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In 1977 Sterman and Weinberg proposed their jet
reconstruction algorithm

To study jets, we consider the partial cross
section o(E, 6, Q, €, 8) for e *e” hadron production
events, in which all but a fraction € « 1 of the
total e*e” energy E is emitted within some pair
of oppositely directed cones of half-angle 6«1,
lying within two fixed cones of solid angle 2 (with
162 « 1) at an angle 6 to the ¢*¢~ beam line,
We expect this to be measurable for m =0, be-
cause the only quarks or gluons which are likely
to be diffracted or radiated away from a calorim-
eter at 6 have very long wavelength, and so
carry negligible energy. Thus ¢ should be free
of mass singularities for m -0, and calculable

Left: jet production process (CMS). Right: jet definition from the work of
Sterman and Weinberg PhysRevLett.39.1436


https://inspirehep.net/literature/120612

Looking inside jets: jet substructure observables

» In principle, any function which takes all particles inside jet can
be seen as a jet substructure observable. For example, jet
multiplicity (number of jet constituents)

» However, to apply perturbation theory, we require observables
to satisfy the infrared-collinear (IRC) safety requirement.

An example of the IRC-safe observable is given by the jet
angularities:

do= Y

icjet Pt.jet

Pt,i (ARU

R),a>0

A particular case « = 2 yields a jet mass

2 ’ ! : t
_ . — _Jet
Mig = E pi| , or p= p? 5 Ao

i€jet

Jet angularity was originally introduced in hep-ph/0303051 and its
generalized version in 1408.3122


https://inspirehep.net/literature/614597
https://inspirehep.net/literature/1310831

Soft and Collinear limit of QCD

A probability of a single emission can be expressed in terms of

E 2
z= € 1-cosf= m
Eq+Eg 24 E,

and in the soft and collinear limit of QCD one get a standard di-log
expression

1 1
P(z,0°) dz d6? ~ d(l —)d(l —)
(z,0%) dz asd | log — o8 25
which allows to factorize matrix elements for n-emissions

Mo Mon_1 P(2,6%) dz d6?

and so on.



Lund Plane landscape
If we assume that all emissions are uncorrelated and distributed
according to P(z,6?) dz d#? ~ asd (Iog%) d (log 9%) then we can
introduce the jet emission plane (Lund Plane)
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Emissions are uniformly distributed in the Lund Plane P(z,6%) ~ as
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If we assume that all emissions are uncorrelated and distributed
according to P(z,6?) dzd6? ~ asd (log %) d (log 9%) then we can
introduce the jet emission plane (Lund Plane)
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IRC-safe observables set finite no-emission areas
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It is convenient to consider cumulative distribution X (x < p)

L 1 log?p
Y (emitin /) = as -
(emitin i) ass =y

Y (noemissionini) =1 - P(emitin /)

ngp):ﬁﬂxl—P@mﬁmDYV

N
1 log?
Z(XSp):AIIi_r:rlo(l—agz O%Vp)

1

Y(x<p)=exp (—asi log? p)
d 1

p(p) = ap &P (—as§ log? p)

Note that our result is finite if p — 0!

log(1/2)
N

log(1/p) N " i w

o M
log(1/p)
log(1/6?)

We divide no-emission area
into N pixels.

For more details see lectures of A. Larkoski arXiv:1709.06195
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https://arxiv.org/abs/1709.06195

A realistic calculation

» Emissions are correlated and ay is scale dependent

as 1 as a2 By log(1-¢) K a2

2r 2w1-€ 21 fo (1-€)7  (2m2(1-&2

where ¢ = as (1) Bo log 115/ 112).-
» The answer (usually) has a general structure

_ dos exp(—ER)
Ex<p) = dedB raxry PR
L = log(l/p), R'=0R/OL

where
R =Lgi(asl) + g2(asl) + asgs(asl) +...

is a Sudakov no-emission probability (“radiator”).
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The original calculation by Dasgupta et al in arXiv:1207.1640

Crra 1 A
RNLL - 2 [W 1-) —2W(1—i)]
27 asﬁg ( 2 2

-Sr g lvasw-ev(-3)]

Cria K A Cr/a A
- log (1-X\,) -2l 1——”))— B, | (1——”),
o1 212 (og( ) og( 2 G G

where W(x) = xlog(x), V(x) = % log(x)? +log(x), A, = 25 B0 log(1/p).

LHC jets pT > 200 GeV, R = 0.6, V'S =7 TeV
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https://arxiv.org/pdf/1207.1640

but QCD is very complicated!
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Soft radiation from MPI (UE) contaminates jets
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. oo min(py,py) AR
SoftDrop grooming condition: ~perpe > Zeut (—R

> Set values of z.,; and 8

> Recluster jet into two
branches

> Check the SoftDrop
condition

> If “True” stop the
procedure

> Otherwise reject softest
branch and repeat

> This procedure is
IRC-safe
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. oo min(py,py) AR
SoftDrop grooming condition: ~perpe > Zeut (—R

> Set values of z.,; and 8

> Recluster jet into two

branches
> Check the SoftDrop
s S, condition
{=2
o

log(1/p)

> If “True” stop the
procedure

5
75109(1/p) + 325l0g(1/zeu)

> Otherwise reject softest
branch and repeat

10g(1/zeur)

> This procedure is
log(1/6%) IRC-safe

0

0 5log(zeulp) log(1/p)
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SoftDrop

NLL
RSD -

where

results by Marzani et al in arXiv:1712.05105

1 [2+ﬁW(1_M)_zw(l-ﬁ)—iwu—x)]
27ra55c2) 1+ 2+ 2 1+ z

&& 2+5V(1_>‘Z+(1+/3)/\p)_ 1 V(l—)\)—2V(1—ﬁ)
2r B3 [1+8 2+5 1+8 “ 2

Cr K (2+8 A (@EBN) 1 N 7&
2 2753 (1+5|0g(1 2+ 8 ) 1+ﬁ|og(1 Ae) 2|0g(1 2))

&Bq Iog(l— A—p) s
7Bo 2

W (x) = xlog(x), V(x) = % log(x)? + log(x), Ap =205 log(1/p).

(1/0) dofdiog(mZy/p?)

BT > 600 GeV, Inl <15, R =08, B=0, 2z, =0.1 BT > 600 GeV, 0| <15, R =08, =1, 20, =01 BT > 600 GeV, In] <15, R = 0.8, f=2, s =01
08

— 07— no —
¢ s o s o s
7

(1/0) dofdiog(mZy/p?)

(1/0) dofdiog(mZy/p?)

B ) i 5 = o o B 5 = B )
log(mZ,/p?) log(mZy/p?) log(méo/p?)

ATLAS measurements 1711.08341
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https://arxiv.org/pdf/1712.05105
https://arxiv.org/abs/1711.08341

CollinearDrop condition is opposite to SoftDrop

—
N Collinear Drop
=) Soft Drop >0
=)
o

log(1/p) 1

B 4
545109(L/p) + 525109(1/Zeur)

p=262

log(1/zcut) 1

725109(zcu/p) log(1/p)

log(1/62)

CollinearDrop condition is opposite to the SoftDrop condition

; . B
%‘I’J’xm > Zeut (%) which allows to pick up soft and soft-wide angle
i+ Py

emissions.

See “Resummation of Flattened Jet Angularity Using Soft-Collinear Effective
Theory” by Yang-Ting Chien and arXiv:1907.11107
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https://arxiv.org/abs/1907.11107

CollinearDrop condition is opposite to SoftDrop

—
N B4 Collinear Drop B2 >0
= Collinear Drop B2 > 1 >0
g} Soft Drop 81 >0

log(1/p) 1

B 4
775109(1/p) + 525109(1/Zeur)

B 2 4
H‘ﬁ‘log(l/p) +555109(1/Zcw)

109(1/Zcut)

0 FZgloglzalo)  r2gl0u(zeulp) log(1/p)

log(1/62)

CollinearDrop condition is opposite to the SoftDrop condition

7m125’i‘[’)1f’") > Zeut (Ag”) which allows to pick up soft and soft-wide angle
i+ Ptj

emissions.

See “Resummation of Flattened Jet Angularity Using Soft-Collinear Effective
Theory” by Yang-Ting Chien and arXiv:1907.11107
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Main result for Collinear Drop is given by

Régf’l: Ce 1 [2+62W(l_)\z+(1+62)/\p)_2+61W(l_)\z+(1+61))\p)

21 as B L1+ 4. 2+ 6 1+ 6 2+ p:
. %W(lf&)_
Ay b 2 b
. %vu—&)_
[ s i) 2 e
- %Iog(l—)\z)],

where W(x) = xlog(x), V(x) =  log(x)? +log(x), A, = 2asf log(1/p)
and ), =25 log(1/zeut)
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CollinearDrop: LHC setup

LHC jets pT > 600 GeV,R = 0.4, |n| <2

25 —
\ e T o6, sens » We consider ATLAS
20 4 : setup: V5=13 TeV,
pr > 600, |n| <2
g 15 > Pythia, Herwig and
<) 1
% Sherpa MC simulations
5 197 are at the parton level
S without UE
- > Differences at small
0 values of £ are due to
000 002 004 006 008 010 0.12 the Landau pole

& =mco/pt treatment.
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CollinearDrop: RHIC setup

RHIC jets pT in [20, 30] GeV, R = 0.4, |n| <2

B |+ :YTHIACD =0, e =02 .
17.51 PN “/ \::: HERWIGCDEB: 2 4 We COnSlder STAR
15.0 - R ETh T setup: v/S=0.2 TeV,
5 € )

125+ pt €[20,30], |n < 0.6

100 > Pythia, Herw_ig and_

Sherpa MC simulations

731 are at the parton level

5.0 without UE

251 » Differences at small

0.01 values of £ are due to

0.000 0.025 0.050 0.075 0.100 0.125 0.150 the Landau pole

& =mco/pt treatment.
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Soft radiation from MPI (UE) contaminates jets
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Hadronization partons and turns them into hadrons
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Unstable hadrons decay and change jet substructure
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Parton to hadron level transition;

hadron-level A}t

0s transfer matrix, ungroomed jet width

central dijet, R=0.8
chg. tracks only

I
>

o
w

o
N

o
e

pr.jet €[120, 150] GeV

0.1 0.2 0.3 0.4 0.5
parton-level A}

o
o

0.0 0.1 0.2 0.3 0.4
T(AMHALPY), same prjet bin

credit G. Soyez

Transfer matrix can be
extracted from MC

One needs to “put event
generation on pause’ when
parton shower reach
non-perturbative scale and
calculate A%

After that one “resume” event
generation and calculate AT

The correlations between AP
and AT are used to build TMs

The transfer matrices were introduced by Reichetl et al in arXiv:2112.09545
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https://inspirehep.net/literature/1993727

ATLAS: impact of non-perturbative corrections

dN/dE

PS-level vs. HAD-level histograms

HAD-level vs. DEC-level histograms

PS-level vs. DEC-level histograms
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o o o i
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010$ 00g
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g 008 £ " 008§ g
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o0z fras, 002 o0 | Proe o025
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v
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Transter matr M o

Non-perturbative corrections usually shift distributions towards larger
observable values. Here we consider parton-to-hadron transition and

hadronic decays separately.



ATLAS: impact of non-perturbative corrections

LHC jets pT > 600 GeV, R = 0.4, |n| <2
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(1/0) do/dg
=
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=
o
!

— N

ATLAS setup
B=0,2ct=0.2

0.00

0.02

0.04 0.06 0.08 0.10 0.12
& =mcolpt

Transfer matrix can be
extracted from MC

One needs to “put event
generation on pause” when
parton shower reach
non-perturbative scale and
calculate ABT

After that one “resume” event
generation and calculate AT

The correlations between AE-
and AL are used to build TMs

There is an alternative approach of “shape functions” by Korchemsky and
Sterman arXiv:hep-ph/9902341
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ATLAS: impact of non-perturbative corrections

» Transfer matrix can be
extracted from MC

LHC jets pT > 600 GeV, R = 0.4, |n| <2
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generation and calculate AT
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There is an alternative approach of “shape functions” by Korchemsky and
Sterman arXiv:hep-ph/9902341
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ATLAS: impact of non-perturbative corrections
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ATLAS: impact of non-perturbative corrections
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PS-level vs. DEC-level histograms
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Non-perturbative corrections usually shift distributions towards larger
observable values. Here we consider parton-to-hadron transition and

hadronic decays separately.



STAR: impact of non-perturbative corrections
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Non-perturbative corrections usually shift distributions towards larger
observable values. Here we consider parton-to-hadron transition and
hadronic decays separately.
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Summary:

>

We obtained NLL accuracy level predictions for collinear drop
jet mass.

The non-perturbative corrections and decays are incorporated
via transfer matrices extracted from Pythia.

Impact from hadron decays is large and screens hadronization.

At LHC (high p: jets) hadronization acts in agreement with
Korchemsky and Sterman framework, whereas at RHIC (low p;
jets) there is no “shift” of the distribution.

Transfer matrices at RHIC demonstrate universal behavior of
Pythia hadronization model (different partonic configurations
are hadronized in approximately the same way)

The NLL calculations require some improvements at low
observable value (Landau pole treatment) .

Better understanding of hadronization for RHIC jets is needed.

SCET NLL results were obtained by Chien and Stewart in arXiv:1907.11107
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CollinearDrop: LHC setup

—— STAR PL CD MULT
0.5 — ATLAS PL CD MULT

0 2 4 6 8 10
Ncp (Number of particles in CD ring)

ATLAS setup: /S =13
TeV, p: > 600, || < 2.

RHIC setup: /S =0.2
TeV, p: € [20,30],
|n] < 0.6.

Number of particles
inside the CollinearDrop
ring at RHIC is much
smaller comparing to
the LHC.

Hadronization of a few
(~ 1 - 3) particles will
differ from
hadronization of a larger
set (~ 4 - 15) particles.
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Theory vs. CMS data

(120, 150] GeV

0.1 l)f:Z 0.4 0.8 0.1 U‘Z 0.4 0.8
Al [LHA] ALy [LHA]

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

Theory: 2112.09545, 2104.06920 (S. Caletti, OF, S. Marzani, D. Reichelt, S.

Schumann, G. Soyez, V. Theeuwes); CMS: 2109.03340
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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

Groomed
Ry=038
Chr. hadrons

0.2 . . 0.1 0?2 0.4 0.8
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
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Migration between different pr-bins; credit S. Schumann

cross section migration in py et for A} in Z + jet production

p?':,[i‘et [GeV]

Pg{iat [GeV]
[50, 65] 50, 65]
65, 88] [65, 88]
[88, 120] I [88,120]
[120,150] é 120, 150]
[150, 186]m - “E [150,186]
(186, 254] = e (186, 254]
a6, ang)— * = =— el
] =———— — [408, 1500]

[408,1500]—

Hadronization can cause migration between different pr-bins.



0 transfer matrix, ungroomed jet width

central dijet, R=0.8
chg. tracks only
0.4+

z

= 03f

[

>

K

<

2 0.2

=

©

<

Ppr.jet €[120,150] GeV

0.1 0.2 0.3 0.4 0.5
parton-level A}

0.0 0.1 0.2 0.3 0.4
T(AF AL ™), same pr, et bin

hadron-level A}-Ht

Parton to hadron level transition; credit G. Soyez

transfer matrix, groomed jet width

central dijet, R=0.8
chg. tracks only

I
IS

o
w
T

o
N
T

o
H

prjet € [120, 150] GeV

0.2 0.3 0.4 0.5
parton-level A}

0.1

0.0 0.1 0.2 0.3 0.4
TALFHALP), same prjet bin

Transfer matrix T()\i’HLP\}’PL) for the jet-width angularity for central
dijet events with R = 0.8 and pr jet € [120,150] GeV.



Parton to hadron level transition;

o5 transfer matrix, ungroomed jet width

central dijet, R=0.8
chg. tracks only

° o °
N w S

hadron-level A}t

o
.

pr.jet €[120, 150] GeV
. ' :
0.1 0.2 0.3 0.4 0.5
parton-level A}
0.0 0.1 0.2 0.3 0.4
T(A}HHALPY), same prjec bin

credit G. Soyez

Transfer matrix can be
extracted from MC

One needs to “put event
generation on pause” when
parton shower reach
non-perturbative scale and
calculate AT

After that one “resume” event
generation and calculate AT

The correlations between AP
and A are used to build TMs
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Comparison against CMS data, 2112.09545

2.F Ty

0.20

0.14F

0.12F

0.10 ¥
0.08f

=+
- 0.061 %E
0.10 EE =
- 0.04F
0.14F
a5k ICGNL(
—e— CMS data 0.20 0.12F
- o 1
q;« et 0.10F
25} % i %E 0-13* :%:Eﬁ 1 u.ns:;:
2 o :F 0.06F %
EE S5 0.04F * ;;

OECECRCNG)

DECECNCEG)

s A M
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, zy =0.1) R=0.4 [120,150] dijet central Z+jet
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RHIC and upgraded PHENIX experiment

» The PHENIX detector was upgraded to sPHENIX
> New detector has better rapidity coverage || < 0.7

» Can be used to study jet substructure at v/S = 200 GeV

L i SPHI ment at RHIC
5 2023-05-22, 02:07:00 EST

v _,E!-.- &

Areal view at the RHIC facility. sPHENIX data taking

Image credits: BNL
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Jet substructure at RHIC, 2404.04168

UNGROOMED PL

GROOMED PL

== NLL
== LO+NLL
&= NLO+NLL'

=
T

'S

(/o) do/dA

NLL
LO+NLL'
&= NLO+NLL'

o 5
T

(1/o)do/d\

== NLL
“= LO+NLL
&= NLO+NLL/

“== LO+NLL
&= NLO+NLL/

NLL

14 “== LO+NLL
212 === NLO+NLL'
% 10
< s
L6
=4

9

/== NLL
“== LO+NLL'
&= NLO+NLL'

Parton-level results for LHA, Jet Width and Jet Thurst
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Parton-level jet substructure at RHIC, 2404.04168

UNGROOMED PL

—— NLL
~ LO+NLL
&= NLO+NLL'

R=0.4, /5 = 200GeV,
12l < 0.7

Alj2

(pp = ji, |
pr1>30GeV, pry > 20GeV,

Our results for jet
angularities are at highest
available accuracy
NLO+NLL' level

Result are available for
LHA, Jet Width and Jet
Thrust (for ungroomed
and groomed jets)

The increase in accuracy
of calculation reduces the
size of uncertainty bands

Further increase in
accuracy may be
necessary
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UNGROOMED

== SHERPA MCQNLO HL
—— PYTHIAS Detroit HL
4~ === PYTHIA8 Monahs HL

PP = Jj, v
pr1 > 30GeV, pra > 20GeV,

R =04, /5, = 200CeV,
[y12] < 0.7

0.1 02 03 04 05

Alj2

Hadron-level jet substructure at RHIC, 2404.04168

Our results for jet
angularities are at highest
available accuracy
NLO+NLL' level

Result are available for
LHA, Jet Width and Jet
Thrust (for ungroomed
and groomed jets)

The increase in accuracy
of calculation reduces the
size of uncertainty bands

Further increase in
accuracy may be
necessary
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Impact of non-perturbative corrections
» Unlike the LHC at RHIC non-perturbative corrections are dominant
> The bin-migration caused by hadronization shift the peak position

> Detroit and Monash Pythia tunes give significantly different

predictions
UNGROOMED PL . UNGROOMED
—— NLL === SHERPA MCQNLO HL
=l ~ LO+NLL/ —— PYTHIAS Detroit HL.
N 7 &= NLO+NLL' 4~ === PYTHIAS Monahs HL
al ™
- -
~< 4- o0 RGN, pry > 20GeV, ~
= R =04, \/5;; =200GeV, = 3-
~ lyal < 0.7 ~
9 3+ &}
= =
— —~ 2=
5, 5
\ \
i —
~ L 1 PP = ji, i
1 pr1 > 30GeV, pry > 20GeV,
R=04, m =200 GeV.
[y12] < 0.7
0701 02 03 04 05 =01 02 03 04 05
A1j2 A1j2
Parton-level predictions. Hadron-level predictions.
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Pythia tunes and MPI contribution

» Much lower collision energy at RHIC leads to suppression of MPI
» The Detroit Pythia tune almost eliminates MPI contribution

> Jet substructure at RHIC is mostly affected by hadronization

. I ;:::‘:‘:‘g;;if)\ TABLE I PYTHIA 8 settings and tuning parametes.
***** PYTHIAS Monash VS = 200 GeV Settlng Default NQW
o PDF:pSet 13 17
£ ! Multipartonnteractions:ecmRel [ 7TeV™ | 200 GeW
5 MultipartonInteractions:bprofile 3 2
o Tuning Parameter Default | Range
= Multipartonlnteractions:pTORef ~|2.28 GeV|0.5-2.5 GeV
e MultipartonlnteractionsecmPow | 0215 | 0.0-0.25
MultipartonInteractions:coreRadius | 0.4 0.1-1.0
MultipartonInteractions:coreFraction| 0.5 | 0.-10
0 5 10 ni‘?m T | ColourReconnection:range 18 1090
MPI m“'t'P"‘L?':'yCat RHIC and Detroit Pythia tune 2110.09447.

41


https://arxiv.org/abs/2110.09447

Jet substructure in AA collisions

» We expect a new state of matter to born in AA collisions

> Particles produced via hard QCD interaction and parton shower can
interact with the QGP scattering centers

> Particles produced via hard QCD interaction and parton shower can
interact with the QGP scattering centers

» Thermalization of QGP creates a huge soft background

UNGROOMED
@ NLO+NLL'+NP
= () — PYTHIA HL VAC
6~ == - Py HLAED
NS NS
Q. EWEL HL ME 0 pri > 30GeV, pry > 20GeV,
=~ 5- Ry =04, /53 = 200Ge
~< JEWEL T = 0.55 GeV 12| < 0.7
= Centrality [0, 10]%
~_ 4
= = = D
o
\ 2 |
—
~

0.0 02 03 04 05 06 07

A
Jet quenching. 12

Jet substructure in AA collisions.



Jet substructure in AA collisions

» We expect a new state of matter to born in AA collisions
> Particles produced via hard QCD interaction and parton shower can
interact with the QGP scattering centers
> Particles produced via hard QCD interaction and parton shower can
interact with the QGP scattering centers
» Thermalization of QGP creates a huge soft background
UNGROOMED
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Jet substructure in AA collisions

» We expect a new state of matter to born in AA collisions
> Particles produced via hard QCD interaction and parton shower can
interact with the QGP scattering centers
> Particles produced via hard QCD interaction and parton shower can
interact with the QGP scattering centers
» Thermalization of QGP creates a huge soft background
UNGROOMED
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Jet quenching.
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Jet substructure in AA collisions

» We expect a new state of matter to born in AA collisions

> Particles produced via hard QCD interaction and parton shower can
interact with the QGP scattering centers

» Particles produced via hard QCD interaction and parton shower can
interact with the QGP scattering centers

» Thermalization of QGP creates a huge soft background
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Jet substructure in AA collisions

» We expect a new state of matter to born in AA collisions

> Particles produced via hard QCD interaction and parton shower can
interact with the QGP scattering centers

» Particles produced via hard QCD interaction and parton shower can
interact with the QGP scattering centers

» Thermalization of QGP creates a huge soft background

UNGROOMED
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—— Q- PYTHIA HL VAC
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Discrepancy between different quenching models

UNGROOMED

&= NLO+NLL'+NP

= () — PYTHIA HL VAC
6 [ === () —PYTHIA HL MED

= JEWEL HL VAC

: e PP T
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~ JEWEL T = 0.55 GeV [y12] < 0.7
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s
PU 3- Q-Pythia pp
B
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Discrepancy between different quenching models
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