splitting scales Tm  Thrust major
Vdiz  d—Splitting scales
KtAR  ki-subjet AR

Nyrk

number of tracks


http://cds.cern.ch/record/2777009
http://cds.cern.ch/record/2776782

Number of Ghost-Associated Tracks n

JHEP04(2008)005 nyk as q/g discriminant
@ 025 e
2 F ATLAS Simulation Prelimi ]
ngk: number of tracks z 0_20;7@113&"”;”51:”4 reminary E
. B Fini<2.1 ! ]
e With pt > 500 MeV 8o — une E
00 -~ - Gluon Je ] .
. . § C 50<pr <100 GeV ] ”:
e Ghost-associated to jet 2 o10b sospr<so0Gev 1 -
r <pr< eV S
— Powerful g/g discriminant 005 - Bl
:—'A, Lo e Choo E g
0005 02 30 40 50 60 7§
Ghost-associated jet area Mk

e Add dense coverage of Ghost associated areas of k; jets

"infinitely’ soft 'ghost’
constituents

e Count how many are clustered
within the jet



https://iopscience.iop.org/article/10.1088/1126-6708/2008/04/005
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-009/
https://iopscience.iop.org/article/10.1088/1126-6708/2008/04/005

Grooming Techniques ATLAS

EXPERIMENT

Trimming
Facker amove st SoftDrop
— —
Recluster Remove if fails
with C/A soft drop
- -

022

orkshop 20

Pruning
R Continue until
Tomovs st
large angie bmnchlng passes Return le[
concttuents
— —_—

[EASVARY


https://indico.cern.ch/event/1133166/timetable/#sc-1-1-jet-substructure-overvi
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