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What is jet substructure?

Fragmentation Classic Groomed
Functions Jet Shapes Observables
Single hadron All hadrons Subset of hadrons

@ Jet constituents are mapped onto physically meaningful observables

@ We can distinguish between fragmentation functions (we identify the leading hadrons),
the classic jet shapes (such as thrust), and groomed variables (where we want to remove
the effects of soft gluon emissions for instance during hadronization)
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New variables: Generalized angular properties in Z+jet and dijets

@ New observables

PTi
)ZJ-PTJ-

zi =

z; is jet fractional transverse
momentum carried by /

o AR; = \/(Ayi)?2 + (A¢;)? between
the jet axis and the jet constituent

@ [ and x parameters controlling
momentum and angular distributions
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o We will study: Les Houches Angularity A} ¢,
width A}, thrust A3, multiplicity A9, (p?)2



Distinguishing between gluon and quark components: Dijets and Z + jet
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@ Quark enhanced sample: Z+jet 0';5 L L L
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@ Gluon enhanced sample: dijets, " [GeV]

especially for central dijets

@ Allows to distinguish between quark and
gluon jets
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Example of Les Houches angularity distribiution

@ Example of Les Houches angularity

i i Dijet, gluon enriched
Z+jet, quark enriched jet, gl observable: k = 1’ =05
CMS 359" (13 TeV) CMS =35.9fb ' (13 TeV)
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Ungroomed generalized angularities in Z + jet events
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@ We increase the (3 value for fixed x: increase the weight of angular effects

@ The more weight is given to angular scale, the better agreement of theory with data
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Groomed generalized angularities in Z + jet events

CMS 359|b (13 TeV)
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@ We increase the (3 value for fixed x: increase the weight of angular effects
@ Soft-drop grooming to remove soft, wide-angle radiation
@ Tension at small 5 =0.5 persists, related to hard collinear splittings description?
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Groomed generalized angularities in dijet events
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@ We increase the [ value for fixed x: increase the weight of angular effects

@ Reasonable agreement between theory with data
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Dijet/Z+jet ratio

e “old” CMS tunes I @ Experimental uncertainties partially
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Lund jet plane analysis: Visualizing the phase-space of QCD splittings

o (b)
emission (a)

)

@ Lund planes are a 2D representation of the
phase-space of 1—2 splittings

o Splitting angle AR = /(eor — yhara)? + (Bsort — Phara)?
o Relative transverse momentum of emission k1

JET

(c)

Ink,

(b)

LUND DIAGRAM

In /AR

Ink,

@ Logs of k1 and 1/AR used for Lund plane axes

@ Lund planes used for parton shower calculations and

(b)
jet substructure techniques developments :

(©)g

PRIMARY LUND PLANE

@ Experimentally: Possibility to construct an
experimental proxy for Lund diagrams using In /AR
iterative jet declustering (Lund jet plane)
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Constructing the Lund jet plane

G. Soyez’ sketch

e primary
e secondary
o tertiary

Reclustered
CAjet !

Cambridge/Aachen declustering following the hardest branch

large angles small angles

o Constituents of anti-k7 jets are
reclustered with the Cambridge/
Aachen (CA) algorithm

@ CA sequentially combines the pairs of
protojets with strict angular ordering

@ The CA jet is then declustered iteratively
(large to small angles)

@ Transverse momentum k7 and splitting
angle AR of soft subjet (emission) relative
to hard subjet (core) are measured at each
step

AR
kT

\/()/soft - )/hard)2 + (¢soft - Qbhard)2
pTAR

where pt is for the subjet

@ lterate until the core is a single particle
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Lund jet plane

Kinematical edge corresponds to

)min
=P

~ pmax min
pr™ +pp

In(kT)

large angles small angles 1

‘7
< j AR "'ﬁ’; ::[ AR |
l 3 o
j“’* nRAR) B

5y

@ A given jet is represented as a number of points in the Lund plane
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Systematic uncertainties

CMS Preliminary

138 fb (13 TeV)

T T
Parton shower scale

uFSR \SR (2,1)
u;SR uLfR =22

— R R = (12,1)
u;SR, uf” =(12,12)
“FSR n

pfse

MR =(12)
For e = 2
PR, WSR = (1,172)

Relative uncertainties

AK4 jets

-%-Shower and hadronization
—¥-Tracking eff. unc. pje‘ > 700 GeV, |y | <173
-=-Pileup 0.000 < In(R/A R) <0.33;
-4-Jet energy scale and resolution 0.287 < AR < 0.400

- -Response matrix stats
[ Stat unc. v
|:|Tmal uncertainty

Carfboerf m\mmmmﬁ"u

~0.05F* x * x
-0.1F * *
015E I | I I | [ E
0 1 2 3 2 5
In(kT/GeV)
L L1l ‘ L L1l ‘ L I ‘ L L
1 107

10
k; [GeV]
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@ Leading uncertainty: Shower and
hadronization models (2-7% in the bulk,
10% at kinematical edge)

@ Tracking reconstruction uncertainties:
1-2% in bulk, 10-20% at kinematical
edge

@ Subleading uncertainties <1%

o Parton shower scale

o Response matric statistics

o Jet energy scale and resolution
o Pile up modeling




Unfolding

CMS Simulation Preliminary
SR T

< it st e e 33 E
sE ~o ‘Mtruthiovel emission
~ 32 k|
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—~ 4= 2, Lso, Bl 3.4 Yreco-level emission
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8 3 a, S~ 128 2
>~ NPT e
x 2 > el & "6 14
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3 v
Eqe 3 7 . 27, 3 E
0- 5¢ L 26 Ak < 1007 Gev, PYTHIAS
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In(R/A R) n

e Corrections to particle level (down to
pT ~ 0 of charged particles for jet
constituents)

@ Multidimensional unfolding of Lund jet
plane (P, kt, AR)

Jet substructure measurements in CMS

@ PYTHIA8 CP5 chosen as nominal
and MC-based corrections derived
from geometrically matched
truth-level and det-level splittings.
Uniquely matched pairs are
considered. Matches with smaller
AR take precedence

@ Matching window:

(AR)Z = (77true - ndet)2
+ (thrue - ¢det)2

13



Unfolded primary Lund jet plane density

- .
CMS Preliminary 138 b (13 TeV) CMS Preliminary 138 fb” (13 TeV)
T Aawansasaiases ey
[ AK4 jets 6 ! ! ! ' IAKB plzis ' i
Py’ >700GeV, Iy | <17 P> 700GeV, Iy 1<1.7
3 T s
E gé‘ 10°
s [ 3 e 5 s
0] Q zZ2 & ©
=10 o o | = =
- F X2 =2 - =
<~ r E 04 < < 10 E
C 1 P 2|
L -2
Z
1L o 02 1
E =
- 0 05 1 15 2 25 3 35 4 o 0 05 1 15 2 25 3 85 4 45 5 °
In(R/A R) In(R/A R)
< vz 107" 1072
- 10 AR

@ Measurements of the primary Lund jet plane performed for R = 0.4 and for the first time
R = 0.8 corrected to particle level by CMS

@ Plateauing of emissions at high kt, growth of emissions at low k1 as expected from the
dependence of emission density with ag
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Lund jet plane density: log k+ dependence

L { = Small angle
ezigsiizrrﬁe R=0.4 re_SUItS (collinear limit)
(R = 0.8 in backup)
@ Primary Lund jet plane density
oms Ple//mrnary . ‘waa m‘(lwaTeV) oms Pr‘slimina:y . . 138 ! 113Tev) A i
“ N ¥euwr 1 projected onto the log k1 axis
ggggz\ng/\ﬁ)<0333 R ggggilv(;/f\oﬁg;fﬁﬁﬁ _- . i
O o . s#mees 3 @ Large splitting angles left and small

1A
PYTHIAS CP5 (FSR up)

ptin e WI splitting angles right
@ PYTHIA8 CP5 overestimates the
number of emissions by 15-20%,

AI‘I‘E‘

o

g1 £ 1
S 1 S 1
E o Teca £ o —...4 Data favors FSR down in parton
In(k_/GeV) In(k_/GeV) .
‘ . L ‘ LT shower region
1 10 102 1 10
ky [GeV] ke [GeV] @ HERWIG 7 CH3 in better agreement

with data
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Lund jet plane density: log R/AR dependence

R=0.4 results (R = 0.8 in backup)

Low-k, High-k,
(hadronization + MPI) (perturbative region)
ous preliminary S |38Vb“1|3TeVi oMs preiminary 138 10" (13 TeV) ) Pr|mary Lund Jet plane projected
3 o '%smev <17 E ;KA>I7WGBV AT .
" agcrasencane s onto the log R/AR axis
e - 3 @ Soft splittings (left) and hard
] e e, 3 splittings (rigfht)
o R ) R 3 .
§ T ————— e . @ Low (resp. large) kr splitting
IR S A
L o— populates the whole (resp. wide)
05 1 15 2 25 3 35 4 02 04 06 08 1 12 14 16 1.8

In(R/A R) In(R/A R)

e - - angle radiation region
AR AR @ PYTHIA8 CP5 overshoots data by

25-35% at low k1, better
description for hard emissions
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Lund jet plane density: model dependence

10810 (13 TeV) 138 " (13 TaV)
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== == ... i
65204 06 08 T 12 14 16 18 2

o PYTHIAS8 with VINCIA or DIRE models in

agreement with data within a few % except

at high kr

SHERPA and HERWIG7 with dipole
showers describe the data within 5-10%
including at high k1

Comparison between data and HERWIG7
(different choices of recoil scheme of
angular ordered shower); choose the recoil
scheme in angular ordered parton showers
a region where quark and gluon
fragmentations play an important role

Goal to achieve NLL accuracy in next
generation of parton showers

in



Lund jet plane density: sensitivity to ag

Physical rnechanismszo00 High-p, setup: NLO+resum+NP

3 Lare factorized P A— 1 d? Nemissions
: - running as Niets dlogktdlog(R/AR)
D,
= (3
3 “o,// ]
LI o%, . . .
= %, AN @ In the soft and collinear limit of pQCD, it
% N :
R scales with as
’%\ non-pert. (small k¢)
In(1/8) 02 01 005 002 0010.005 2
F. Dreyer, G. Salam, G. Soyez, [ ee— | A ~ — CRCVS(kT)
JHEP12(2018)064 0.0 01 0.2 0.3 0.4 0.5 T

P4, ke)

@ Running of as(kt) sculpts the Lund plane
@ Measurement of the jet-averaged density. (Cg: color factor, Ca = 3
density of emissions Cr = 4/3)

@ Measurement can be used to improve MC
generators and test pQCD calculations
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Lund jet plane density effect of running as

@ Soft and collinear limit prediction

024 CMS Preliminary 138 fb ' (13 TeV)
24 prr P [ e g
AKS jets 3 2
0z p*>700 GeV, ly_I<1.7 E 1 d* Nemissions 2
£ on 0667 <In( <1000 E N dlog krdlog(R/AR) —Cras(kr)
0.18 667 < In| <1 3 .
42 o, 0.204 <AR <0411 E jets 0108 KT og(R/ ) g
dE o . . - -
Z|2 o = Soft and calinear imit prediction @ Compute soft and collinear limit prediction
Bl 2y o), with o(m,) = 0.1163 . e e .
S oos 3 predictions with simplified assumptions
T2 oo i (as(Mz) = 0.116, 1-loop S function)
0.04 number of active parton flavors changes _E . . . . .
002t L L @ Qualitative illustration of effect of running
15 i 4 1 H H
In(k /GeV) coupling in the jet substructure
| I I I | | | | L1
10 50

k; [GeV]
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Probing partonic time evolution: correlators

Energy flow within a jet: jet energy correlators

multipoint energy correlators:

Jet of energy E d
c
= ——

dXL

maximum angular distance

large x; : parton angular distance
i3

small x; : hadron AR =1/ A"+ Ag)°

G

asymptotic freedom

2o R

confinement — hadronisation
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Probing partonic time evolution: correlators

Energy flow within a jet: jet energy correlators

multipoint energy correlators:

Jet of energy E

n EiE;'
dGFE XL — AR’])

EEE,
2,
ijik E
0 x; —max AR, o ARi’k, ARJ-’ )

describe “mapping” of various stages partons
undergo in the process of jet formation
confinement — hadronisation

asymptotic freedom

Theory: Chen, Moult, Zhang, and Zhu, arXiv:2004.11381; Lee, Mecaj, and Moult,
arXiv:2205.03414, Chen, Gao, Li, Xu, Zhang, and Zhu, arXiv:2307.07510
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lllustration of partonic time evolution

EEl
'_lz 10
8

6

CMS Preliminary 36.3fb™" (13 TeV)
e e e —
[ Free hadron Confinement Perturbative]
[ eData N . ]
E - E
; \\‘t NN ;
C . ]
= ) : %o, ]
- 220 < pT‘ <330 GeV %y
C oo
C .\?\.m | Lol
10°® 102 107
L

e Data: 2016, dijets with anti-k1 with
R = 0.4, integrated luminosity : 36.3
fb—!

@ Phase space: |y| < 2.1, 97< pjer
GeV (8 bins), p2""® > 1 GeV

@ Detector-level to particle level: Bayesian
unfolding in 3D (x, p’ﬁt weight)
@ Different regions in x;.

o Low x; (largest AR between the 2 or 3
particles): non-interacting hadrons,
power-law scaling

e medium x;: region where quarks and
gluons are confined

o large x;: quantum interactions of
quarks and gluons

< 1784
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Energy correlator ratio: unfolded E3C/E2C vs MC simulation

CMS Preliminary

CMS-PAS-SMP-22-015

36.3fb™ (13 TeV)

do®Ydx,

Fﬁ 8 B7<pl<220Gev

220<p) <330 GeV o 330<p) <468 GeV

| 468<p] <638 GeV

=3
©

5|

Ratio to PYTHIA8 CP5

©

dao

s ] 15
1.6 638<pl<846GeV 1 846<pl<1101GeV 11o1<p1<1410ii\“,1410<p;<17saee
3|3
SR, d L
Ji B =1 -~
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0.8} - L B
P ]
o 0.6F C
o
g ”\\\\ N\
I N\ R
;105 \\\\ N\
o 1) .
EP— s =\ i A\
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10° 102 107
+ Data
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107 X 10° 10?107

10° 107 107

= PYTHIA8 CP5(simple shower) — PYTHIA8 Vincia — PYTHIA8 Dire

— HERWIG7 CH3(angular-ordered) —HERWIG7 Dipole — SHERPA2

No MC completely agrees with data,
but almost fine within systematics

Largest differences between data and
MC in non-perturbative region

Systematic uncertainties: varying
renormalization and factorization
scales, PDF uncertainties, parton
shower models, UE models

Extract the slope of E3C/E2C vs p’ﬁt
CMS-PAS-SMP-22-015



Extraction of asg

@ Extraction of ais via the E3C to E2C CMS Prellmlnary 36.3 b (13 TeV)
ratio 80'8'*"” T
10}
e E3C/E2C ratio o 07 +
™ + Data
E3C 5 06
2
oc ™ as(Q) Inx. + O(as) z-)_ 0.5
7]

+J1.5 +

—e—
——

where Q ~ pr"ﬁt (energy scale at
which the transition between free

4
| 3 E3C/E2C

Jll\\l\ll‘ll[l\lllll\Il\llll\ll\ll‘

hadrons and perturbative region 0.2F "o _1 —o7f12
IOQ(XL)
occurs) 0.1 =
200 400 600 800 1000 1200 1400 1600

@ Slope of ratio proportional to ag
[ p. (GeV)
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Conclusion

Measurements of jet substructure sensitive to basic building blocks of QCD

@ Valuable input for a better understanding of quark-jet and gluon-jet substructure from
Z+jet and dijet events

Visualize the phase space of QCD splittings using the primary Lund jet plane

Improve our understanding of QCD and the description of data by MC, goal of achieving
NLL accuracy in next generation of parton showers

Time evolution of partons illustrated in substructure measurements
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Ungroomed generalized angularities in dijet events

. cms <3591 (13 TeV) CMs <35.9 167 (13 TeV) CMs <3591 (13 TeV)
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@ We increase the (3 value for fixed x: increase the weight of angular effects

@ Reasonable agreement between theory with data
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Lund jet plane density for AK8 jets
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@ log kT and log R/AR dependence for AK8 jets
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Lund jet plane density: recoil scheme dependence
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Comparison between data and HERWIG7

predictions with different choices of the

recoil scheme of its angular ordered shower

q® scheme shows largest discrepancy with

data, while pt scheme is better

g1-go leads to a better description, and even
better q1.g» + veto scheme, same as at LEP

Lund jet plane data can help choosing the

recoil scheme in angular ordered parton

showers in a region where quark and gluon

fragmentations play an important role

Goal to achieve NLL accuracy in next
generation of parton showers



Energy correlator ratio vs NNLL

e Unfolded E3C/E2C vs NNLL
e as(Mz) =0.1229 + 0.0040 — 0.0050
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