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* Jets are formed when high-energy quarks and gluons are produced in LHC
collisions (Proxy for parton momentum).

o Jets are . composite objects w/ multiple scales, large areas.

* Theoretical complexity: » Experimental complexity:

e fixed-order aspects | |
* Calorimeter signals

* resummation-dominated aspects |
* Charged-particle tracks

® non-perturbative aspects
CARTOON FROM

E. METODIEY
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https://arxiv.org/abs/1810.01772
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o Experimentalists at the LHC work hard to calibrate the jet energy scale
(JES) using in situ balance measurements.

* Not a topic for today, but one near & dear to me: ATLAS has recently
achieved sub-% JES precision over the widest-ever kinematic range!

ATLAS JES Run 2: EPJC 81 (2021) 689 Run 3 1 2303.1/312
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https://arxiv.org/abs/2007.02645
https://arxiv.org/abs/2303.17312#
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Source of uncertainty Avg. impact
Total 0.372

Statistical 0.283
Results (1 =0...,5) . Systematic 0.240

Statistics

— Stat. comp. (Mmep) Experimental uncertainties

pe— ‘ | ~ Stat. comp. (JSF) . Small-R jets 0.038

— Stat. comp. (bJSF) Large-R jets 0.133

Method 0.13 £ 0.11 .
etho . - Emiss 0.007

arlo generator 0.16 = 0.
Hadronization - 0.15£0.10 Leptons 0.010
Initial- and final-state QCD radiation \ 0.08 & 0.11 b-jets 0.016

Underlying event 0.08 £ 0.15 i : y
Colour reconnection 0.19 £+ 0.15 b-tagging cJets 0.011
Parton distribution function 0.09 £+ 0.00

light-flavour jets 0.008

extrapolation 0.004

W/Z+jets shape Pile-up 0.001
Fake leptons shape , .
Datadriven all; Luminosity 0.013

Jet energy scale 0.54 £+ 0.02 Theoretical and modelling uncertainties

Relative 0-to-light-jet energy scale . . Signal 0.038
Jet energy resolution 0.20 £ 0.04

Jet reconstruction efficiency 0.02 £ 0.01 Backgrounds 0.100

Jet vertex fraction 0.09 £ 0.01 — Z + jets 0.048
b-tagging 0.38 £ 0.00 T s 0.058
Leptons 0.16 £ 0.01 [/ _

Missing transverse momentum 0.05 £ 0.01 - tt' 0.035
Pile-up 0.15 £ 0.01 WA < Single top quark 0.027
All-jets trigger < Diboson 0.032
Fast vs. full SinLll&i;iOIl . / < Multijet 0.009
Total systematic uncertainty 0.82 £ 0.06 '

-
ota B .
[Tl 091006

Background normalization

MC statistical 0.092
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-52
https://arxiv.org/abs/1810.01772

ATLAS Jet Energy Scale

ATLAS, 2303.17312 (brand new!)
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* Even with our latest techniques, the in situ JES uncertainty is still driven by
the choice of nominal MC model in many places...
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https://arxiv.org/abs/2303.17312#

Vs =8 TeV

™ [GeV]

k | Results (i =0...,5) 172.08
0 | Statistics 0.39
— Stat. comp. (Mmyop) 0.11
— Stat. comp. (JSF) 0.11
— Stat. comp. (bJSF) 0.35
1 | Method 0.13 £ 0.11
2 vignal Monte Carlo generator . .
3 [} Hadronization 0.15 £ 0.10
4 | Initial- and final-state QCD radiation 0.08 £ 0.11
5 [} Underlying event 0.08 £ 0.15
6 | Colour reconnection 0.19 + 0.15
7 | Parton distribution function 0.09 £ 0.00
8 Background normalization 0.08 £ 0.00
9 | W/Z+jets shape 0.11 4+ 0.00
10 | Fake leptons shape 0
11 | Data-driven all-jets background
12
13 | Relative 0-to-lig t et energy scale
14
15 et reconstruction efhiciency
16 | Jet vertex fraction 0 09 + 0 01
17 | b-tagging 0.38 £ 0.00
18 | Leptons 0.16 £ 0.01
19 | Missing transverse momentum 0.05 £ 0.01
20 | Pile-up 0.15 + 0.01
21 | All-jets trigger
22 | Fast vs. full simulation
Total systematic uncertainty 0.82 + 0.06
Total 0.91 £ 0.06

TOP MASS M+

ATLAS, EPJC 79 (2019) 290

Various
aspects of
QCD...

JES/JER —
Large parts from
MC Modelling!

PDFs

Stenal MC

PARTON SHOWER

ISR

HADRONISATION
FS5R

CoLover Ree, / VE
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JET ENERGY SCALE

(OFTEN DRIVEN BY
PARTON SHOWER

+ HADRONISATION MODELLING)
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https://arxiv.org/abs/1810.01772

Perspectives on hadronic final states

FROM UP
CLOSE

Part 1: Jet Substructure

ATLAS soft-drop mass + observables
PRL 121, 092001 (2018), PRD 101, 052007 (2020)

ATLAS Lund jet plane
PRL 124, 222002 (2020)
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http://Phys.%20Rev.%20Lett.%20121,%20092001%20(2018)
https://arxiv.org/abs/1912.09837
https://arxiv.org/abs/2004.03540

Perspectives on hadronic final states

FROM VP
CLOSE
+ FAR AWAY

S
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Part 2: Event Shapes
Multijet Event Isotropies w/ Optimal Transport
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-20/

What we want:

Start with the easiest thing ...

ZE (1-2)E

First perturbative
splitting in jet’s
evolution.
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What we want:

Start with the easiest thing ...

ZE

(1-2)E

First perturbative
splitting in jet’s
evolution.

What we got:

j S

Anti-kt

doesn’t give
a physical picture.
What is the “early

splitting”?
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What we want: What's the problem:
Start with the easiest thing ...

What we got:

Large number of emissions from
non-perturbative hadronisation
(1-z)E processes obscure hard structure.

ZE

j S

First perturbative

splitting in jet's e e | 3
evolution. Anti kt

doesn’t give
a physical picture.
What is the “early

splitting”? ’

... and, early JSS tools were

not theoretically amenable. “Non-global logs”
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The Soft-Drop / modified Mass-Drop Algorithm

1. Start with anti-k; jet.

Dasgupta, Fregoso, Marzani, Salam, JHEP 09 (2013) 029,
Lark OWSki, Marzani, S oyez, Thaler , ./ HEP 1405 ( 20 74) 146 Matt LeBlanc (Manchester) — Perspectives on Hadronic Final States — Universita di Genova Seminar, 2023.05.27 — Slide 13



https://arxiv.org/abs/1307.0007
https://arxiv.org/abs/1402.2657

The Soft-Drop / modified Mass-Drop Algorithm

1. Start with anti-k; jet. 2. Recluster with C/A algorithm.
(Angle-ordered!)

Dasgupta, Fregoso, Marzani, Salam, JHEP 09 (2013) 029,
Lark OWSki, Marzani, S oyez, Thaler , ./ HEP 1405 ( 20 74) 146 Matt LeBlanc (Manchester) — Perspectives on Hadronic Final States — Universita di Genova Seminar, 2023.05.27 — Slide 14



https://arxiv.org/abs/1307.0007
https://arxiv.org/abs/1402.2657

The Soft-Drop / modified Mass-Drop Algorithm

x if min(pr j1, Pr.j2) > Zeut 1,

not (Prj1 + PTj2)
J2

X

Soft-drop!

3. Check soft-drop condition at
each node, starting with the
widest-angle emission.

1. Start with anti-k; jet. 2. Recluster with C/A algorithm.
(Angle-ordered!)

Dasgupta, Fregoso, Marzani, Salam, JHEP 09 (2013) 029, Stop when one passes!
Lark OWSki, Marzani, S oyez, Thaler , ./ HEP 1405 ( 20 74) 146 Matt LeBlanc (Manchester) — Perspectives on Hadronic Final States — Universita di Genova Seminar, 2023.05.27 — Slide 15



https://arxiv.org/abs/1307.0007
https://arxiv.org/abs/1402.2657

Precision Jet Substructure:
Soft-Drop Observables

ATLAS, PRD 101, 052007 (2020), PRL 121, 092001 (2018)

* Goal: provide experimental testbed for the first
high-accuracy (>LL) JSS predictions:

 Mass P = log1olmj / pTi)
NLL 1704.02210 1712.05105
NNLL 1603.06375 1603.09338 1803.03645 1811.06983

e Angle Rg = AR(j1,/2)
NLL

e Balance z4=pTi2/ p7i "z;';(? Tf;f Tf’f) > Zcut(AIZuz)ﬂ
NI_I_ T,j1 T,j2

* ]SS measurements made in dijet events:
* No backgrounds, « Measured different 8 values

g/g admixture, — more/less NP-QCD

broad kinematic range. e Measured calorimeter and

pt ~ 300 GeV — 2 TeV track-based signals

See also: CMS, JHEP 11 (2018) 113 (soft-drop mass) Matt LeBlanc (Manchester) — Perspectives on Hadronic Final States — Universita di Genova Seminar, 2023.05.27 — Slide 16



https://arxiv.org/abs/1704.02210
https://arxiv.org/abs/1712.05105
https://arxiv.org/abs/1603.06375
https://arxiv.org/abs/1603.09338
https://arxiv.org/abs/1803.03645
https://arxiv.org/abs/1811.06983
https://arxiv.org/abs/1908.01783
https://arxiv.org/abs/2106.04589
https://arxiv.org/abs/1912.09837
https://arxiv.org/abs/1711.08341
https://arxiv.org/abs/1807.05974

Soft-Drop Jet Mass

ATLAS, PRD 101, 052007 (2020), PRL 121, 092001 (2018)

Calculations
target

“resummation”

region!
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T 0.6
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Resummation-dominated

(npQCD) (Fixed-order)
— AT Ao I L L —
— ATLAS \
— \ b
- Vs=13TeV, 32[ \X\ Data
- Calorimeter-baged, anti- k R=0.8 % NNLL+NP
— Soft Drop, z % NLO+NIL+NP
- pr*>600 Ge ¢ LO+NNIL

Nonperturbatl e [ Perturbative
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“Relative Mass”

p = log(msp?/pr3)

Good theoretical & experimental control!
Comparable unc. in ‘resummation region.

’

E 04F ATLAS | | — Total Uncelrtainty | =
£ - (s=13 TeV, 32.9 fb” Data statistical error 3
8 0.35F Calorimeter-based ~_-r-ree Unfolding Nonclosure =
- — anti-k, R = 0.8
2 0.3 softbrop,z, =0.1,p=0 ===~ Cluster energy scale —
© - ped > 300 GeV -...-.._Cluster energy resolutior-
2 02—~" ... Pileup modeling —
u - Other N
0.2F E

0.15
0.1
0.05

R R R e —

MC setups differ significantly,
leading to large systematics
(particularly in NP-QCD region)
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https://arxiv.org/abs/1912.09837
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Soft-Drop Jet Mass: increasing NP-QCD

ATLAS, PRD 101, 052007 (2020), PRL 121, 092001 (2018)

Here there

be dragons
Q. | 'A'T'LIA'S' L L L L L e Q. 1 4—' ;4ITILIAISI L L L L L L . ' 'A'T'I-Jq's' L L e e
o 1.6 \ — o UE . E S 1.4F 2\ —
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o 1 4— Calorimeter-based, anti-k R =0.8 % NNLL+NP - o - [ Calorimeter-based, anti-k R = 0.8 % NLL+NP . o) 1.2 Calorimeter-based, anti- k R=0.8 B NLL+NP —]
- 2—Soft Drop,z_ =0.1,B = 0 # NLO+NLL+NP 3 —~ 1_Soft Drop,z_ = 0.1, 5_1 % NLO+NLL+NP = —~ 1_ Soft Drop, z_=0.1,p = 5 % NLO+NLL+NP 3
2 1E p* > 600 GeV ¢ LO+NNLL = 2 - pld> 600 GeV ¢ LO+NNLL . 2 - pr*Y> 600 GeV o L0+NNLL -
o) -] Nonperturbatlve B Perturbative = o 0.8 Nonperturbatlve B Perturbative - — o 0. 8_—D Nonperturbative B Perturbative 3
= 0 8_— 34 T 4 3 = F :
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Agreement deteriorates, ‘well-understood’ region shrinks, uncertainties increase!
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https://arxiv.org/abs/1912.09837
https://arxiv.org/abs/1711.08341

(% L L L L L DL L LI LA ENL L B
5 ~ ATLAS . .
Calo- and track-based JSS HRT - N
o — Calorimeter-based, anti-k R =0.8 = Pythia 8.186 Z
~ o[ SoftDrop,z_=0.1,p=2 % Sherpa2i 2
ATLAS, PRD 101, 05200/ (2020) g - p'ead>300 GetV + Herwig++ 2.7 E
© 1.5:— —
» Advantages: Smaller angles, softer signals, better = 4 Calo-based . -
- R .
resolution (more bins). 0.55- . - BE
* Trade-offs: IRC safety (collinear-unsafe). : 1_55_ w; $llll_
1 L A \ ;
Q = e L L B B I 20'5? | | | | \T&| | E
o o5 ATLAS . | Data Trackbased ~ — & 45 4 B35 3 =25 2 45 1 05
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a cross-check on © - = - - 2.5F Track-based, antik R = 0.8 W Pythia8.186
. : : 1— O — — : Soft Drop z = 01 B2 & Sherpa 2 1 E
calorimeter-nase - = 6 Z £
- - O . 2 2:_ p’r*® > 300 GeV + Herwig++ 2.7 -
measurement. 0.5~ = L — o .
= e TTeB > < 15F =
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© %“T‘iiilllll'lllllllllIIII|IIII__ ~ - Track_based Wx -
: o 1.4 = — ) St A
Also, more precise 2 120 E 1 '\\\*\\ =
refe rence data fo r (xé ) 81;— O‘:E 0.5F \\\\'\\\\ *_:
. . — O @) — E \\\\\\\\ o \:
ImprOVIng MC mOdeISo Ig 06:_I¢I l |¢l I ICP o | o I Co | - I,,J,,J,,l,,l,,l,,l,,J,,J,,J,,l,,ﬁ E = ?| r i*l | |*| 1 | 1 | i | i | 1 | I — |E
o 45 4 3bH 8 2Zb 2 15 -1 U5 5 1.5g% % M JE
et £ ; A R R BT o 2
Reduced uncertainties! @ =2 (lots of NP-QCD!) S T TN T T T
g 45 4 35 3 25 =2 15 -1 -0
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https://arxiv.org/abs/1912.09837

Aside: CMS JSS Angularities Measurement a

4

PENCIL-LIKE Tsotrroeic’

CMS, JHEP 01 (2022) 188

TS5 ANGVLARITIES
, , , CMS <35.9 b (13 TeV) CMS supplementary <35.9fb (13 TeV)
Products of relative constituent energies and S e — T T T o0 L S B L L) B B BB R AL
. . Ol . AK4 —— Data ] Nb S 18 — AK4 —— Data —_
angles, varying weight of each component | o~ 14" Gentral dijet region —2— MG5+Pythia8 | O g g | Centraldijet region %~ MG5+Pythiag -
O B jet ] u jet .
ﬂ 1_!:-'_ 19 E_120<pT <150 GeV+ Herwig.++ _: Fé:— 14 :_120<pT <150 GeV+ Herwig++ _;
-y = (2K R LE .
& 1\ R 8- - A Charged -
I :tf All PFCs - 8 ::{ig; & -
6 - B 6 Z_A_—é_ —— PFCS E
4k - - = 3
B i 4 E i
* Both ATLAS and CMS have made N - 2i . :
o — =Q= — —
comparisons of charged+neutral & b R el e
h r - nI i r ° 3 [ T [ I I I L 3 T T TTI I I T T TTTI I I T T TTTI
cha gEd © y p Ctu €s % Datatotall unc. &\\Data stat. unc. "% : Da’la total unc. &\\D;ta stat. unc. .
. : ° 2 F : O oL =
* Similar observations can be made = . S —
. . — 1 _-——%_.‘-—mﬂ“" Ll § 1 T = -
using data from both collaborations N ] 5 e | ;
o . 0 004 01 02 03 1 004 OO‘]ObZl L 1 | Il(l)_‘] 0|2 L1 1| |||-|
* Perhaps surprising, given CMS's Jet Thrust (A}) Jet Charged Thrust (A})
“particle-tlow” reconstruction. |
Similar levels of Charged picture has
(dis)agreement! significantly more reach

into collinear region (10x)!

Matt LeBlanc (Manchester) — Perspectives on Hadronic Final States — Universita di Genova Seminar, 2023.05.27 — Slide 20


https://arxiv.org/abs/2109.03340

ocal metaphor

CALORIMETER-ONLY INNER-DETECTOR-ONLY
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Lund jet plane

Dreyer, Salam & Soyez |[HEP 12 (2018) 064

Lund Plane : tool used by PSMC authors for 34 years & J1
counting (Andersson et al. Z.Phys.C 43 (1989) 625)

JSS by Dreyer et al.

Newly applied to

 Key concept:

history of originating parton.

* Parameterise emissions of angle-ordered picture J
in terms of their relative energies (z) and angles

(AR).

()
N

orobe entire angle-ordered emission

)
N
In(1/2)

Powerful, physics-forward representation of JSS: o ©
o ML/AI (1903.09644, 2012.08526), -

g/g tagging (2112.09140), IN(R/AR)

PS development (1805.09327/, 2205.02861),

analytics (2007.06578), J2

heavy-flavour (2106.05713, 2112.09650, 2202.05082)

o ... we'll have a whole LJP workshop at CERN in July!
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https://inspirehep.net/literature/265672
https://arxiv.org/abs/1903.09644
https://arxiv.org/abs/2012.08526
https://arxiv.org/abs/2112.09140
https://arxiv.org/abs/1805.09327
https://arxiv.org/abs/2205.02861
https://arxiv.org/abs/2007.06578
https://arxiv.org/abs/2106.05713
https://arxiv.org/abs/2112.09650
https://arxiv.org/abs/2202.05082
https://arxiv.org/abs/1807.04758

Lund jet plane: data

ATLAS, PRL 124, 222002 (2020)

e Factorises different physics effects into Wide-angled,

different regions.

o Soft splittings vs. even splittings,
wide-angled vs. collinear.

Unfolded
Data

soft splittings

Even, co-linear

Wide-angled,

f even splittings Splittings

O 05 1 15 2 25 3 35 4
In(R/AR)

Wide-angled <—————> C(ollinear
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https://arxiv.org/abs/2004.03540

Lund jet plane: data

ATLAS, PRL 124, 222002 (2020)

e Factorises di

different regi

fferent physics effects into

ons.

o Soft splittings vs. even splittings,
wide-angled vs. collinear.

* Calorimeter granularity is too coarse to
resolve the most collinear splittings.

e Use tracks in jets = smallest angular scales!

Unfolded
Data

In(1/z)

Wide-angled,
soft splittings

Wide-angled, Even, co-linear

i even splittings Splittings

0 05 1 15 2 25 3 35 4
N(R/AR)

GRANVLARITIES: TILE LAR ~PIXEL

Matt LeBlanc (Manchester) — Perspectives on Hadronic Final States — Universita di Genova Seminar, 2023.05.27 — Slide 24 P‘ TCH

(1/Njgig ) 8Norrissions / ( dIn(1/2) din(R/AR) |


https://arxiv.org/abs/2004.03540

Lund jet plane: data

ATLAS, PRL 124, 222002 (2020)

Unfolded
Data

» Factorises different physics effects into Wide-angled,
different regions. soft splittings

o Soft splittings vs. even splittings,
wide-angled vs. collinear.

e Calorimeter granularity is too coarse to
resolve the most collinear splittings.

e Use tracks in jets = smallest angular scales!

* Perturbative region, uniformly populated

(lower-left corner).

i i : Even, co-linear
eNon-Perturbative region, enhanced by LW’de'angled' splittings
e

hadronisation (diagonal band). ven splittings

(1/Njgig ) 8Norrissions / ( dIn(1/2) din(R/AR) |

3 35 4
- U In(RIAR)
GRANVLARITIES: TILE LAR ~PIXEL
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https://arxiv.org/abs/2004.03540

In(1/z)

ATLAS

Vs=13TeV, 139 0", p_ > 675 GeV
T,1

Data

Pythia 8.230
Powheg+Pythia 8.230
Sherpa 2.2.5 (AHADIC)
Sherpa 2.2.5 (String)
Herwig 7.1.3 (Ang. ord.)
Herwig 7.1.3 (Dipole)

— 1

—0.9

Nemissions

—0.8

2

S+ Jp[ONHeO

ATLAS
Vs=13TeV, 139 fb™
P> 675 GeV

1.80 <In(1/2) < 2.08

[ 1/Neie) PNomissions / ( dIn(1/2) din(R/AR) )

NN

PRy

— Total Syst. = = MC Modeling - - Expering2

> -+ Pile-Up =+ Unfolding
oS
> © e
B 5
2
o -
0 0.5 1 1.5 2 2.5 3 3.5 4
~ In(RIAR)
Parton shower Hadronisation
models differ models differ

e Easier to see factorised
effects by slicing through LJP.

o Utility in data for improving
MC models (e.g2.
nadronisation models — JES)

e Can improve one aspect
of simulation without
disturbing another

* Can mask non-
perturbative aspects
from classifiers
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(s=13TeV, 139 0", p_ > 675 GeV —~ 1.8 e Data ATLAS , . .
’ 1 N 6B m Pythiag.230 s-13Tev,1390" | ©®Easier to see factorised

ATLAS

In(1/z)

'ﬂ 114 ATLAS Simulation _Preliminary i — h LJP
@ g ParicleFlowjets | o pyiniag (v8.235) + A14 - >. 0.06 — — T .
%0 - Inl<07 ~ Sherpa 2.2.5 AHADIC . = B | ! | Vlﬂg
S 11 Guonjets ©rpa 2.2.:5 AHADIC+ E s - Data 2015 2017 \s=13TeV ATLAS Prel|m|nary—
:% 1.085:- 0 §:ZI§Z IZWZ'E:IZS :ba""’"and:K E £ 0 O5éa”t"kt A = 0.4, PFlow+JES .
- -wel aon ()] ]
1.06Es- baryon - o n=0.0 . . -
L - c L Total uncertainty, di-jets _
1'04;_0-'%__;,_ PYTHIA v8.23S E = | Total uncertainty, before new flavour unc., di-jets J ES)
1.02 Tom0 e, VS, S'HERPA ZZ.S' E CLG 0.04F —— |n situ calibration —
= -33202:& e oot : — L - Flavour components _ SPECt
— © ~ . Pileup components 4 t
.;i 5 0.03 — - = Single particle deconvolution - DU
= S} - - =
< © - -
-------------------------------------------------------------------------- L o002 —
pfrrue [GeV] E o, E
“ — — - — 001\ ' — ts
wy ATLAS Simulation Preliminary — B | -
P Particle Flow jets | o pythiag (v8.235) + A14 = e N = .
%0 |C;1I|<O:7 \ Sherpa 2.2.11 AHADIC++ (tuned) 7 0_ """"""""""""""""""""""""""" _
S roniets Sherpa re-weighted {3 20 30 40 10°  2x10° 100  2x10°
< o Sherpare-weightedf andf, - jet
" E p_ [GeV]
- Provia v8.23S vs. - !
- == RE-TUNED SHERPA 2.28 - .
B S NI * Re-tuned Sherpa AHADIC hadronisation (n.b. tuned
5 o ' ' : w/ LEP data) helps to dramatically improve JES
R = . .
R G s - T OO flavour uncertainty (q vs. g modelling) for Run 3!

2x10? 10° 2x10°
pT* [GeV]

ATLAS, ATL-PHYS5-PUB-2022-021
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-021/

— ® Data
2 m  Pythia 8.230
2= 0
32 A Sherpa2.2.5
S|C v Sherpa?2.2.5
Z | <
Ql E s
= ¢ Herwig 7.1.3
©

Powheg+Pythia 8.230
AHADIC)
String)

ATLAS
Vs=13TeV, 139 fb™
P> 675 GeV

1.80 < In(1/z) < 2.08

Herwig 7.1.3 (Ang. ord.)
Dipole)

— Total Syst. = = MC Modeling ---

-+ Pile-Up

-+ Unfolding

Relative
Uncertainty

0 0.5 1

Parton shower
models differ

1.5 2 2.5 3 3.5 4

~In(R/AR)
Hadronisation

models differ

e Easier to see factorised
effects by slicing through LJP.

o Utility in data for improving
MC models (e.g2.
nadronisation models — JES)

e Can improve one aspect
of simulation without
disturbing another

* Can mask non-
perturbative aspects
from classifiers

LJP @ NLL
Lifson, Salam, Soyez,

JHEP 10 (2020) 170

ATL, S Ys=13TeV, 139 fb™ p >675GeV
N 7 g
> Ny
—09 4
<
—0.8 <
©
07 N
%
04 B
ZGJ
-
Z.‘ai
. ATLAS setup: 0.205 <A <0.287
| i | 4 ATLAS
0.7F i | === NLO-+resum+NP -
06 -_ ....... E i N (T
0.5 - : E;" -
L ............ _ ‘ ' ._..l :— - » —
<G 04F ¢ 1 In1/A -
0.3F E-f-; - .
| N
0.2 B 3 | A &
[ | -
N o 10
0.1 1 2 ATLAS DAatA! -
< < | <
00 L i i L4 . L 1 1 i i
0.02 0.05 0.1 0.2 0.5

* Calculation with NLL resummation compared

to measured data

* Non-perturbative corrections small despite
charged-only measurement.

* Agrees well w/ measurement in perturbative

region.
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https://arxiv.org/abs/2007.06578

LJP + Parton Showers >LL

Dasgupta, Dreyer, Hamilton, Monni, Salam & Soyez, PRL 125, 052002 (2020)
https.//gsalam.web.cern.ch/gsalam/panscales/

* Can the >NLL revolution for JSS be generalised?

had LO = NLO = NNLO,
now LL = NLL = NNLL!
want Parton Showers: LL = NLL

* Parton Shower Monte Carlos are probably the most
widely-used theoretical HEP tool.

 We know that the current generation have
limitations:

 Only~LL accurate

* Do not provide realistic estimates of
uncertainties

e Performance difficult to evaluate
— tuned to data (empirical)

 L|JP can be used to construct observables sensitive to

higher-order effects (PanScales, NLL).

3 35 4
In(R/AR)

s =13TeV, 139 fo", p_ > 675 GeV

(1/Nie ) PNorsgions ! { dIn(1/2) din(R/AR) )

[1/Ngse ) PNormsgions / [ din(1/2) din(R/AR) )
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DELTA-PHI BETWEEN
TWO EMISSIONS WITH
HIGHEST Kr

— SPIN
CORRELATIONS

TNCREASE K~CVUT
+ INTEGRATE (N LTP
(COVNT EMISSIONS)

— SPLITNING

FYNCTIONS
(2—2 2-3)


https://arxiv.org/abs/2002.11114
https://gsalam.web.cern.ch/gsalam/panscales/
https://arxiv.org/abs/2003.01700

Perspectives on hadronic final states

FROM UP
CLOSE

Part 1: Jet Substructure

ATLAS soft-drop mass + observables
PRL 121, 092001 (2018), PRD 101, 052007 (2020)

ATLAS Lund jet plane
PRL 124, 222002 (2020)
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http://Phys.%20Rev.%20Lett.%20121,%20092001%20(2018)
https://arxiv.org/abs/1912.09837
https://arxiv.org/abs/2004.03540

Perspectives on hadronic final states

FROM VP
CLOSE
+ FAR AWAY

S

....
L 4

a
ey
4,
4,

Part 2: Event Shapes
Multijet Event Isotropies w/ Optimal Transport
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-20/

EVENT SHAPES

oo (INTERPOLATE BETWEEN COLLIDER EVENT TOPOLOGIES.

/
¥/
( ,”
/
/
J
/l /
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EVENT SHAPES

oo (INTERPOLATE BETWEEN COLLIDER EVENT TOPOLOGIES.

GLYON OBSERVATION ACD CoLovr FACTORS MONASH TVNE BSM?
(TADE, 1980) (KLvni eT aL. 20060) (Skawps eT aL. 20)%) (ANCHORDOAVI ET AL. 20))
A A I I L B B I — -
25 - = F 4
, ' , , _ _ T F 1-Thrust (udsc) 10
dN Planarity distribution i ® QCDfit - %' 1 3 = L3 %2, Ny § 3—Dimensional  LHC: f-C dt =100 fb™'
d{Q,-0,) I o © - —— PY8 (Monash) W03 01 N £
Vs = 277,30 Gev , | * SU(3) QCD prediction ] 2 1ok & PY8 (Default) 0.4 0.1 .
100 ’ - R : ~-%-- PY8 (Fischer) 05 0.2 ) pr(jets) > 500 GeV
-~ 47 aq =250MeV/c I v | - 1000+ | pr(jets) > 750 GeV-
w0 ——- q oq =36UMeV/c - : 3 . pr(jets) > 1000 GeV
= — 999 15 |- - E Cx
S b - - FRoM ' 107 tr
T Cp | - - g T1
> )-THRYST - S 100L I |
-~ - 10%° 5= I I
= 1| C-PARAMETER - 3 o Ig I
S i - Data from Phys.Rept. 399 (2004) 71 < I I
1+ . | 3| Pythia 8.183 © I
m SUQ2) | 107 ! ! ! = II
05 & UQY 68% CL. g 1-4:— 10L I I I I ]
i | © 1.
i Ul.l []‘.2 03 Ul.L 05 i 95% C.L. % I
B O
Planarity {0z- 1) ! SUi(l) ! | | | é) : ] [ ‘ I [ l [
Fig. 3. The planarity distribution compared with model pre- 00 1 2 3 4 5 6 0'60:_1 Lo 10I11 Lo 1012| L .013. L IOI4I ! 2) N Y B Y B P Y P
dictions. C, ' ' . 1T (udso) 0 0.1 0.2 0.3 04 0.5
Ay 3
— 2 _ > |pi - 7 _ > i - i A = —
Ty _Zl.h)iapiﬁ/?})i ; Ll (W) C' = 3(A1A2 + A3 + AsA1) T_mgx< > |pil ! QQI,
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https://pdf.sciencedirectassets.com/271623/1-s2.0-S0370269300X09252/1-s2.0-0370269380906802/main.pdf?X-Amz-Security-Token=&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20220217T140314Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYW3R2N4RF/20220217/us-east-1/s3/aws4_request&X-Amz-Signature=f9e8fda083514694d9e44cbeec7826f812b0b67ffe258f4a48312c5a4d33648f&hash=6c0fd798cc60229d96f3ac29992f06d7694f4b5a5ad5ca68f557ac9ff0670589&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=0370269380906802&tid=spdf-a0719a0f-18cc-406e-8ff2-17eb17eaf955&sid=96e36c7c649b7346b81ae6e3c85144cc8847gxrqb&type=client&ua=4c0206055b0a0754535757&rr=6def8ed359643b58
https://arxiv.org/abs/1404.5630
https://arxiv.org/abs/1012.1870
https://arxiv.org/pdf/hep-ex/0012044.pdf

Fun reference: finding the thrust axis with quantum annealing — PRD 106 (2022) 9, 094016

Transverse thrust

PROTECT EVENT ACTIVITY
M - - A - -
One common (E) = 2minZ 1p:|(1 = |n; - 7Al) h; = pi/|pi] ONTS THE THRVST AXIS'
definition of thrust: A = Etotal THAT MINIMISES
OBSERVABLE

..
..
Ny

2y
€U
Ny
Ny

Ny
gy
gy
L]
uy
ay
......
Ny
Ny
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ay
8
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n
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https://arxiv.org/abs/2205.02814

—

H+, > 500 GeV __
Pythia v8.230 =

Fraction of entries

Transverse thrust F
op e T

 Transverse Thrust is an o ;
extremely well-understood E N8 :

event shape in pp collisions.

o
o

 Quantifies how “back-to-back”
an event Is.

Ratio to N =2
© o
A~ O

o
N

« Small values: back-to-back

o Large values: ‘Mercedes’ B &

& il (1= |7 - Al)
(©) =2min )| BEENS =B/l
i=1 ol
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WIWAT ABOVT THIS EVENT?

DOES IT HAVE A LARGE OR —
SMALL THRVST vaLVE? | | &

IS IT IS6TROPIC?
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WHAT ABOVT THIS EVENT?

DOES IT HAVE A LARGE OR
SMALL THRYST VALVE?

IS IT Is6TROPIC?

IS IT LARGER OR SMALLER
THAN TWIS ONE?
MORE OR LESS ISOTROPIC?
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) DL L L B L L L L L AL LI BN BN
%; 1% ATLAS Simulation (s =13 TeV, particle-level 3
- 10-1E HT2 > 500 GeV _;
_g = Pythia v8.230 =
c107 IE
S L E THRUST PICKS OVT BACK-TO-BACK
CU = "'!.'r =
— — O -
L — '..__--'ml —
oip i EVENTS, NOT ISOTROPIC ONES.
109 .- ;
— - N -
107 §_ B NJets_ ;
10_7;_ ST NJets29 _;
= S B PO P
N 1— =
Zg 0.8; E
e 06 ELAE
2 0.4F ty
© — oy
o025 MR N E
T 0 08 04 6E 06 07 0B o9
|2
ring

These go in
the same
bin!
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1= —

= ATLAS Simulation s = 13 TeV, particle-level 3

1o Hyp > 500 GeV
Pythia v8.230

Fraction of entries

102 —;
ol - THRUST PICKS OUT BACK-TO-BACK
= "fan Ty, =
— """?:Th-m -
ok T e EVENTS, NOT ISOTROPIC ONES.
_6: = Njer=7 =
10 §_ e NJets=8 =
107 i_ T NJets29 _i
Ql ?::::l::::l::::l::::l::::l::::l::::l::::l::::l::%
AJ‘B 1— _:
> 0.8; E
S 08 Thy L i
-c_% 0.4;— . y _E L \:. N
o 0.2 e TR = RO
I B O R TR S S oy ¥ A
| / 2 \\\\\\\‘\\\\\\% - SR \\\‘\\\\\\“
ring \\\\\\\\\\\\\:\ ® \\\\\\\\\\\
N O a >
These go in \\\\\\\\\\\\\\\\;\ \f\\\\\\\ >
NN 2
th eb?’f,me \\\SQ\:\\R i’\ \\\\\\\\\\\
' WS
2
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Distance & QCD

Two Collider Events

Two collections of points in (momentum) space

How “close” are these?




Distance & QCD

Two Collider Events

Two collect

ions of points in (momentum) space

How “close” are these? (8.5 km?)
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FIGURES + CARTOONS FROM KOMISKE ET AL.

Energy-Mover’s Distance (EMD)
Komiske, Metodiev & Thaler, PRL 123, 041801 (2019), JHEP 07 (2020) 006 - /C{N

* Need IRC-safe distance metric between
collider radiation patterns.

e EMD defined as the minimum ‘work’

required to re-arrange one event into M M’
another. EMDg(E,E) = min > Y f:6°
b {ﬁjZO}i%ij:f LyvVij

* Corresponds to the p-Wasserstein class
of metrics. R

* Interdisciplinary tool for QCD analysis! 2o R
 EMDs used often in computer vision:
problems solved w/ Optimal Transport

techniques.

Azimuthal Angle ¢
o
Qo

~R/2 -

e Common tools/libraries... 1, 2, 3

» Some have been adapted for HEP! 4, 5 R -R2 0 R/2 R R Rz 0 R/2 R

Rapidity y Rapidity y
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https://link.springer.com/chapter/10.1007/978-3-642-40020-9_43
https://ieeexplore.ieee.org/document/192468
https://users.cs.duke.edu/~tomasi/papers/rubner/rubnerIccv98.pdf
https://github.com/caricesarotti/event_isotropy
https://github.com/pkomiske/EventGeometry
https://arxiv.org/abs/1902.02346
https://arxiv.org/abs/2004.04159

SLIDE FROM E. METODIEV

/ AN
/ﬁi | ‘ W W ‘
Taming infinitfes Event Shapes Jet Algorithms Jet Substructure
1960 2020
1977 1997-1998 2014-2019
Thrust, Sphericity C/A jet clustering Constituent Subtraction
arhi, PRL 1977] [Wobisch, Wengler, 1998] [Berta, Spousta, Miller, Leitner, JHEP 2014]
[G¥grgi, Machacek, PRL 1977] [Doskhitzer, Leder, Moretti,Webber, JHEP 1997] 2010_ 201 5 [Berta, Masetti, Miller, Spousta, JHEP 2019]
1962-1962 il N-(sub)jettiness, XCone
Infrared Safety r jet clustering towart, Tackmann, Waalewiin, PRL 2010 And many more!
[Kinoshita, JMP 1962] [Ellis, Soper, PRD 1993] [Thaler, Van Tilburg, JHEP 2011]
[Catani, Dokshitzer, Seymour, Webber, NPB 1993] [Stewart, Tackmann, Thaler, Vermilion, Wilkason, JHEP 2015]

[Lee, Nauenberg, PR 1964]

Eric M. Metodiev, MIT The Hidden Geometry of Particle Collisions

M I p o o
V4




Thrust via OT

o O |7 (1 = |7 - al)
DEFINITION OF THRVST: noa total
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Thrust via OT

l ﬁl ﬁ A — —
ONE COMMON (E) = mez |pil (1 = A~ 5 1R
DEFINITION OF THRVST: i—1 total
ENERGY ANGVLAR
WEIGHT MEASVRE
fii = lpll _2" nju =2(1-|n;-Al)
1] —
Etotal
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Thrust via OT

QNE COMMON
DEFINITION OF THRVUST:

—|n; - a]) .

pil (1 - o
(& —2m1n n;, = P;/|D;
(&) Zl] - i = Pi/|pil
ENERGY ANGVLAR
WEIGHT MEASURE
fii = P 2 =2nnj, = 2(1 - |7,
E
total

\../

EMDg(E,€") = min Lsz] i B=2
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.. WHAT IS E’?

A1)



Thrust via OT

l ﬁl ) ﬁ A — —
ONE COMMON (E) = mez |pil (1 = A~ 5 1R
DEFINITION OF THRVST: i—1 total
ENERGY ANGVLAR
WEIGHT MEASVRE
fii = lpll _2" nju =2(1-|n;-Al)
1] —
Etotal

\ ./ |
N\Ow%‘}

EMDg(E,€") = min Lsz] i’ B=2

IT's THE CLOSEST EVENT (N THE
{f” 20} 5 =1 5=1 “EQE
MANIFOLD OF BACK-TO-BACK
' -
.. WHAT ISE’? BB 2-PARTICLE CONFIGURATIONS!
2
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Novel event shapes via OT: ‘event isotropy’

Cesarotti & Thaler, JHEP 08 (2020) 084
ATLAS (incl. Cesarotti, STA) ATLAS-STDM-2020-20

EVENT &

9 ‘ @

> 6\

(P2
DIPOLE
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https://arxiv.org/abs/2004.06125
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-20/

Novel event shapes via OT: ‘event isotropy’

Cesarotti & Thaler, JHEP 08 (2020) 084
ATLAS (incl. Cesarotti, STA) ATLAS-STDM-2020-20

EVENT &

RING

DIPOLE
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https://arxiv.org/abs/2004.06125
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-20/

Novel event shapes via OT: ‘event isotropy’

Cesarotti & Thaler, JHEP 08 (2020) 084
ATLAS (incl. Cesarotti, STA) ATLAS-STDM-2020-20

EVENT &

g%

\»\‘?’\\3(‘"1 @ ENT’SOT
R

?}@)K U o )

EVENT ISOTROPY
EMD(U, £) RING

DIPOLE 1D

CYLINDER
(.
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https://arxiv.org/abs/2004.06125
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-20/

Novel event shapes via OT: ‘event isotropy’

Cesarotti & Thaler, JHEP 08 (2020) 084
ATLAS (incl. Cesarotti, STA) ATLAS-STDM-2020-20

e We measured 3 EMDs, per-event:
EVENT &

e Two most-distant 1D

0 configurations conserving
transverse momentum.
1 | o 2D extension of isotropy into
EVENT ISOTROPY rapidity-phi space (IsoCyl16).
EMD(U™, ) RING

DIPOLE 1D * Used R=0.4 PFlow jets (pr > 60 GeV,

--------------------------------------- |y| <4.4) + recoil vector as inputs to
CYLINDER

EMD calculations.

e Measurements in inclusive bins of
jet multiplicity and Hrz2 = pr,1+pr.2.
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https://arxiv.org/abs/2004.06125
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-20/

Visualisation of OT calculation
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Results: Iring?Z and [Rring1?
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ATLAS-STDM-2020-20
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EXPERIMENT
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Njets — 12

MOST (RING—LIKE )
ISOTROPIC EVENT SELECTED
N RUN & DATASET!

Matt LeBlanc (Manchester) — Perspectives on Hadronic Final States — Universita di Genova Seminar, 2023.05.27 — Slide 56


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-20/

Results: Iring128 VS. Niets
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Events become more isotropic on-average as
Njets is increased (expected scaling!)
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Results: Iring128 vs. Hr2
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Results: Iy,
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Concluding remarks

« LHC Run3 does not give us any substantial increase in energy: but we will

have more and more data; Cross-polfination: bring fielq-

Specific de velopments t
o the
broader pheno community

Undgrstand/hg new tools: ML
a/gor/g‘hms are reshaping the wa )%
we think analyses angd Searches

* This idea has already been exemplified in QCD studies with Run 2 data!

. the theoretical focus is on making our tools better and better

* |SS programme demonstrates fruitful interplay of theory &

experiment. 3

* New QCD measurements of observables w/ novel properties resulting W%
from direct collaboration between ATLAS and theory community. SN
* Crucial to maintain this momentum! :~' W’s
* Run 3 is a moment of reflection and opportunity before HL-LHC era ...

* Keep asking each other :
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Auxiliary material.
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Table 1: The read-out granularity of the ATLLAS calorimeter system [1], given in terms of AnpXA¢ with the exception
of the forward calorimeters, where it is given in linear measures Ax X Ay, due to the non-pointing read-out geometry
of the FCAL. For comparison, the FCAL granularity is approximately ApXA¢ = 0.15x0.15(0.3x0.3) at p = 3.5(4.5).
The total number of read-out cells, including both ends of the calorimeter system, with (without) pre-samplers is

187652 (178 308).

Calorimeter Module Sampling (S ca0) Nceis  m-coverage An X A¢
Electromagnetic EMB 109568 |n| < 1.52
calorimeters PreSamplerB 7808 |n| < 1.52 0.025 x /32
EMB1 Inl < 1.4 0.025/8 x /32
1.4 < |n| < 1.475 0.025 x /128
EMB2 Inl < 1.4 0.025 x /128
1.4 <|n| < 1.475 0.075 x /128
EMB3 Inl < 1.35 0.050 x /128
EMEC 63744 1.375<|n <3.2
PreSamplerE 1536 15<|n<1.8 0.025 x /32
EME1 1.375 < |n| < 1.425 0.050 x /32
1.425 <n| < 1.5 0.025 x /32
1.5<n < 1.8 0.025/8 x /32
1.8<|n <2.0 0.025/6 x /32
20<n <24 0.025/4 x /32
24<In <2.5 0.025 x /32
25<n <32 0.1 xm/32
EME2 1.375 < |n| < 1.425 0.050 x /128
1.425 < In| < 2.5 0.025 x /128
25<n <32 0.1 xm/128
EME3 1.5<n <25 0.050 x /128
Hadpronic calorimeters | Tile (barrel) 2880 |nl<1
TileBar0/1 0.1 xm/32
TileBar2 0.2xm/32
Tile (extended barrel) 2304 08 <np < 1.7
TileExt0/1 0.1 xm/32
TileExt2 0.2xm/32
HEC 5632 15<In <32
HEC0/1/2/3 1.5<|n <25 0.1 xm/32
25<p<3.2 0.2xm/16
Forward calorimeters | FCAL 3524 3.1<In <4.9 Ax X Ay
FCAL® 3.1<|n|<3.15 1.5cmXx 1.3¢cm
3.15<|n <4.3 3.0cm X 2.6cm
4.3 < |n| < 4.83 1.5cmx 1.3¢cm
FCAL1 32<|n <3.24 1.7cm X 2.1 cm
324 <|n| < 4.5 3.3cm X 4.2cm
4.5 < |n| < 4.81 1.7cm X 2.1 cm
FCAL2 3.29 < |n|l < 3.32 2. 7cm X 2.4cm
332<n <4.6 54cm x4.7cm
4.6 < |n| <4.75 2.7cm X 2.4cm
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or

ATLAS R,
arXiv:1805.04691
CMS M, .,
arXiv:1412.1633

CMS R,

arXiv:1304.7498

CMS tt

arXiv:1904.05237

DD R,

arXiv:1207.4957
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https://arxiv.org/abs/1803.01853

Soft-drop observables: calo vs. track response matrices

ATLAS, Phys. Rev. D 101, 052007 (2020), Phys. Rev. Lett. 121, 092001 (2018)
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Pr(particle-level | detector-level)


https://arxiv.org/abs/1912.09837
https://arxiv.org/abs/1711.08341

Soft-drop observables: calo vs.

ATLAS, Phys. Rev. D 101, 052007 (2020), Phys. Rev. Lett. 121, 092001 (2018)
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https://arxiv.org/abs/1912.09837
https://arxiv.org/abs/1711.08341

Soft-Drop Observables

ATLAS, Phys. Rev. D 101, 052007 (2020), Phys. Rev. Lett. 121, 092001 (2018)
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https://arxiv.org/abs/2106.04589
https://arxiv.org/abs/1912.09837
https://arxiv.org/abs/1711.08341

