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Introduction and Motivation:

oty o : This collision event recorded in 1979, provided the

SRR W first evidence of the gluon.

Recorded as event 13177 of run 447 of the TASSO
experiment at the Deutsches

: Elektronen-Synchrotron (DESY), the graphic shows
% U\ three jets of particles produced in an

VEF Axis 7

electron-positron collision.
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Introduction and Motivation:
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Quark - Gluon Separation in Three Jet Events

Published in: Phys.Rev.D 23 (1981) 1944
pdf @ links ¢ DOI [= cite <) 32 citations

A Monte Carlo Program for Quark and Gluon Jet Generation
Torbjorn Sjostrand (Lund U., Dept. Theor. Phys.) (Apr 1, 1980)

pdf [= cite 2 1 citation

Quark and gluon jet separation: Conventional and neural network methods -

Z. Fodor (Eotvos U.) (Jul, 1991)
Published in: Conf.Proc.C 910725V1 (1991) 438 - Contribution to: Joint International Lepton Photon Symposium at High Energies (15th) and
European Physical Society Conference on High-energy Physics, 438

Quark versus Gluon Jet Tagging Using Charged Particle Multiplicity with the ATLAS Detector
ATLAS Collaboration (Apr 11, 2017)



Introduction and Motivation:

BSM searches: often signature for a BSM signals: many quark, backgrounds: QCD gluons

e 8-jet Gluino event: pp — gg and each g decays to 4 quarks:

: g
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(il
g" -"va xg q ﬂ
~ q
el 8§ <xf><
{%%Aﬂ\--o"‘
q q
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Fig. From J. Gallicchio and M. D. Schwartz, Phys. Rev. Lett.107 (2011)

e Higgs HY — ¢5 (for charged Higgs mass between 7 and t mass)
e Measure Z’ coupling to hadrons (or find a leptophobic Z' /W)



Introduction and Motivation:

Interesting standard model physics also tends to be quark-heavy
Examples:

e W'’s decaying hadronically (no b’s!): W+ — ud or ¢5

e Tops (tt —bb + 0,2, or 4 light quarks)

e Vector Boson Scattering/Fusion (forward ‘tag’ jets are quarks)

q q

QCD background: mainly composed by gluons
Signal: mainly composed by quarks Y- --



Introduction and Motivation:

Gluon has a greater effective color charge (squared) than quark:

----------

------------

Cartoon: o > e

Quark:Ck=4/3 vs. Gluon:Ca=3

Expectation:

* Gluon will radiate more

* Gluon will radiate wider

 Multiple radiation — effect will exponentiate



Introduction and Motivation:
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Cartoon: s

Quark:CFr=4/3 vs. Gluon:Ca=3
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“Multiplicity distributions of gluon and quark jets and tests of QCD analytic predictions”
[hep-ex/9708029]



Introduction and Motivation:

non-perturbative

-_',-_-_—_____,_._———-—'_‘_ . .
; ; phase (hadronisation)

perturbative

// radiation

A background radiation
(underlying event)

- hadronisation: -A/ R
- MPI: +A* R?



Introduction and Motivation:

3 'PI\HHIHITI\IMIHIHIHIIHIIU
€ q9f ATLAS -o-Data + Stat.
2 [ K R4, | <08 L Pythia
-‘é 1» 0 GaVp <80 GaV' Herwig++ e
w r Im-ub', G=7Tov M Syst. -
Efficiency is simply the ratio § 08- S = -
of the number of jets selected G o6- b o <
by a discriminant over the st = T
total number in the sample. o g
0.2" =
L&
2-011111\11\!‘!i!‘i!l\”‘!l\}!i;\!:!:
15 .
8 1.0 - * et =
g o5

0‘ Lis aaealiy Loyl | P
'8.2 03 04 05 06 0.7 08 09 1

Quark Efficiency
[ATLAS, Eur. Phys. J. C (2014) 74]

Conclusion:

Herwig++ is too pessimistic,

~ Quark and gluon jets looks
more the same than in the data.

Pythia is too optimistic,

Quark and Gluon jets are

too different compared to
data.

“A detailed study of the jet properties reveals that quark-and gluon-jets look more
similar to each other in the data than in the Pythia 6 simulation and less similar

than in the Herwig++ simulation.”

Problem: Q/G jets LHC data show discrepancy with the predictions from MC generators
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Introduction and Motivation:

[Gras, Hoeche, Kar, Larkoski, Lonnblad, Platzer, AS, Skands, Soyez, Thaler, JHEP 1707 (2017) 091]
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Cartoon: =~ ——swm=ea —>

Quark: Cg = 4/3

Probe radiation pattern with
e.g. Generalized Angularities
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[Larkoski,Salam,Thaler,13]
[Larkoski,Thaler,Waalewijn,14]
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Introduction and Motivation:

Quark versus Gluon Jet Tagging Using Charged Particle Multiplicity with the ATLAS Detector
ATLAS Collaboration (Apr 11, 2017)
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Using phase space cuts, for example:
® Pt- jettransverse momentum
® N - jetrapidity (central/forward)

But then we will have quark and gluon sample
jets with different (Pt, n).

Same Pt —F=EEEL <Rty
Quark:Cg=4/3 vs. Gluon:Ca =3

Quark: Cg = 4/3

But hight Pt Q will radiate more and look like a G

Can we find a way to get enhanced Q/G with the same Pt, n?

12




2. Theory

Can we find a way to get enhanced Q/G with the same Pt, n?
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[Gras, Hoeche, Kar, Larkoski, Lonnblad, Platzer, AS, Skands, Soyez, Thaler, JHEP 1707 (2017) 091]

Cartoon: e —

Quark:Cer=4/3 vs. Gluon:Ca=3

Probe radiation pattern with 5 s
e.g. Generalized Angularities 5 i - B

K __ K :8 LHA (Les Houches Angularity)
Aﬁ o : : Z,& 02 l width mass

i€jet I t_| I e -l
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[Larkoski,Salam,Thaler,13]
[Larkoski,Thaler,Waalewijn,14]

Can we find a way to get enhanced Q/G with the same Pt, n?
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Each angularitity Ais composed of gluon Ag and

quark Aq angularities
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Each angularitity Ais composed of gluon Ag and

quark Aq angularities

A =f/\g + (1-f)/\q
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Each angularitity Ais composed of gluon Ag and

quark Aq angularities

A =f/\g + (1-f)/\q

f ...gluon fraction
(1-f) ... quark fraction

17



Can we find a way to get enhanced Q/G with the same Pt, n?

Can we reverse the equation

A =f)\g + (1-f)Aq

and obtain

A =7

g

18



Can we find a way to get enhanced Q/G with the same Pt, n?

Can we reverse the equation

A =f)\g + (1-f)Aq

and obtain

A =7

g
No, it is still function of unknown Aq .

Ag=/\g (/\q)

19



Can we find a way to get enhanced Q/G with the same Pt, n?

Can we reverse the equation

A =f)\g + (1-f)Aq

and obtain
A =7
g
No, it is still function of unknown Aq .
A=A (A
g g ( q)

But, here comes the idea of measurement at
different energies. 2



Can we find a way to get enhanced Q/G with the same Pt, n?

Let’s write equations for measurement at energy "¢ e @)
900 GeV and 13 000 GeV

21



Can we find a way to get enhanced Q/G with the same Pt, n?

Let’s write equations for measurement at energy " ")
900 GeV and 13 000 GeV

A900  — £900 Ag +(1 - f900 Mq
A13000  £13000 Ag + (1 - f 13000) Aq
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Can we find a way to get enhanced Q/G with the same Pt, n?

Let’s write equations for measurement at energy " ")
900 GeV and 13 000 GeV

A900  — £900 Ag +(1 - f900 Mq
A13000  £13000 Ag + (1 - f 13000) Aq

One can reverse:
(1 — f13000)900 _ (71 _ £900) 313000
Ag = £900 _ £13000

Assuming )Lg and A, are

B £900 13000 __ £13000 4900 | energy indebendent.

Ag =

f.‘)()() — f130()0

23



Can we find a way to get enhanced Q/G with the same Pt, n?

Yes, we can:-)

(1 . fl3000))\900 . (1 . f900))\130()0

)‘g - £900 _ £13000

f900/\13000 = f13000)\900
A\ = -

fQOO — f13000

AQOOI A13000

50 GeV)

P90 f13000  simulation

... measurement (same cuts, average pT>

24
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Gluon Fraction PDF and Herwig MHT2014nlo68cl as a function of pr
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Multiplicity, pp — 2j, R =04
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Multiplicity, pp — 27, R =04

—— Gluon anglularity A, using 900 and 13000 GeV
—— Quark anglularity A, using 900 and 13000 GeV
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Let’s add another energy:

A900 - £900 Ag+(1 _ £ 900 Mq

A13000 =j.'l.')’OOO Ag + (1 _f13000)Aq

5 _ £900 313000 _ £13000 4900 | 900 32360 __ £2360 5900
q = 900 _ 13000 ' Ag = £900 _ £2360
and
(1 - leOOO)/\QOO . (1 . f900))\13000 (1 . f2360)/\900 - (1 _ f900)/\2360

Ag =

F900 _ £13000 Ag F900 _ 2360 “



Gluon Fraction PDF and Herwig MHT2014nlo68cl as a function of pr
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Events / Norm.

Gle— e Jet angularity 1%, 900 GeV
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Let’'s use more 6 energy combinations:
900-2360, 900-7000, 900-13000, 2360-7000, 2360-13000, 7000-13000 GeV

0.14 —

Quark ang. using 2360-13000 GeV

Quark ang. using 2360-7000 GeV

Quark ang. using 7000-13000 GeV

Quark ang. using 900-13000 GeV

Quark ang. using 900-2360 GeV

Quark ang. using 900-7000 GeV

Quark ang. (no MPI no ISR} using 2360-13000 GeV
Quark ang. (no MPI no ISR) using 2360-7000 GeV
Quark ang. (no MPI no ISR} using 7000-13000 GeV
Quark ang. (no MPI no ISR) using 900-13000 GeV
Quark ang. (no MPI no ISR) using 900-2360 GeV
Quark ang. (no MPI no ISR) using 900-7000 GeV
Gluon ang. using 2360-13000 GeV

Gluon ang. using 2360-7000 GeV

Gluon ang. using 7000-13000 GeV

Gluon ang. using 900-13000 GeV

Gluon ang. using 900-2360 GeV

Gluon ang. using 900-7000 GeV

Gluon ang. (no MPI no ISR) using 2360-13000 GeV
Gluon ang. (no MPI no ISR) using 2360-7000 GeV
Gluon ang. (no MPI no ISR) using 7000-13000 GeV
Gluon ang. (no MPI no ISR) using 900-13000 GeV
Gluon ang. (no MPI no ISR) using 900-2360 GeV
Gluon ang. (no MPI no ISR} using 900-7000 GeV
JetR=04

Angularity A]

0.12

Events / Norm.
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Dotted lines test the robustness to Multi Parton Interactions MPI and Initial State Radiation ISR
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Let’'s use more 6 energy combinations:
900-2360, 900-7000, 900-13000, 2360-7000, 2360-13000, 7000-13000 GeV

£ 0.14— |
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Simplified averaged plot over 6 energy combinations: - filled area (energy comb. variation),
- ticks - stat. Unc.
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o B SS% Average of gluon ang.
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3. Results
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Njets =92

> 0.8
veto neutrinos Pr SUblead/ PT lead

Selection of dijet events:

We considered all combinations of:

— 5 — angularities A3, A\j.5, A\{, A3, A3

— 2 — using groomed (MMDT) / not groomed jets

_ 5 - jet radii R = 0.2,0.4,0.6,0.8, 1.0

— 4 — regions - dijet average p?* = 50 GeV, 100, 200,
and 400 GeV

cut

(pT lead = pPT subleabd)/2 > Pr

— 2 — quark/gluon
— 2 — MPI and ISR switched on/oft

— 6 — energy combinations: 900-2360, 9007000, 900

13000, 2360-7000, 2360-13000, 7000-13000 GeV
— 2 — event generators HERWIG and PYTHIA



Each column
represents
percentile of
given feature
of all our
studied plots.

Delta
g

In separation
between Q/G jets
about 55 % of
variations have
lower performance

Combining all
columns gives us
our internal score :

DelQ DelG NegQ NegG DelQ DelG
NM\ INM DN\ lDN UD\ luo
Separation power Negativity Separation power to

between noMPI
variations -
robustness to
noMPI no ISF

(percentage of
negative area to
whole area)
negative bins

Lt

Acorp = 1000 - In [1 + (Delta)® - (DelQ NM) -
(DelG NM) - (NegQ DN) - (NegG DN) -
(DelQ UD) - (DelG UD)

min-max
0-41447

UP and DOWN
energy combination
variations
robustness to
different energy
combination used
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Why we looking into other features then separation power (bad examples):

Events / Norm.
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0.4

0.3

0.2

(%]

High separation power, but
other features score poorly,
even it has lowest quark

negativity of quark angularity
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120 140
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Why we looking into other features then separation power (bad examples):

Events / Norm.

50

40

30

(%]
o2
S

a
2
TTTTTTTTT

NS
SN
55555

Low separation power, but
very robust to MPI, ISR,
negativity and variations of
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Afqg = 0.07

9, qno MPIno ISR = 0.0004
AQ. gnoMPIno ISR = 0.0002

JetR=0.4
Angularity X;
pi”‘ =400 GeV
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MMDT

A = 24769

'comb.
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Events / Norm.

Best performing angularities: p?
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Events / Norm.

Best performing angularities: Multiplicity

0.14 — L o s
B =% S

& e
0.12— %

— Delia [ 0l NegQ NegG 0el0 [
M M oN ON up up

01—

/,

Average of quark ang.

Average of gluon ang.

Average of quark ang. No MPI No ISR
Average of gluon ang. No MPI No ISR
Apgg =027

Aq, qno MPIno ISR =0.0003

9. gno MPIno ISR = 0.0005

JetR=0.2
Angularity kg
pi"‘ =200 GeV

e
0.08 .3 ,/ Mel\;v[;l?
LR Ao, = 36875
006 k&
0.04—
0.02H- /1
opT | | | |
=l 1 1 L1 | | I | | | L1 1
0 60 70 80 90

45



Best performing angularities: Mass

(%]

Events / Norm.

- Average of quark ang.
Average of gluon ang.
- Average of quark ang. No MPI No ISR
- Average of gluon ang. No MPI No ISR

Apgg =029

Aq, q no MPI no ISR =0.0003

Ag, g no MPIno IS

JetR=0.8
Angularity

pi“‘ =400 GeV

Herwig

Agoms, = 36291




Results:

Best performing angularities: LHA

E' 10— & 100 S Average of quark ang.
S L % S8 Average of gluon ang.
z ég s+ Average of quark ang. No MPI No ISR
7 B 28 ~~~ Average of gluon ang. No MPI No ISR
IS B 2 Agq =026
Q>J 8 [ 0 o Aq, qnoMPIno ISR = 0.0006
w — Ag,gno MPIno ISR = 0.0105
B JetR=0.38
— 4 Angularity 4]
cut
6— § " P =.400 GeV
L ; Herwig
| Agomp, = 36185
4 I 9
L AR
2|— s e
SN N
L y AN
- /
i ! ! | ! ! | ! ! ! | ! ! | ! ! !

0 0.2 0.4 0.6 0.8



Best performing angularities: Width
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4. Conclusion
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Conslution:

Main

idea it that properties of jets of a given flavour and

transverse momentum, are almost entirely independent

of the jet’s production mechanism.

Thus,

the energy-dependence can be used to extract the

flavour-dependent properties on a statistical basis.

We proposed selection of best performing angularities

More details: https://arxiv.org/abs/2307.15378

(@)

Plans:

Multidim angularities (2D, 3D) with machine learning
approach to enhance separation power
Derive jet topics: https:/arxiv.org/abs/1802.00008 since all

ingredients should be in place
Perform measurement - we will be happy to
contribute:-)
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Novel approach to measure quark/gluon jets at the LHC
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Abstract In this paper, we present a new proposal on
how to measure quark/gluon jet properties at the LHC.
The measurement strategy takes advantage of the fact
that the LHC has collected data at different energies.
Measurements at two or more energies can be combined
to yield distributions of any jet property s
quark and gluon jet samples on a statistic:

arated into
hasis, with-
out the need for an independent event-by-event tag. We
illustrate our method with a variety of different angu-
larity observables, and discuss how to narrow down the
search for the most useful observables.

1 Introduction

Experminelatlly, we can study partons (quarks and glu-
ons) by analyzing jets (narrow, energetic sprays of par-
ticles) whose kinematic characteristics mirror those of

As well as proposing an observable that can distin-
guish quark jets and gluon jets [7-16], any quantita-
tive analysis must also propose how to calibrate that
observable by independently tagging quark and gluon
jet samples. In some studies, this has been done by
calibrating against Monte Carlo samples in which the
“truth” flavour of the jet is known. However, one might
worry about whether event generators make sufficiently
reliable predictions of these flavour-dependent proper-
ties [17-19] and, indeed, this is something one would
like to test against the data. In other studies, another
method is used to tag the jet flavour, for example the
hard process dependence [20,21], and used to calibrate
the measurement of the proposed observable. Here
would worry that the two tagging methods are corre-
lated, yielding a biased measurement of the jet prop-
erty.

Tn thic nanar wn abns

Aur o snvintie Af anculavite Al

50


https://arxiv.org/abs/2307.15378
https://arxiv.org/abs/1802.00008

Events / Norm.

0.2

0.1

0.08

0.06

0.04

0.02

Wild cards (chosen by “eye”): multiplicity

=
s

NegG
ON

Dela
up

DelG
up

===t Average of quark ang.
S Average of gluon ang.
s+ PAverage of quark ang. No MPI No ISR
~~— Average of gluon ang. No MPI No ISR
Apqq =045
Ag gnoMPinoIsR = 0.0039
Ag gnoMPInoIsR = 0.0020
JetR=0.2
Angularity Ag
p;”‘ =200 GeV
Herwig
Acomb. = 35699

51



Events / Norm.

25

Wild cards (chosen by “eye”): mass

Deha

el
NM

Dl
NM

NegQ
N

NegG
ON

Delg
up

DelG
up

=== Average of quark ang.
S Average of gluon ang.
s+ Average of quark ang. No MPI No ISR
~~ Average of gluon ang. No MPI No ISR
Apqq =028
Aq, qno MPIno ISR =0.0098

Ag, gnoMPIno ISR = 0.0194
JetR=04

Angularity A}

pi”‘ =100 GeV

Herwig

b, = 34188

Acom

0.6 0.8

52



Events / Norm.

Wild cards (chosen by “eye”): LHA
9

8

||II‘IIII‘||I|‘||||‘||||‘|||I‘||||‘||II‘IIII

£

NegG
oN

Deld
up

DelG
up

NN
W

sz Average of quark ang. No MPI No ISR

Average of quark ang.
Average of gluon ang.

Average of gluon ang. No MPI No ISR
Afqq =0.28
A s = 0.0052

Ay gnoMpInoisr = 0-0077

q, g no MPI no IS

JetR=04
Angularity Ajs
pi”‘ =100 GeV
Herwig

Aoy, = 34533

53



Events / Norm.

Wild cards (chosen by “eye”): width

(%]

Dela

Deld
NM

DelG

NegQ
DN

NegG
N

Deld
up

DelG
D

AN
W
7

Average of quark ang.
Average of gluon ang.
Average of quark ang. No MPI No ISR
Average of gluon ang. No MPI No ISR
Apqq = 0.22

9, g no MPIno ISR = 0.0029

Ay grnoMPIno ISR = 0.0021

JetR=0.2
Angularity 2]
pi”' =100 GeV
Herwig

Agomp. = 32746

54



Back-up

Herwig vs Pythia e - Z i e f - Z i
2 C 454 Average of guon ang. 2 & 44 Average of guon ang.
Z - Average of quark ang. No MPINo ISR Z e Average of quark ang. NoMPINo ISR
Pt S5 Average d guon ang. Ko WP Ko SR 25 55 Avesge d uon ang No WP 1o SR
g - k - :‘::,_,,‘_u-omm g = ! o i‘::,_ o = 0.0001
& [ Pt & F Pl
: JetR«08 = JetR«08
15— Anguiasty 12 £ Anguy 12
L s 400 GV o pi « 400 GeV.
He = Pytia
C Acet, = 37979 t— Acet, «37031
10 r
5
odZ Lo L | i i
0.2 0.4 06 0.8 1 06 0.8 1

Fig. 17 Quark and gluon averaged angularities /\g, R = 0.8 with highest score A, = 37979 using HERWIG event generator
(left) and Acomb = 37031 using PyTHIA event generator (right), with p§'* = 400 GeV, using the average of 6 energy combinations
900-2360, 900-7000, 90013000, 2360-7000, 2360-13000, 7000-13000 GeV.

Fig. 18 Quark and gluon averaged angularities MMDT A} ., R = 0.8 with score Acomb = 36185 using HERWIG event generator
(left) and Acompb = 34916 using PyTHiA event generator (right), with p§** = 400 GeV, using the average of 6 energy combinations
900-2360, 9007000, 900-13000, 2360-7000, 2360-13000, 700013000 GeV.
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Results:
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Best performing angularities: LHA
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Best performing angularities: Width
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Negativity of gluon angularities no MPI no ISR [%]
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What is a Quark Jet?

From lunch/dinner discussions

llI-Defined What people
sometimes
think we mean

A
Quark
as noun

Quark
as adjective

v
Well-Defined What we mean

[slide by Jesse Thaler]

A quark parton
A Born-level quark parton
The initiating quark parton in a final state shower

An eikonal line with baryon number [/3
and carrying triplet color charge

A quark operator appearing in a hard matrix element
in the context of a factorization theorem

A parton-level jet object that has been quark-tagged
using a soft-safe flavored jet algorithm (automatically
collinear safe if you sum constituent flavors)

A phase space region (as defined by an unambiguous
hadronic fiducial cross section measurement) that yields
an enriched sample of quarks (as interpreted by some
suitable, though fundamentally ambiguous, criterion)

76



