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Quark and Gluon Jets

Quarks are color triplets and Gluons are color octets.We observe color-singlet hadrons.

No unambiguous hadron-level definition of jet flavor.

We often rely on unphysical notions such as parton shower event records to define jet flavor in practice.

Can quark and gluon be made well-defined nonetheless? Similar to defining jets themselves.
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* Measurable, if the QCD jet substructure is universal
(It depends on only pr and rapidity, not # of jet)

Quark and gluon jet identification

* Use the same discriminant as in Run1 (extensively optimised and validated)

* Many applications are conceivable i * Three discriminating variables combined in a likelihood

+ Data/MC scale factors extracted from dijet and Z+jet events, used for systematic
reshaping

quark vs gluon
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If data and simulation differ, this is sub-optimal!
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Up to now no e+e- data has

Constrained by LEP been used to constrain it




-______________________________________________________________________
What are “Quark’” and “Gluon” Jets!?

From lunch/dinner discussions

lll-Defined What people
sometimes

think we mean

A
Quark
as noun

Quark
as adjective

v

Well-Defined What we mean

What is a Quark Jet?

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

An eikonal line with baryon number 1/3
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)

Eric M. Metodiev, MIT
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[P._Gras, et al., 1704.03878]

Systematics of quark/gluon tagging

Philippe Gras,” Stefan Hiche,” Deepak Kar,® Andrew Larkoski,?
Leif Lonnblad,© Simon Platzer,”¢ Andrzej Siédmok,”"* Peter Skands,’
Gregory Soyez,” and Jesse Thaler

2 What is a quark/gluon jet?

The definition we adopt for this study is inspired by the idea that one should think about
quark/gluon tagging in the context of a specific measurement, regardless of whether the
observable in question has a rigorous factorization theorem.

e A phase space region (as defined by an unambiguous hadronic fiducial cross
section measurement) that yields an enriched sample of quarks (as inter-
preted by some suitable, though fundamentally ambiguous, criterion). Here,
the goal is to tag a phase space region as being quark-like, rather than try to deter-
mine a truth definition of a quark. This definition has the advantage of being explicitly
tied to hadronic final states and to the discriminant variables of interest. The main
challenge with this definition is how to determine the criterion that corresponds to suc-
cessful quark enrichment. For that, we have to rely to some degree on the other less

well-defined notions of what a quark jet is.

Eric M. Metodiev, MIT
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2 What is a quark/gluon jet?

The definition we adopt for this study is inspired by the idea that one should think about
quark/gluon tagging in the context of a specific measurement, regardless of whether the
observable in question has a rigorous factorization theorem.

e A phase space region (as defined by an unambiguous hadronic fiducial cross
section measurement) that yields an enriched sample of quarks (as inter-
preted by some suitable, though fundamentally ambiguous, criterion). Here,
the goal is to tag a phase space region as being quark-like, rather than try to deter-
mine a truth definition of a quark. This definition has the advantage of being explicitly
tied to hadronic final states and to the discriminant variables of interest. The main
challenge with this definition is how to determine the criterion that corresponds to suc-
cessful quark enrichment. For that, we have to rely to some degree on the other less

well-defined notions of what a quark jet is.

To define the truth-level jet flavor, we use a simple definition: a quark jet is a jet produced
by a parton-shower event generator in ete™ — (v/Z)* — wiu hard scattering, while a gluon
jet is a jet produced in eTe™ — h* — gg.

Eric M. Metodiev, MIT On the Topic of Jets
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Our Plan: An operational definition of quark and gluon jets

That definition:

[A quark jet is defined by:]

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)

This talk:Translating those 30 words to these 2 equations:

_ pa@—kar 0o (x)

pquark(x) — 1—kp pgluon(x) =

(x)—K; A Dalx)
1-K:.a

Eric M. Metodiev, MIT

On the Topic of Jets



A picture of quark and gluon jets
Anti-kT R=0.4 jets
Z+jet and

|. Take your favorite jet algorithm

Consistuent Multiplicit
2. Consider two jet samples A and = of QCD jets onsistuent Futtiplicity

0.05 4 Jet Topics
. Pythia 8.226, \/s=13 TeV
3. Choose a jet substructure observable x R'= 0.4, pr €350.275] GeV
0.041
g 0.03 1 :
“ » “ » “ » - . o S Z+ '@
4. “Assume” that “quark” and “gluon” jets exist = dijets
Z0.021
£
0.01 A
5. “Assume” “quark/gluon” jet mutual irreducibility
" 20 10 60 80 100

Constituent Multiplicity

The samples A and © are statistical mixtures of quark and gluon:

psampleA(x) = qu pquark(x) + ng Pgluon (x), ng =1~ qu

(x) = fq pquark(x) + fg pgluon(x)» fg =1- qu

Similar picture to template- and fraction-based methods.

On the Topic of Jets
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e
A/ Likelihood Ratio

psampleA(x) — qu pquark(x) + (1 _ qu) pgluon(x)
(x) — fq pquark(x) + (1 _ fq) pgluon(x)

qu Lquark(x) + (1 - qu)
LA(x) — Pa (x) _ gluon
B (x) fq Lquark(x) + (1 — fq)
gluon

The A/" and quark/gluon likelihood ratios are monotonic!

El €..» Classification without labels (CWola)

2 * Optimal A/ classifier is the optimal quark/gluon classifier.

E * Use machine learning to approximate A/" likelihood ratio.

E See Ben’s talk! [EMM, B. Nachman, ]. Thaler, 1708.02949]

% . . o 1rd

. The A/ likelihood ratio is bounded between f—‘ﬁ, and 1—;},!

2 1 Jet Topics

E 2 *  “Mutually irreducibility” means the bounds saturate

- * Obtain the maxima and minima of the A/ likelihood ratio.
Quark/Gluon Log-Likelihood Ratio, In ﬁi((g; .

Solve for the quark/gluon fractions and distributions.
[EMM, . Thaler, 1802.00008]

On the Topic of Jets g
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Systematics of quark/gluon tagging [P Gras. et . 1704.03878]
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To better understand this last definition, consider a quark/gluon discriminant A.

b e
“quarks”’ =i “gluons”
Lquark(x) = -7 Lguan® =0
gluon gluon

0 20 40 60 80 100
Constituent Multiplicity

For example, the user could choose that small A jets should be tagged as “quark-like”  Mutual irreducibility!

while large A jets should be tagged as “gluon-like”. Alternatively, the user might combine
A with other discriminant variables as part of a more sophisticated classification scheme.

These concepts are not new in physics, and have been around for a while.

Quarlk/gluon mutual irreducibility: There are some substructure phase
space regions where quark and gluon jets are pure.

q
EC N - palx) _1-F,
min =g min = q
x pa(x)  f, () 1-f
On the Topic of Jets 9
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Demixing the mixtures

pa(x) = qu pquark(x) T (1 — qu) Pgluon (x)
(x) — fq pquark(x) + (1 o fq) pgluon(x)

0.05 1 Jet Topics
Pythia 8.226, v/s=13 TeV
R'= 04, pr €[250,275] GeV

. (x) "1 = mi pa(x)
K = Mmin & A =
A X Pa (x) = 0031 Y 7+ et X (x)
fq EE dijets 1-— flg

.02 —
0.0 / 1—fq

0.01 1 /

S
UU[} h T T
0 20 40 60 80 100

Constituent Multiplicity

|
N
/

Solve for the quark and gluon distributions and fractions:

1 — Ky g Koa(l—Ka)

q _ —
fa 1—Kp K p 1—KprKip

(x)— (x) (x)— (x)
pquark(x) = baz 1_KI?A - pgluon(x) — . 1_KK AApA -

Eric M. Metodiev, MIT On the Topic of Jets




Demixing the mixtures

pa(x) = qu pquark(x) T (1 — qu) Pgluon (x)
(x) — fq pquark(x) + (1 o fq) pgluon(x)

Defined from data Ambiguous!?

0.05 Jet Topics

R Pythia 8.226, \/5=13 TeV

R'= 04, pr €[250,275] GeV

(X) by O] 531 7 + jet . Pa (x)

K A = min % (lij('r:s' KA = min
X pA (x) Q, s Fod Z + quark X (x)

q % F 1 7+ gluon 1_fq

f— ER) 02 O Jet Topic 1 = A

2 BBl Jct Topic 2 / 1—- f 1

0.01 1

|
NS

0.00 - T 1
0 20 40 60 80 100
Constituent Multiplicity

Solve for the quark and gluon distributions and fractions:

£a 1—kp g Koa(l—Kpn)
R N 1—KprKip
_ pax)—ka (x) _ r(@)-KkaApax)
pquark(x) = . pgluon(x) = 1~ 1
On the Topic of Jets




An operational definition of quark and gluon jets

Quark and Gluon Jet Definition (Operational): Given two samples A and = of
QCD jets at a fixed py obtained by a suitable jet-finding procedure, taking A to be
“quark-enriched” compared to ", and a jet substructure feature space x, quark and
gluon jet distributions are defined to be:

_ pa)—ka: 0o (x)

pquark(x) = 1—kn pgluon(x) =

(xX)—K:A Da(X)
1-K A

Well-defined and operational statement in terms of hadronic cross sections.
Not a per-jet flavor label, but rather an aggregate distribution label.

Defined in the context of a specific pair of samples A and ", regardless of whether the
observable in question has a rigorous factorization theorem.

Additional jet processing (e.g. grooming) can be folded into definition of A and

Extracting topics well is fundamentally easier than tagging well.

Eric M. Metodiev, MIT
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A picture of quark and gluon jets
Anti-kT R=0.4 jets

Z+jet and

|. Take your favorite jet algorithm

Consistuent Multiplicit
2. Consider two jet samples A and = of QCD jets onsistuent Futtiplicity

0.05 4 Jet Topics
. Pythia 8.226, \/s=13 TeV
3. Choose a jet substructure observable x R'= 0.4, pr €P50.275] GeV
0041
E 0.03 1 I 7+ jet
« ”» ¢« ”» « ”» & 3
= dijets
Z0.021
&
0.01
(X3 99 ¢¢ 99 o
0.00 . . : ; ,
0 20 10 60 80 100

Constituent Multiplicity

The samples A and © are statistical mixtures of quark and gluon:

psampleA(x) = qu pquark(x) + ng Pgluon (x), ng =1~ qu

(x) = fq pquark(x) + fg pgluon(x)» fg =1- qu

Firm foundation for data-driven methods.

On the Topic of Jets
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Exploring substructure feature spaces

Why restrict ourselves to multiplicity? It works, but we can explore this choice.

We can also use a trained model (with CWola) as an observable in its own right.

Observables Models

Number of particles in the jet Full particle-level information
* Soft Drop Multiplicity ngp  PFN

Probes number of perturbative emissions Full four-momentum information
* Image Activity Ngs e EFN

Number of pixels with 95% of jet pr Eull IRC-safe information

(B=1) See Patrick’s talk!
N-subjettiness 7, e EFPs

Probes how multi-pronged the jet is Full IRC-safe information, linearly

Jet Mass m « CNN

Mass of the total jet four-vector Trained on two-channel jet images

Width w * DNN

Probes the girth of the jet Trained on an N-subjettiness basis

Eric M. Metodiev, MIT On the Topic of Jets
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Exploring substructure feature spaces

Observable Histogram Ratios PRELIMINARY Casimir scaling of mass and
Pythia 8.230, /s = 14 TeV . )
R = 0.4, pr € [500,550] GeV _{ width is observed (gray).
¢
. ¥ 3 ! Count observables come closer
§ to saturating the bounds (black)
Ty than shape observables.
E:?
A Lower bound easier to extract
P N N - - .
T ol T than upper. (i.e. Gluons are easy!)
+ Constituent Multiplicity nconst + N-subjettiness riA=D
+ Soft Drop Multiplicity nsp + Width w
Image Activity Ngs + Jet Mass m
0.0 0.2 0.4 0.6 0.8 1.0 neonst nsp Nos T?gﬁ:l) w m

Observable Value (Scaled)

Model Output Histogram Ratios
Pythia 8.230, /s = 14 TeV
R =04, pr € [500,550] GeV

PRELIMINARY | Models CWola-trained. -
Fully data-driven.

Well-behaved likelihoods close
to S/(S+B) expectation.

All different models manifest the
same bounds.

/
In Pajjets/ Pz +jet

—4— PFN-ID —%— EFPs

—34— PFN —§— CNN
—4— EFN DNN

Insensitive to the model details.

PFN-ID PFN EFN EFPs CNN DNN  [PT. Komiske, EMM, ]. Thaler, Upcoming.]

On the Topic of Jets
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Extracting quark and gluon distributions

. 0.05 .
0.040 4 EFP-Extracted Fractions Dijets EFP-Extracted Fractions Dijets o EFP-Extracted Fractions Dijets
Pythia 8.230, /5 = 14 TeV 1 Z-+jet Pythia 8.230, /5 = 14 TeV [ Z+jet 17.5 Pythia 8.230, /5 = 14 TeV O Z+jet
0.0354 B =04, pr €[500,550] GeV =3 Quark 0.04 R =04, pr € [500,550] GeV =1 Quark R =04, pr € [500,550] GeV =3 Quark
& — =2 Gluon ' =1 Gluon 15.0 4 =2 Gluon
= 0.030 7 o g ©O— Topic 1 = ©— Topic 1 = rp ©— Topie 1
§ @ Topic 2 g 0.03 —e— Topic 2 @ 12,54 —@— Topic 2
0.025 WU s
n PRELIMINARY ‘é PRELIMINARY é 1004 PRELIMINARY
= 0.020 1 = 3
=) = =
= £ 0.02 A g
E 5 - E --5
S 0.015 . &
0.010 ~
0.01 A
0.005 1
0.000 - 0.00 - _
0 20 40 G0 80 100 120 0 25 50 5 100 125 150 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Jet Mass m [GeV] Constituent Multiplicity negnst Width w
30 .
EFP-Extracted Fractions Dijets EFP-Extracted Fractions Dijets EFP-Extracted Fractions Dijets
Pythia 8.230, /5 = 14 TeV 3 7+jet 0.12 4  Pythia 8.230, /5 = 14 TeV 3 7-+jet Pythia 8.230, /5 = 14 TeV C Z+jet
0201 R—04,pr € [500,550 GV =3 Quark R=0.4, pr € [500,550] CcV C=1 Quark 954 R =04, pr € [500,550] GeV ==3 Quark
- P = =1
yon —2 Gluon 0.10 4 =23 Gluon ‘ - Gl'-“'i'ﬂ
= 16% Yo @ Topic 1 = ©— Topic 1 f ©— Topic 1
Z 0.15 7 I opi z —@— Topic 2 g —®— Topic 2
o ' z (.08 1 s
=
i E_ PRELIMINARY 2, PRELIMINARY
E = = 157
£ 0.10 0.06 - 3
S s E
o 2 £ 101
= * 0.04+
0.05 ;
0.02 | 27
0.00 -+ . . . . T ; 0.00 : 0 ' ‘ ' T
00 25 50 75 100 125 150 0 10 20 30 40 50 60 000 005 010 o015 020 025 030 035

N-subjettiness 'ré'ﬁ: 2

Soft Drop Multiplicity ngp

Eric M. Metodiev, MIT
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(Self-)calibrating quark and gluon class

1.0 7
The extracted quark and gluon fractions
can calibrate quark/gluon classifiers and
evaluate tagging performance. 081
0.6 A

Even the classifier that was used to
extract the fractions in the first place!

lnon Jet Background Rejection

G

Note: To compare classifiers, one can just
use the performance on A vs = directly. 0.0

(0.4 4 = Truth

=-== EFPs Extracted
=== (CNN Extracted
024 === Jet Mass m Extracted
=== Soft Drop Multiplicity nsp Extracted

. . 3=1
=== N-subjettiness 7," Y Extracted

ifiers

betty

PRELIMINARY

EFPs: Extracted ROCs
Pythia 8.230, /s = 14 TeV
R = 0.4, pr € [500, 550] GeV

0.0

Eric M. Metodiev, MIT
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Quark Jet Signal Efficiency




-_______________________________________________________________
Looking ahead

How does “sample dependence” manifest in this language!?
Pairs of samples define quark and gluon. Different pairs of samples yield different flavor definitions.

Comparing definitions from different samples (dijets, Z+jet, gamma+iet, ...) in data could probe how
universal quark and gluon are. Can grooming improve this?

There are ways to quantify how “explainable” a new sample C is by quark and gluon:

max(f9+ f9) s.t. po(x)=f1 Pq(x) + /9 pg(x) + (1= 7= 19) Pother(X)

Beyond quarks and gluons?
Multi-sample & multi-category generalizations of these ideas exist (though become more complicated).

These ideas may be useful for other boosted hadronic objects as well.

Eric M. Metodiev, MIT
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Summary

* An operational definition of quark and gluon jets defined directly in
terms of hadronic cross sections:

(x)—K A pA(X)
1-K A

) = pa(x)—Ka (x)
1-Kp

Pquark (x Pgluon (x)

* Allows quark and gluon jet distributions to be measured separately
without fraction or template inputs:

—8— Topic 2

PRELIMINARY | =" PRELIMINARY 8 PRELIMINARY

|||||

nnnnn

* Provide a firm foundatlon for data driven technlques
* Template methods, classification without labels, etc.

* Potential to probe questions of sample dependence in data

Eric M. Metodiev, MIT On the Topic of Jets



The End
Thank you!
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Jet topics from QCD: Casimir scaling

Jet mass (and many substructure observables) exhibits Casimir scaling at
. . . ) 4
Leading Logarithmic accuracy: Ca Cr = 5 for quarks

Xo(m) =%, (m)Cr C4 = 3 for gluons

The quark/gluon reducibility factors at LL for any Casimir scaling observable are:

m X,/ (m) C Ca
Kgq = mlnp‘g( ) = min (m) _ Aman (m)CF =0
m- p,(m) m X, (m) Cp m

m X,/(m) C Ca
Kgg = min—— P (m) = min q,( ) = FminZé,(m) CF = — = —
g m pg(m) m X, (m) C4 m

Jet Topics

Pythia 8.226, /s=13

R =04, pr €]250,27 ] ((\'
7 + jet

22 dijets

=4 Z+ quark

P~ 7 + gluon

O Jet Topic 1

BBl et Topic 2

“quark”, s-corrected

Observable Histogram Ratios PRELIMINARY 0.08
U0 1

Pythia 8.230, /s = 14 TeV

Ié: 0.4, pr € [500.550] GeV =
T%‘ 0.07
i"' ® A
A e =S Eg ()(P()-

0.05 1

0.04 1

0.03 1

In Pgijets/ Pz +jet
Probability Density

0.02 1

+ Constituent Multiplicity rneonst + N-subjettiness TA('f 1)

—&$— Soft Drop Multiplicity nsp —$— Width w 0.011
Image Activity Nos —$— Jet Mass m 0.00 - ¢
l)f“ l)t‘) l'f—l UTU Ui?}' ll.U . - ; 00 o
- Jet Mass (GeV)

Observable Value (Scaled)
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Jet topics from QCD: Poisson scaling

Soft Drop Multiplicity (and other count observables) exhibits Poisson scaling
at Leading Logarithmic accuracy: Cr = g for quarks

pg(n) = Pois(n; CpA), py(n) = Pois(n; C4). C, = 3 for gluons

The quark/gluon reducibility factors at LL for any Poisson scaling observable are:

n ,—CuA n
pg (TL) . (CAA) e 4 A(Cr—Cp) . CA A(Cr—Cp)
Kgq = MIn = min e A min| — | =et A
n py(n) n (CpA)™ e CF n \Cp
n ,—CpgA n
pq (Tl) . (CFA) e °r A(Ca—CF) . CF
Kg,g = min = min —— =" AT P min|—| =0
n pg(m) n (A" e™C4 n \(4
) = Quarks, LL 0.35 i = Quarks, LL
27 m— Gluons, LL | | — (Gluons, LL
Jet Topic 1, LL 0.30 . Jet Topic 1, LL
i mmm  Jot Topic 2, LL - mmm Jet Topic 2, LL
z PRELIMINARY g 0.25 I - PRELIMINARY
D: 31 z 0.20
;i: :% 0.15
2 21 o
A
0.10
1 4
0.05
0 T T T T 0.00 T T T T T R T T T
0.0 0.2 0.4 0.6 0.8 1.0 o1 2 3 4 5 6 7 & 9
Casimir-scaling Ohservable Poisson-scaling Ohservable
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Extracting quark and gluon fractions

1.0

1.0
0.0 4
_________________________ 0.9
¢ g J et B e e L e T L
0.8 i * { 0.8 &
:‘5 U.T -1 % D.T i
% 0.6 n i‘: 0‘6 _
S5O ___ & e ___®
= U # R e T e
€ 04 ¢ { I3
.g . % O 4 -
= &
% 037 £ 0.3 1
0] PRELIMINARY = 15] PRELIMINARY
Extr.acted Topic Fractions : Extracted Topic Fractions
0.1 gyihgafj?'og[/jo N ;;O}T(e}‘gv 014 Pytuia 230, 5= 14Tev
=v5Pr 2 R =04, pr € [500,550] GeV
0.0
! ! rl I_ _I. I_ 040 1 1 T L T T
Meonst 5D Nos - Z(B=Dw m PFN.ID PFN EFN EFPs CNN DNN
Observable Model

From the reducibility factors, the quark and gluon fractions of the samples can be obtained.

Eric M. Metodiev, MIT
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0.040 -
Jet Mass [ Quark Constituent Multiplicity =3 Quark
0.035 1 Pythia 8.230, /5 = 14 TeV [ Gluon Pythia 8.230, /s = 14 TeV [ Gluon
e R =04, pr € [500,550] GeV — dijets 0.04 0 R =04, pr € [500,550] GeV — dijets
0.030 === Z+jet —— Zijet
0.025 PRELIMINARY 0.03 4 PRELIMINARY
. 27 -
n
0.020
0.02 1
0.015
0.010 A
0.01 A
0.005 4
0.000 T T T T T 0.00 T T T T T T
0 20 40 G0 80 100 120 0 25 50 75 100 125 150
Jet Mass m [GeV) Constituent Multiplicity neopse
0.12 - TImage Activity [ Quark Soft Drop Multiplicity 3 Quark
Pythia 8.230, /5 = 14 TeV 1 Gluon 0.20  Pythia 8.230, /5 = 14 TeV = Gluon
R =04, pr € [500,550] GeV — dijets R =04, pr € [500,550] GeV — dijets
0109 —= Ztiet ——— Ztjet
g PRELIMINARY 0.15 1 5 PRELIMINARY|
£ 0.08 4 =
[=]
ey
0.06 0101
=
"_E A=
& 0.04
0.05
0.02 4
0.00 T T T 7 T T 0.00 T T T T 7 }
( 10 20 30 40 50 60 0.0 2.5 5.0 7.5 10,0 125 15.0
Image Activity Nos Soft Drop Multiplicity ngp
175 Width 1 Quark N-subjettiness 74°~" = Quark
Pythia 8.230, /5 = 14 TeV [ Gluon o5 Pythia £.230, ‘/f = 3;1 TeV [ Gluon
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MC-labeled sample dependence in Pythia



