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Brief introduction to “jets”

Schematic overview of jet substructure

Interlude: A helpful representation of emissions in QCD

@ Substructure ramifications into:
V" Searches for new physics
v Conceptual understandings of QCD
v Precision measurements
v Heavy-ion collisions
v" Machine learning
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Brief introduction to “jets”

Schematic overview of jet substructure

Interlude: A helpful representation of emissions in QCD

@ Substructure ramifications into:

V" Searches for new physics

v Conceptual understandings of QCD
v Precision measurements

v Heavy-ion collisions

v" Machine learning

Disclaimer: although this reviews many aspects of the field,
it remains biased towards my own work

See S.Marzani, GS, M.Spannowski, “looking inside jets: an introduction to
jet substructure and boosted objects phenomenology” ]
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Anatony of a high-energy collision

Colliders study fundamental interactions at high energy )

hard
interaction
D ——

1 GeV 10 GeV 100 GeV 1 TeV scale
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Anatony of a high-energy collision

Colliders study fundamental interactions at high energy )

hadrons hard
(7, K, p,n,...) parton branchings interaction

1 GeV 10 GeV 100 GeV 1 TeV scale
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Anatony of a high-energy collision

Colliders study fundamental interactions at high energy ]

Hard + branchings

@ perturbative QCD
@ controlled, solid
@ predictive with

genuine theory
uncertainties

y

@ NON-perturbative

@ needs modelling

hadrons hard
(7, Ky pyn,...) parton branchings interaction @ model-dependent

i ! ! -

1 GeV 10 GeV 100 GeV 1 TeV scale
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Basic concepts

@ “high-energy parton” — collimated shower of particles = a JET

@ Jets are proxies to hard partons produced in collisions
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www.fastjet.fr

“Jets”

Basic concepts

@ “high-energy parton” — collimated shower of particles = a JET

@ Jets are proxies to hard partons produced in collisions

Practically

@ obtained by running a clustering algorithm
@ the LHC uses the anti-k; algorithm [M.Cacciari, G.Salam, GS, 08]

o FastJet covers all your numerical needs for clustering [www.fastjet.fr]

v
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Basic concepts

@ “high-energy parton” — collimated shower of particles = a JET

@ Jets are proxies to hard partons produced in collisions

@ obtained by running a clustering algorithm
@ the LHC uses the anti-k; algorithm [M.Cacciari, G.Salam, GS, 08]

o FastJet covers all your numerical needs for clustering [www.fastjet.fr]

Applications

@ ubiquitous in collider physics
@ around since 40 years

@ used in at least 60% of LHC analyses
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Example of a LHC event




Jet substructure (and boosted objects):

there is more to the picture
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Boosted objects

(massive) objects produced boosted (energy >> mass) are seen as 1 jet:

m
9 -~ —
9 Pt
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Boosted objects

pe S m p: > m

“Jets” can originate from sth else than a QCD parton (quark/gluon)!
How do we tell?
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Other examples

What jet do we have here?
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Other examples

What jet do we have here?
@ a quark?
@ a gluon?
@ a W/Z (or a Higgs)?
@ a top quark?

Source: ATLAS boosted top candidate

Main idea

look at the internal dynamics of jets i.e. study their sustructure
(as opposed to considering jets as monolithic objects)
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o Compared to standard jets, substructure uses a large toolkit
Clearly beyond the scope of this overview
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o Compared to standard jets, substructure uses a large toolkit
Clearly beyond the scope of this overview

@ Basic tools are organised around 2(s) major concepts:

v’ "peak/prong finders”:
e W/Z/H/t decay into hard partons = jets with multiple hard cores
e QCD (q/g) jets dominated by soft radiation = single cores

Tools search for multiple hard cores

v Radiation patterns:
colourless W /Z/H has less radiation than q/g jets
Tools (jet shapes) to quantify radiation

\/ (also grooming to remove soft contamination from fat jets)
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A practical example

Boosted W jets: separate boosted W — gg from QCD jets
in Z(— ptp)+jet events

no substructure no substructure
16 T T T 8 T T T
LHC Vs=14 TeV, Pythia8 total LHC Vs=14 TeV, Pythiag | Z(H)+W(jet)
14 | 82<Mee<102 GeV background 7 | 82<mee<102 GeV (k) +QCD jet
piz>2 TeV piz>2 TeV

12 | anti-k(R=1) 6 | anti-ke(R=1) 4
c c
o (=}
g g
o 10 o 5 B
& b
@ 2
g sl § al 1
hel o
g g
g °r g 37 b
2 2
Qo Q
[s} o

4 2 B

2+ 1+ B

0 0 - =t ————

0 50 100 150 200 0 50 100 150 200
jet mass [GeV] jet mass [GeV]
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A practical example

Boosted W jets: separate boosted W — gg from QCD jets
in Z(— ptp)+jet events

observed cross-section

-
IS

-
N

[
o

2 hard prongs (mMDT)

toltal
background
LHC Vs=14 TeV, Pythia8 |
82<mMee<102 GeV
ptz>2 TeV
anti-k(R=1) |
mMDT(z¢,+>0.1)

50 100 150 200
jet mass [GeV]

observed cross-section

2 hard prongs (mMDT)

T T T
LHC Vs=14 TeV, Pythiag Z(HK)+W(jet)
Z(up)+QCD jet

I 82<me.<102 GgV
ptz>2 TeV

I anti-k¢((R=1)

MMDT(z¢¢>0.1)

0 50 100 150

jet mass [GeV]

[MMDT/SD: M.Dasgupta,A.Fregoso,S.Marzani,G.Salam,13; S.Marzani,GS,J. Thaler,14]
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A practical example

Boosted W jets: separate boosted W — gg from QCD jets
in Z(— ptp)+jet events

2 hard prongs + radiation (mMDT+dichroic D2)

4

3.5

3

25

15

observed cross-section
~

0.5

toltal
background
LHC Vs=14 TeV, Pythia8
82<mge<102 GeV
ptz>2 TeV
anti-k¢(R=1)
mMDT(z,:>0.1)
SD(B=2,2¢,>0.04)
DBichroic<2

50

100 150
jet mass [GeV]

200

observed cross-section

2 hard prongs + radiation (mMDT+dichroic D2)

8

T T T
LHC Vs=14 TeV, Pythiag Z(HK)+W(jet)

F 82<mge<102 GeV
ptz>2 TeV

L anti-kg(R=1)
MMDT(z¢,¢>0.1)

L SD(B=2,2¢>0.04)
DPichroic<2

Z(uu)+QCD jet

0 50

100 150 200

jet mass [GeV]

D>:A.Larkoski,G.Salam,J. Thaler,13;l.Moult,L.Necib,J. Thaler,16; dichroic:G.Salam,L.Schunk,GS,16
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Interlude:

A useful representation of radiation in a jet
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Basic features of QCD radiations

Take a gluon emission from a (qg) dipole

Emission:
Pq

ki = zgply + zgpy + K
k
3 degrees of freedom:
o Rapidity: n = % log ;—Z
@ Transverse momentum: k|
o Azimuth ¢

In the soft-collinear approximation

o(k k
dP:a(é)CFdndegb
™ kJ_
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Basic features of QCD radiations: the Lund plane

Lund plane: a natural representation uses 7 and log k|

4 log k¢

A~
0 2

k, nPa

)

2\

(9
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Basic features of QCD radiations: the Lund plane

Lund plane: a natural representation uses 7 and log k|

4 log k¢

A~
0 2

)

2\

(9

For a jet: n = —logtanf/2 =~ log1/0, § < R
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A look into the Lund plane kinematics

log( z ©)
1 Emissi ith
mission wi
mom fraction z 1 — Xz <
angle 6 9
[ )

2y

log(1/
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A look into the Lund plane kinematics

log( z ©)

|

)

Emission with
mom fraction z
angle 6

¢ Equal Ry=z 6

2y

log(1/
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A look into the Lund plane kinematics

log( z ©)
1 Emissi ith
mission wi

mom fraction z 1 —Z <

angle 6 9

qual Rz 6

<
%,
Q/é
log(1/ 6)
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A look into the Lund plane kinematics

log( z ©)
A

Emission with 1 .
mom fraction z

JISSRN!
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A look into the Lund plane kinematics

log( z 6)

A
Emission with

mom fraction z

In(k¢/GeV)

(v bue|) S|

%
%

Primary Lund-plane regions

non-pert. (small k¢)

S
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Jet substructure:

A few examples
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Frequent tool: Cambridge/Aachen (de-)clustering

Cambridge/Aachen: iteratively recombine the closest pair
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Frequent tool: Cambridge/Aachen (de-)clustering

Cambridge/Aachen: iteratively recombine the closest pair

|

/T

4 {
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Frequent tool: Cambridge/Aachen (de-)clustering

Cambridge/Aachen: iteratively recombine the closest pair

|

/T

V4

Usage: iteratively undo the clustering to study internal jet dynamics
Typically: follow the hardest branch (largest p; or z)
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Example: mMDT /SoftDrop prong finder

[J.Butterworth,A.Davison,M.Rubin,G.Salam,08]

all jets, default R=1.2 |
e ' (modified)MassDrop

p, [GeV] |
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Example: mMDT /SoftDrop prong finder

[J.Butterworth,A.Davison,M.Rubin,G.Salam,08]

all jets, default R = 1.2 |
T ' (modified)MassDrop

p, [GeV] |

Idea: undo clustering
until z > z.,+ = 0.1
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Example: mMDT /SoftDrop prong finder

[J.Butterworth,A.Davison,M.Rubin,G.Salam,08]

Drop step 1; Delta R =1.03129; pt1=243.291 m1=139.158; pt2=3.944 m2=5.24475 |

|
[GeV] - o
Pe B T (modified)MassDrop

Idea: undo clustering
until z > z.,+ = 0.1

@ undo the last
clustering step

e z=0.016 < 0.1
carry on
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Example: mMDT /SoftDrop prong finder

[J.Butterworth,A.Davison,M.Rubin,G.Salam,08]

Drop step 2; Delta R = 0.87699; pt1=146.636 m1=52.3423; pt2=102.622 m2=27.7967 |

|
[GeV] - o
Pe B T (modified)MassDrop

Idea: undo clustering
until z > z.,+ = 0.1

@ undo the last
clustering step

e z=0.016 < 0.1
carry on

e z=041>0.1
stop
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Example: mMDT /SoftDrop prong finder

[J.Butterworth,A.Davison,M.Rubin,G.Salam,08]

Drop step 2; Delta R = 0.87699; pt1=146.636 m1=52.3423; pt2=102.622 m2=27.7967 |

|
[GeV] - o
Pe B T (modified)MassDrop

Idea: undo clustering
until z > z.,+ = 0.1

@ undo the last
clustering step

e z=0.016 < 0.1
carry on

e z=041>0.1
stop

Variant: SoftDrop: impose z > zcutéﬁ [A.Larkoski,S.Marzani,GS,J. Thaler,14]
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Visualising the sustructure with the Lund plane

[F.Dreyer,G.Salam,GS,18]

|

/T
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Visualising the sustructure with the Lund plane

[F.Dreyer,G.Salam,GS,18]

|

/S

E4)

a 3
— 01 92 9 Z)
3 {o:

Consider all the emissions from the hardest branch
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Visualising the sustructure with the Lund plane

[F.Dreyer,G.Salam,GS,18]

One jet
. dijets
VS =14TeV, p;>2 TeV
6 Pythia8(Monash13)
5 -
a4
— - —
3 s <
Q
$ 2 J
£
1
-
0
- - -
-11 m - -
- -
-2 Z
0.0 05 1.0 1.5 2.0 25 3.0 35 4.0 45 5.0 4
In(R/AR1,) O
0 5 10 15 20 25

Consider all the emissions from the hardest branch
Put them in the Lund plane
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Visualising the sustructure with the Lund plane

] [F.Dreyer,G.Salam,GS,18]
One jet Average over jets

dijets QCD jets, full plane
7 7
Vs =14TeV, p;>2 TeV Vs =14TeV, p;>2TeV
6 Pythia8(Monash13) 6 Pythia8.230(Monash13)
5 - 5
4 4
— - =
2 3 2 3
Q Q
~ ~
= 2 — 2
1 1
-
0 0
- - -
14 m - - - ]
- -
-2 T T T T T - - - T -2
0.0 05 1.0 1.5 2.0 25 3.0 35 4.0 45 5.0 0.0 05 1.0 1.5 2.0 25 3.0 35 4.0 45 5.0
In(R/AR12) In(R/AR12)
[ . [ 2~ .
0 5 10 15 20 25 00 01 0.2 03 04 05 06 0.7 08 09

Consider all the emissions from the hardest branch
Put them in the Lund plane
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Lund plane and W tagging

QCD jets, full plane

VS=14TeV, p>2 TeV
Pythia8.230(Monash13)

W jets, full plane
VS =14TeV, p>2 TeV

@ In practice: split into a
“leading” emission and Lund
plane for all the others

Ink/GeV)
Ink/GeV)

@ Use ratio to build a
log-likelihood discriminant

In(RIBRy2) In(RIBR:2)

00 01 02 03 04 05 06 07 08 09 00 01 02 03 04 05 06 07 08 09

Lund plane
after leading removal
QCD jets, 1.5 <In(ARjeading) < 2 , _Wiets, 1.5 <In(ARieading) <2

VS=14TeV, p>2 TeV .
Pythia8. 230(Monash13)

, W/QCD jets, 1.5 <In(AReading) <2

VE=14TeV, p>2TeV.

VE=14TeV, p>2 TeV
Pythias.230(Monash13)

Pythia8.230(Monash13)

. 4

ratio s,
< < <
£ < ﬁ z 2
B a 1
3
a1
- = - 4.0 4,
00 05 10 15 20 25 30 35 40 45 50 00 05 10 15 20 25 30 35 40 45 50 00 05 10 15 20 25 30 35 40 45 50
In(R/ARy2) In(R/AR;) In(R/AR;2)
00 01 02 03 04 05 06 07 08 09 00 01 02 03 04 05 06 07 08 09 02 05 07 1 15 2 s
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Jet substructure:

Measurements and searches
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Measurement example: boosted H — bb

Jet mass after boosted 2-prong tagging: prong finder (mMDT/SD)
+ radiation constraint (n}
+ double b tagging

1,DDT))

35.9 ™ (13 TeV)
> 8000 S AL e
8 F CMS 450<p <1000GeV -~ W B 35.9 fb” (13 Tev)
~ 70005 double-b tagger - é - <N 16 =)
2 = passing region - Multet E g
g 6000: ### Total background 2.5 :f
> E B H(bb) = =)
w 5000: + Data B i=}
4000~ = N
£ u| o
3000 = 15
2000 E
10001 E
= | 0.5
0 Fobmsasas =
T 1of B
g 2 H
= ~ R ]
g é 0 R LTS, e = S ey H
. -+ RS
8| %0 60 80 100 120 140 160 180 200 [CMS, 1709.05543]
mgp (GeV)

Jet substructure: what else? Harvard University 21 / 40



Search example: gxx — boosted tt

Boosted top identified via: prong finder (trimming)
+ radiation constraint (r3,)

. . . . = T T T T T T T T
3 ATLAS ——Dan 3 S1°E ATLAS V5= 13 TeV, 36.1 fb
¢ 7000 (5= 13TV, 36.1 " [mm [ =3 x E e Expected 95% CL upper limit
2 5000 =13 TeV, 36. [ Weiets = L — e Observed 95% CL upper limit
= boosted, e+jets R Multi-jet E 1 P  Expected 95% CL upper limit + 16
@ 5000 [Jothers = Expected 95% CL upper limit +2 ¢
c A %, —— Zy,3TeV(x50) 3 10 LO KK gluon I'=30% cross section
2 4000 Z 77 Bkg. uncertainty
w 3
3000 4 ;
20005 E
1000 E 107
g 107
s 4 7 7
8§ 05700 10 200 250 300 102
a . 05 1 15 2 25 3 35 4 45 5
Large-R jet mass [GeV] m, [TeV]
i

[ATLAS, 1804.10823]
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Take home message

@ One probes physics at increasingly larger scales
@ New physics scales are pushed towards larger scales

@ Collision energies could increase

Jet substructure will be increasingly relied upon )
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Jet substructure:

Analytic understanding in QCD
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Analytic understanding of substructure

Idea: boosted = m < p; = expect logp;/m = resummation J
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Analytic understanding of substructure

Idea: boosted = m < p; = expect logp;/m = resummation J
Jet mass: we have
2 )
@ one emission with z6%2 = -2 N
p; R? 8 Lund kinematics

— factor / for the jet mass

@ no emission at larger z6?
— factor exp(—i)

S c
Giving as = @&

_ uolﬁsu §|ﬁug—eﬁja| yos

mdo _ ptR _ > PR
= o log —— exp |—2a, log”® — | .
m m large angles small angles

o dm

non-perturbative (small k‘)

log(1/6)
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Analytic understanding of substructure

Idea: boosted = m < p; = expect logp;/m = resummation J

Jet mass: we have

.. . 2
@ one emission with z6? = R
t
— factor /

log(z6)

modified MassDrop

@ no emission at larger z6?
— factor exp(—i)

Giving as = %%
m do

- ptR - 2 ptR
—— = @slog —— exp [—2as log —}
o dm m m

MmMDT jet mass: same but z > zt

[M.Dasgupta,A.Fregoso,S.Marzani,G.Salam,13]
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Analytic v. Monte Carlo

quark - Pythia(s.230) quark - analytic LL calculation
m [GeV] m [GeV]
10 100 1000 10 100 1000
0.3 F T T T = 0.3 F T T T -
— plain anti-ke(R=1) — plain R=1
~——— SD(B=2) pe>3 TeV ——— SD(B=2) pe=3 TeV
025+ SD(p=1) B 025+ SD(B=1) E
—— mMDT Zet=0.1 —— mMDT Zet=0.1
0.2 B 0.2 | J
S e
B <}
° 015 - B © 015 E
) o
a Q
0.1 B 0.1 .
0.05 B 0.05 F : .
Zcuti
0 L (| | | | 0 | | Al i
106 10> 10% 103 0.01 0.1 1 106 10> 10% 103 0.01 0.1 1
p=m?/(p¢ R?) p=m2/(p? R?)
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The big picture

@ Now a wide range of tools are “calculable”

Almost all 2-prong finders, a series of jet shapes, basic 3-prong finders

@ brings a better understanding of the details at play
source of performance, undesirable features, transition points,...

@ has allowed for the development of improved tools
e.g. mMDT, D,, generalised ECFs, dichroic ratios

@ Approached from “standard QCD" or SCET

@ has allowed for the development of improved resummation techniques
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Jet substructure:

Precision measurements
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» LHC Measurements (CMS-PAS-SMP-16-010, ATLAS CERN-EP-2017-231)
> NNLL+LO in SCET (Frye,Larkoski,Schwartz,Yan; assumes small zc.t)
> NLL%NLO in “standard QCD” (Marzani,Schunk,GS; includes (LL) finite zcut)

CMS Preliminary

2.3 (13 TeV)

T T e[ [T T[T [T

1200<p < 1300 GeV
. Data )
[_] stat. + Syst. Unc.
[ stat. Unc.
------ Pythia8
- HERWIG++
-+ POWHEG + PYTHIA8
X Frye etal
Marzani et al

= ‘
100 1000
Groomed jet mass (GeV)

Ratio to Data  1/0,,,,)do/dlog, (™™ /"))

T
ATLAS

T
S Data

06— —
E fs=13TeV,3291" [ ] ;:"“a 8.1 =
L ¥ erpa 2.1 4
r ;r\t; »;, R=08, p, > 1000 GeV v el 1
oft drop =2,z =0.1 0 LOMNLL
04— [#] LO+NNLL, large NP effects |
r 75 NLOWNLLNP. b
L . S ]
F R AT S b
b I i\ ]
r SR 1
Lo« N ]
L7 ke ]
o8- =]
E t t t t =
Ey =
15— —
& % - m * g
IS5 e IUNNRN NN S|
05— —
= I I I I -
Et tx t t t =
B A .
05— o —
. . . .
) =3 =2 -
Sotarop , _ungroomed o
log, [(m p; |

good overall agreement with the data, small non-perturative effects )
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Towards measuring as

Precise+small NP effects suggests we use it for precision measurements J

T T T T p, =500 GeV, fw: 80%, fw =20%, 50k events

0.170 }GS plain —e—i G510z, =010andp=10 .
0.160 - SD zeut = 0.05 —e—i | g ;g
SD zeut = 0.1 —e—i g 0o 09 g
0.150 I SD 2wt = 0.2 —o—i | é 08/} 08 &
0.140 | SD Zzeut = 0.33 +—e—i © o7k 0.7 %
£ 0.130 | }H 1 o6 0s £
0.120 - { h - 0sE o5 &
0.110 | H L} - 04F 04
0.100 | ] 03 03
=1 0.2 0.2
0.090 +Q = 91.2 GeV 1 g
n L 1 1 0.1— 0.1
° 3 a & E
= = 8 2 0566 o0 o1 oiz 01z
o o a,
“ Z.
Already a possible gain at LEP Large potential at the LHC
Still key pieces missiin
[S-Marzani,D.Reichelt,S.Schumann,GS, yp &
V. Theeuwes, in prep] [Study at Les-Houches 2017]
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Jet substructure:

Shower constraints
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und plane an

QCD jets, full plane

Vs =14TeV, py>2TeV
Pythia8.230(Monash13)

In(k¢/GeV)

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0
In(R/AR12)

[T

00 01 02 03 04 05 06 07 08 09
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Lund plane and Monte-Carlo generators
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Lund plane and nte-Carlo generators

Slices through the 2D plane
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o Differences between MCs
@ calls for measurement
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Jet substructure:

Usage in heavy-ion collisions
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The mMDT/SD grooming momentum fraction z,

Example: z; = the z fraction that passes the mMDT/SD condition J
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[CMS,1708.09429]
@ = access to the splitting functions
@ Very interesting analytic structure

@ Measured in pp and PbPb
@ First use of CMS Open Data
[Larkoksi,Marzani, Thaler, Tripathee, Xue,17]
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The mMDT/SD grooming momentum fraction z,

Modifications due to interactions with the quark-gluon plasma

)

PbPb/pp
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mMDT/SoftDrop symmetry fraction: z4
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Work in progress to calculate this in QCD
[P.Caucal,E.lancu,GS,soon]
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Jet substructure:

Machine Learning
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THE new trend

Huge effort in using deep learning in the context of jet substructureJ

Applied to many systems
@ Boosted topologies: W /Z/H bosons, top quarks, ...
@ b tagging, quark/gluon separation
@ pileup mitigation

@ fast detector simulation

Several approaches
@ Inputs: jet variables, images of jets, jet constituents,
subjets/clustering trees

@ Architectures: CNN, DNN, ANN, LSTM
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Lund plane as an example

Example using our “Lund plane” approach:
o “Lund image" fed to a Dense Neural Netword
@ "“Lund coordinates” fed to a Long Short Term Memeory Network
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Lund plane as an example

Example using our “Lund plane” approach:
o “Lund image" fed to a Dense Neural Netword
@ "“Lund coordinates” fed to a Long Short Term Memeory Network

All masses, Delphes+rescalingchg, y
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Take-home messages
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Take-home messages

Jet substructure has gained a lot of importance in the past decade J

@ Important tool for LHC physics (searches and measurements)

o exciting pQCD phenomenology

» understanding and development of tools
» precision pheno at the LHC
> interesting QCD structure emerging (not covered here)

@ Expansion towards new horizons:

» heavy-ion hard probes
» machine learning

@ Recent work: Lund planes are useful in many aspects
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