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QCD is complicated!
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“Old event representation”, credit: arXiv:0811.4622. 2/49


https://arxiv.org/abs/0811.4622

QCD is very complicated!
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“New event representation”, credit: Peter Skunds.
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Physics is all about scales!
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Typical scales of this Universe (credits: Wikipedia)
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By studying hadrons inside jets we try to learn more about

partons and their interactions

Cl CMS Experiment at the LHC, CERN
Data recorded: 2016-May-11 21:40:47.974592 GMT

Run /Event / LS: 273158 / 238962455 / 150

A di-jet event recorded by CMS collaboration (credits: CERN)
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Looking inside jets
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Resummation vs. Monte Carlo

LEADING JET
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Resummation vs. Monte Carlo
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Resummation vs. Monte Carlo
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Resummation vs. Monte Carlo
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Resummation vs. Monte Carlo
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Resummation vs. Monte Carlo
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Resummation vs. Monte Carlo
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Resummation vs. Monte Carlo

HADRONIZATION <==> JET MERGING

LEADING JET

NON-GLOBAL LOG

19 /49



Looking inside jets

Lecture Notes in Physics 958
We found jets inside jets

Simone Marzani
Gregory Soyez
Michael Spannowsky

h ? 1
o \

S0 you can;stuily

Looking

Various observables exist: |nSide JetS

> N-subjettiness, An Introduction to Jet Substructure
> Jet angularities, and Boosted-object Phenomenology

» Energy-correlation functions,

> Lund plane projection,
@Springer

» Angular decorrelation,

|
> and many others! More info can be found here
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https://inspirehep.net/literature/1717499

Observable definition
The jet angularity is defined as
. (AR;\®
S L(_J) Cas0
iejet pt’jet R
The angular decorrelation is defined as

p1 - P2
Ay, pr = arccos(ﬁ)
ppe 1|2

SoftDrop grooming condition:

Hﬁn(pﬁ,pg) (Zle)ﬂ
—_— > zCllt
Pii + Pyj R
» The LHC measurements LHA (A1),), Jet Width (A1), Jet
Thrust (\2), see, for example, 2109.03340

» The theoretical predictions, see, for example 2112.09545,
2104.06920 and 2005.12279

» RHIC measurements?
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https://inspirehep.net/literature/1920187
https://inspirehep.net/literature/1993727
https://inspirehep.net/literature/1858240
https://inspirehep.net/literature/1797843

CAESAR formalism

The cumulative cross section for a generic observable v can be
written as a sum over partonic channels 4:

Tres(v) = D 0 (v) , with
)

do
Zfes v) = [ dB(gd—B(; exp [—l%;RIB5(L):|Pﬁa(L)SBa(L)}"Bs(L)Hfs(Bg),

where L =—-In(v), % is the differential Born cross section, R is

the collinear radiator for the hard legs I, P is the ratio of PDFs, S is
the soft function, F is the multiple emission function and H stands
for the corresponding kinematic cuts on the Born process.
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CAESAR resummation plugin to Sherpa

> |Is using Comix matrix element generator as well as Sherpa
machinery for phase-space integration and event generation.

» The NLO computations are performed using Catani-Seymour
dipole subtraction.

» For the loop computations we use Recola and OpenLoops
libraries.

» The resummed results are matched to the fixed order NLO
computations using the multiplicative matching scheme.

» The final result is at NLO+NLL’ accuracy level + corrections
for the non-perturbative effects.
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Monte Carlo results: LHA

Pr.jet € [408,1500] GeV, parton-level

pr,jet € [408,1500] GeV, parton-level

Comparison of hadron-level predictions for ungroomed and groomed
jet-angularities in Zj production from Pythia and Herwig (both based on
the LO Zj matrix element), and MEPS@LO as well as MEPS@NLO results
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from Sherpa. Here we use SoftDrop with =0 and z. = 0.1.
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Monte Carlo results: Jet Thrust

Pr.jet € [408,1500] GeV, parton-level Prjet € [408,1500] GeV, parton-level
. = NLO + NLL i 70)
025 ! 5= SHERPAMEPSUNLO (un. i
~ -—- Yo
HERWIGTLO
= ook
=0
8]
=
=015
S
=
Z 010
= NLO + NLL'(pg, L -
_ == SHERPAMEPSGNLO (un, s -
0.051 - PYTHIASLO 0.05
HERWIGTLO

A} [Thrust] v AL [Thrus‘;ivl v
Comparison of hadron-level predictions for ungroomed and groomed
jet-angularities in Zj production from Pythia and Herwig (both based on
the LO Zj matrix element), and MEPS@LO as well as MEPS@NLO results
from Sherpa. Here we use SoftDrop with 8 =0 and z., =0.1.
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Impact of NP-corrections

One can estimate the impact of non-perturbative corrections using
Monte Carlo simulations

Prje € [408,1500] GeV/ Prjec € [408,1500] GeV/

0.1 ll“l 04 H‘S 0.1 l)‘Z 0.4 (!‘h
Al [LHA] ALz [LHA]
Prje € [408,1500] GeV Prja € [408, 1500] GeV

A} [Thrust] A} [Thrust]

Hadron-to-parton-level ratios with associated uncertainties extracted from
MC simulations (Pythia, Herwig and Sherpa). To some extent can be seen
as a jet fragmentation function.
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Theory vs. CMS data

Prjes € [120,150] GeV

Prjec € [120,150] GeV

T

Groomed
Ry =0.
Chr. hadro

L L | !
0.1 0.2 0.4 0.8 0.1 0.2 0.4 0.8

M [LHA] A» [LHA]

Comparison against recent CMS data for the LHA angularity,
PT jet € [120, 150] GeV.

Theory: 2112.09545, 2104.06920 (in collaboration with S. Caletti, S.

Marzani, D. Reichelt, S. Schumann, G. Soyez, V. Theeuwes); CMS: 2109.03340
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https://inspirehep.net/literature/1993727
https://inspirehep.net/literature/1858240
https://inspirehep.net/literature/1920187

Theory vs. CMS data

prjet € [120,150] GeV Prjet € 120, 150] GeV
091 [am SHERANERS NGOG 0501 |2 Siswavirs

—.— ISt 0.45
~< 0.40
~0.35
= 0.30
?11.27
~

d IERE
A} [Thrust] A} [Thrust]
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Comparison against recent CMS data for the Jet Thrust angularity,
PT jet € [120, 150] GeV.

Theory: 2112.09545, 2104.06920 (in collaboration with S. Caletti, S.

Marzani, D. Reichelt, S. Schumann, G. Soyez, V. Theeuwes); CMS: 2109.03340
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https://inspirehep.net/literature/1993727
https://inspirehep.net/literature/1858240
https://inspirehep.net/literature/1920187

Migration between different pr-bins; credit S. Schumann

cross section migration in pr e, for ;\; in Z + jet production

p;'-'iilet [GeV]

pgljec [GeV]
50, 65] [50, 65]
65, 88] [65,88]
88,120] I 88,120]
[120,150] [120,150]
[150,186] ) TE [150,186]
[186,254] = S [186, 254)]
26,408 = =— — )l
1 — — [408,1500]

408, 1500]—

Hadronization can cause migration between different pr-bins.
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Parton to hadron level transition; credit G. Soyez

o5 transfer matrix, ungroomed jet width

transfer matrix, groomed jet width
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o
o
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T(AL ALY, same prjec bin
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Transfer matrix T()\i’HLP\i’PL) for the jet-width angularity for central
dijet events with R = 0.8 and pr jet € [120,150] GeV.
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Theory (including TM) vs. CMS data

Pre € [120,150] GeV Pre € [120,150] GeV

Groomed
Ry=038
Chr. hadrons

Ungroomed
Ry=038 ;
Chr. hadrons =< 09

I
0.4 0.8

0.2 . . 0.1 0?2
Alj [LHA] A, [LHA]

Comparison against recent CMS data for the Jet Thrust angularity,
PT jet € [120,150] GeV. Magenta band correspond to transfer matrix
approach.

Theory: 2112.09545, 2104.06920 (in collaboration with S. Caletti, S.

Marzani, D. Reichelt, S. Schumann, G. Soyez, V. Theeuwes); CMS: 2109.03340 51749
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Theory (including TM) vs. CMS data

o € [120,150] GeV

Prje € [120,150] GeV

Ungroomed N
Ry =08 !
Chr. hadrons =< 09
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Chr. hadrons
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A,» [LHA] X, [LHA

Comparison against recent CMS data for the Jet Thrust angularity,
PT jet € [120,150] GeV. Magenta band correspond to transfer matrix
approach.

Theory: 2112.09545, 2104.06920 (in collaboration with S. Caletti, S.

Marzani, D. Reichelt, S. Schumann, G. Soyez, V. Theeuwes); CMS: 2109.03340 s2/49
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https://inspirehep.net/literature/1920187

Comparison against CMS data
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configuration type of jet pTjet [GeV] | g-enriched | g-enriched
(1) ungroomed R = 0.4 [120,150] | dijet central Z+jet
(2) ungroomed R = 0.4 [1000,4000] | dijet central | dijet forward
3) ungroomed R =0.8 [120,150] | dijet central Z+jet
(4) ungroomed R = 0.4 (tracks only) [120,150] | dijet central Z+jet
(5) SoftDrop (8 =0, zyt =0.1) R=0.4 | [120,150] | dijet central Z+jet
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What about RHIC?

And Now for Something Completely Different

Monty Python's Flying Circus

At RHIC

| 2

| 2

>

>

MPIs are less relevant (v/S is small comparing to the LHC)
Hadronization is more important (small /S and small jet p7)
Completely different energy regime

One can study jets in pp and AA

Only few jet substructure studies (STAR) are available
1705.01974

The sPHENIX data can be used to produce new tunes, to test
currently available precise predictions, to get better
understanding of hadronization
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https://arxiv.org/abs/1705.01974
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Comparison between resummed predictions matched to fixed order results
(SHERPA LO + NLL' accuracy level) against MC simulations (preliminary)



Ao =2 Z (A"[?jet)a at RHIC energy, Detroit PYTHIA tune

—— PYTHIAS DEFAULT TUNE HAD ),

307 . PYTHIAS DETROIT TUNE HAD Az
L Shall one make new tunes?
gznf pej € [30,45] GeV, |n;| <1, g There is a Detroit
§jo R=04,15=200GeV | 4 T ] PYTHIA tune 2110.09447

for RHIC, but it mostly
affect MPI

MW » However, MPI are almost
A \v_,v‘ absent at RHIC energies
\)‘T | ‘ » Main contribution comes
.0

00 from hadronization

11

Rl
A

-3.0 -2.0

1
/\o

(preliminary)
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https://inspirehep.net/literature/1946529

o\
Ao = Z A"L‘?’et at RHIC energy, hadronisation and dacays

RHIC PARTNON VS. HADRON LEVEL RHIC PARTNON VS. HADRON LEVEL
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Angularities at RHIC energies are strongly affected by hadronization and
decay of produced hadrons in case of jets containing a single hadron, see
also Lee et al in 1901.09095. (preliminary)
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https://inspirehep.net/literature/1717194

Hadronization and Lund string model

(1/0) do/dlog)g A1y

—— PYTHIAS aLund = 0.68, avgZLund = 0.55

***** PYTHIAS aLund = 0.34, avgZLund = 0.30
PYTHIAS aLund = 0.36, avgZLund = 0.70
pp —J7

Prjy > 40GeV, |n;,| <1,
R =04, /5 = 200 GeV

-1

logy /\1/2

(preliminary)

New tunes?

» There is a Detroit
PYTHIA tune 2110.09447
designed to describe
RHIC data, but it mostly
affect MPI

» However, MPI are almost
absent at RHIC energies

VS is too small.

> Lund symmetric
fragmentation function

f(z) ~ @ exp (—bmz/z)

» Hadron formation time

1+a

~2fm
br?2

(%) -
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Hadronization and Lund string model

—— PYTHIAS aLund = 0.68, avgZLund = 0.55

----- PYTHIAS aLund = 0.34, avgZLund = 0.30
""""" PYTHIAS aLund = 0.36, avgZLund = 0.70
pp —J7

Prjy > 40GeV, |n;,| <1,
R =04, /5 = 200 GeV

New tunes?

» There is a Detroit
PYTHIA tune 2110.09447
designed to describe
RHIC data, but it mostly
affect MPI

» However, MPI are almost

absent at RHIC energies

V'S is too small.
> Lund symmetric
fragmentation function

(1-2)°

f(z) ~ ———exp (—bmz/z)

-1

logjy A1

(preliminary)

0 z

» Hadron formation time

1+a
br?2

(7’2)= ~ 2fm
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Hadronization and Lund string model

—— PYTHIAS aLund = 0.68, avgZLund = 0.55

***** PYTHIAS aLund = 0.34, avgZLund = 0.30
PYTHIAS aLund = 0.36, avgZLund = 0.70
pp —J7

Prjy > 40GeV, |n;,| <1,
R =04, /5 = 200 GeV

(preliminary)

New tunes?

» There is a Detroit
PYTHIA tune 2110.09447
designed to describe
RHIC data, but it mostly
affect MPI

» However, MPI are almost
absent at RHIC energies

V'S is too small.
> Lund symmetric
fragmentation function

f(z) ~ @ exp (—bmz/z)

» Hadron formation time

1+a
br?2

(7’2)= ~ 2fm
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https://inspirehep.net/literature/1946529

Is d¢ affected by NP-corrections?

PARTON LEVEL vs. HHADRON LEVEL
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= 10| T SHERPAZHAD pp > i 0. b . ; .
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> 9.0 i :
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=2 60| & sOF i
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- o 40F . .
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 (ra

work better?
(preliminary)
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Summary and next steps:

Current results

>

Resummed predictions for both groomed and ungroomed angularities \,,
(e [1/2,1,2]) at LO + NLL’ are ready, the NLO + NLL’ requires some
more (a way more) CPU time

We found that angularities Ao at RHIC energies can be used to study
hadronization and potentially to produce new MC tunes

On the other hand, angular decorrelation 4, can be used to test various
parton shower models

0¢ simulated with JEWEL shows strong dependence on the medium
temperature

Correct the resummed predictions for non-perturbative effects using
corresponding parton-to-hadron transition matrices

What about 2D observables, say primary Lund Plane?
The sPHENIX data is needed!
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Thank you for your attention!



Monte Carlo result: K-factor

(7.\'1,()/(7[,()
< ¢

[ Kyio: A% < 03
[ Ksio

(7‘\'[,()/(71,()
Q! .

3 Kyio: AZjw < 03
3 Ko

200 100 600 800 1000 1200 1400
pr(GeV)

The NLO K-factor as a function of the pr; with and without
AIZjet =1(pTjet = PTpur )/ (PT jet + PT e~ )| < 0.3 cut.
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Monte Carlo results: LHA

Pr.jet € [408,1500] GeV, parton-level

pr,jet € [408,1500] GeV, parton-level

Comparison of hadron-level predictions for ungroomed and groomed
jet-angularities in Zj production from Pythia and Herwig (both based on
the LO Zj matrix element), and MEPS@LO as well as MEPS@NLO results
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Groomed
[ ooy 051 . | Ry=08
:é | |
F = 0ap
S}
<
+ = 0.3F
S}
—~
F <025
a = NLO + NLU (g piro — = NLO + NL (1)
1 S SHERPAMEPSGNLO (um, == SHERPAMEPSANLO (un, s
E === PYTHIASLO 0.1 E= === PYTHIASLO
HERWIGTLO HERWIGTLO
L L L . . .
= 325k
i 225
£ z
¥ 20
A 2.0
= Q 1ok
Z 10—
e 2 05F
1 1 1 - Il Il Il I
0.1 0.2 0.4 0.8 0.1 0.2 0.1 08

ALy [LHA]

from Sherpa. Here we use SoftDrop with =0 and z. = 0.1.
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Monte Carlo results: Jet Thrust

Pr.jet € [408,1500] GeV, parton-level Prjet € [408,1500] GeV, parton-level
. = NLO + NLL i 70)
025 ! 5= SHERPAMEPSUNLO (un. i
~ -—- Yo
HERWIGTLO
= ook
=0
8]
=
=015
S
=
Z 010
= NLO + NLL'(pg, L -
_ == SHERPAMEPSGNLO (un, s -
0.051 - PYTHIASLO 0.05
HERWIGTLO

A} [Thrust] v AL [Thrus‘;ivl v
Comparison of hadron-level predictions for ungroomed and groomed
jet-angularities in Zj production from Pythia and Herwig (both based on
the LO Zj matrix element), and MEPS@LO as well as MEPS@NLO results
from Sherpa. Here we use SoftDrop with 8 =0 and z., =0.1.
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Lund plane projection

b-jet, Ungroomed, Ry = 0.4
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To build a Lund plane:

» Recluster your jet using CA
algorithm

» Then compute:

Aab

= o= y0)2 + (62— 00)>
ke

PTbAsp.

» Discard softest branch and repeat.
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Lund plane projection
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Observables we consider as an input for our DNN / CNN. Note that jet
flavour is defined in an experimental way here. 48/ 49



Performance of our CNN / DNN

0.8

0.6

€B

0.4

CNN: AUC = 0.71
CNN SD: AUC = 0.70
DNN: AUC = 0.68
DNN SD: AUC = 0.68
Aot AUC = 0.64
A1y SD: AUC = 0.64
A AUC = 0.62

A1 SD: AUC = 063
Ao AUC = 0.60

Ao AUC = 0.62
JetFitter

1P3D

DL1

The ROC curves
obtained for
one-dimensional
angularity
distributions,
multivariable DNN
classification and
Lund plane CNN
classification. The
single points
correspond to
ATLAS SV1, IP3D
and DL1 b-tagging
performance from
CERN-EP-2019-
132.
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