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What is a Jet ? "
collimated cluster /spray of particles
(tracks , calorimeter deposits ) or flow of energy

"
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parton lpIides of hadrons)I2. jet event in e→zg*→qq- well-defined quarks / gluons
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Why do we care ?

* Jets are everywhere in QCD ( parlous ↳ jets )

* study QFTS (gauge
theories)

4> éé→ 2 jets ,
3 jets , 4 jets

t* me ¥.£
7- gluon ! non-Abelian

* New Physics searches

↳ study Higgs sector / Hierarchy Problem ; Dark Matter ?

4> boosted objects



We cannot avoid them !

#1

← produced in ABUNDANCE !

process

← definition

a-( stairway to heaven
"

-

plot
R jet categories



Jets are not unique . . .

2 jets ! # jets = ?

TREEDot

a) which particles to put together ?

② how to combine them ( momentum Pci;)
-_ Pitt; ? )

⇒ JET DEFINITION (better respect infrared safety ! )



< . .
and fundamentally ambiguous

"

proxy for a high - energetic parton
"

best we can hope for :

coloured
7$ q←¥-¥É clusters of

=
clusters at

-
k parterres hadrons

to
\

Ik colour
neutral

* ideally a robust definition :

fixedorder

partonunshgwer
hadronisation detector

NLO
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I. Introduction to Jets

* How do jets emerge from Laci ?

↳ properties of a CD

* Jets in a hadron collider environment .



Everything begins with Laci *-* spin -K quarks ④ local suing

←
(ignored:mq=¢)

or a %= ¥:LLaa, = I 4- 1£78
"

!IÉYq ( ) (Nc=3)
Yqb

☒ field
- ÷

, Fµa F
" 'M

was , obitia=k→¥NE1=8_
quark flavours

* covariant derivative Dµ=q+igsAÑt
"

N-YCNdgene-rat.rs* field strength tensor ta.IE

Fµi=qAi-@AÑ - gsfd.CA/ubAi Tr[tFb]=T=, Sab ;Te=É
- ( [ taitb ] = Ifabctc
non-Abelian
nos self - interactions



QCD Feynman rules

4-ai t
' kit
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42
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- Ifs (E)ijthu ☒-☒ ( 1. 0,0 ) (% :) (g) ¥g gluons carry

colour &
000 anti -colour

-.

Amie.org/tia → {pz
in

- gsfabc / gin 113-134
; Effy ~ gift← AiPs 1- cyclic ]

* colour factors for emissions from a quark /gluon

1¥12 = i¥i = G- fij G- = -1=1 N% = ¥ * gluon ~ ✗2

+Ij Yik | " colour charge
"

C

1m£ I = Efferent = CA fab CA = 2T,=Nc =3 ←

fbcdfacd



The running coupling ↳ = ?÷u f- loops
[chetyikinetal . -16]

E- .
.

÷ 8¥. -- past -1%1:-<ftp.t?--5-----iP..l:--d+...tBo=Y-c*-2Tg=Nf-F#light quarks
3. lads), v6

⇒ short distances :
✗scam g.gasympt. free !

lowest order 4m¥,

✗slit
¥ p÷¥-µ_µµ-y

confinement
? !#onscqñ)

baryons (qqq )
""

""""

=

Mz

hooked v91 GeV

breakdown

of PQCD



Real emission in QCD

2→ n -11

k propagator
É

pi -☒

(mikva)
CPi¥=a÷k = 2É¥•sq

⇒ emissions are cpotentially) enhanced in the

* soft limit : Ei → ¢ or E→ ¢

* collinear limit : • → 0

in the soft & collinear limit ( including LIPS)
me will show that the emission probability is simply :

SEC

dW¢→¢+g = 2¥ c¢d¥d§
_#- two log - divergences



Emergent picture of QCD Jets

⇐⇐⇒¥¥÷¥
¥

1. hard ( high energetic ) partons
2. asymptotic freedom & emission pattern
→ perturbative parton shower

3. long distance ✗s → 1 we hadronizatiow

→ directions maintained ( mind ⇐ Iaas )
#
*
"

cheap
" to create qq- pairs



Jets at hadron colliders
i

• final - state radiation (FSR) ~ %

÷
.

→

• initial-state radiation IISR) ~%

• multiple parton interactions IMPI)
i. ⇒ EP aka underlying

-

event (4E) ~ GeV

• pile up CPU ) ~ hpu - 0.5 GeV
=o¥E =o¥E

• hadronisation ~#
ace

/

Jet = (
hard parton

+

radiation ) - Loss + CONTAMINATION

1¥ ¥
- R smaller ?
what we're after

R bigger?

⇒ there is no single
" best

"

jet definition (trade-offs ; depends on application)



Hadron Collider kinematics partnicc.lu ⇐
=L ) z-boost4=01909

y,=n(4µ hadronic 6M¥^

E-

✗
Y

yy=2 (
'159

µX PDF

→ #
2-

* choose variables that are invariant or transform simply
w.r.to

. longitudinal E) boosts

transverse momentum
.

PT
B- =p×4pÑ

y=EhE¥÷ ) yt }rapidity
" u=-ktom%)µ÷÷?÷÷;o→>4 = arctan.CH/px) azimuth g



Boost invariant distance measure

÷ I|AÑ=Ay2+A#| I mn☒ ÷
y

* comparison to standard opening angle Ari = Aottsirioaq
'

Api = costly Art for you (909 : AE ~IÑ

in forward region : rescaled by ashy
B-AR = EAR

* ISR ( useful reparametrisation) uniform emission

¢→¢+g
✗ d¥ ÷ → di dy☒~ Probability in y !

d.Wsoc
PT

⇒ choose art cone smaller for @→0 → uniform contamination



I. Soft & Collinear singularities
and IR Safety



Last Lecture

* Jets as an emergent feature of QCD :

PQCD [asympt . freedom] Xs → A

confinement
-
---

I :p, direction parton
=FEET- K

-

,

go
} direction hadrons

[mind Klaas ]
:

emission pattern [s&C]

2¥ÉÉIÉd¥-[
looks divergent !

⇒ investigate this further

→ collimated pirayotpartons



Soft & collinear singularities in QCD
* SETH [factorization @ amplitude]

k→g

Mm ,
( Pi , - Pn , 81k)) → gs Fair ☒ Much , . .. ,Pn) EÑk)*

-ta outq , ingatonal current : Ian = .§¥¥gg, _i: ja /
" "" "+5

i
=

[ Tad; of
<☒ 1m12 ⇒

colour attention
only colour chargebetween all part . [&dired

. .

* coLHNEAR4MlT_Efactorization@1ampe.f ] / -•Ergf¥⇒[
Mnm 113 , . . . , Pmgck)) P off p÷y / 1mn ( P, , - (Pitk)

. . - Pn)F

<
☒ local to leg i T* splitting function Pgqtt)
4¥ soft singularity ~ ¥



Phase space factorization

LIES dÉn= ¥
,

[dti] (21-1)
"

S "" (Q- É:P:) ; [dpi] = dµ¥÷ (2-11) 8+117-mi)=µd¥E
;

* soF-HM

dÉn+ , 113 , -→ Pink)
É dÉn(ii. → Pn) Idk]

*

coLLINERUMLT-do.IN
,
(p
, , . . . ,pn , K) = ( ¥4. [dPi)) [dpi] Idk] (21-1)

"
f
""
(Q - ¥4. Pj

-Pi-k) sinodo.ae Odo

(
a> parametrize [dkIW.r.t.li direction : [dk] = ¥, EdEÑÑodI

LTL

2- = ; E=n÷Ei ; dE=¥÷dZ ↳ftp.?-zEi)Y.i-zpdzOdOd4EdPj]
LI

P

=/¥i[dPi)) lr-z5[dÉT (2k) " f
">(Q -¥gPj-Ñ ) ¥ dz Odo 1¥



Phase space factorization

LIES dÉn= TI [dii] (21-1)
"

S "" (Q- É:P:) ; [dpi] = dµ¥÷ (2-11) 8+117-mi)=@¥fE
;i=n

* soF-HM

dÉn+ , 113 , -→ Pink)
É¢ dÉn(ii. → Pn) Idk]

ten 2- pi

* C0LLlNERUMlT_ É→¥
,

Pink-7) Fi

doin, CP, , . . . , Pn , K) = ( TL [dPj)) [dpi] Idk] (21-1)
"
f
""
(Q - Pj -pi-k)

j=i

Piute Éi
~ doin 113 .- É - Pn ) ¥ za

-⇒ dz Add
d1
2K



Emission probability in the collinear limit

done , a 1mn-11 (Pi , -→ Pn ,Hi dÉn ( Pi , -
. -

, Pmk)

Pink
→ gf ,p÷µ, Pqqlz) 1mn11 , - .

-1%+1-1
. Pn) I doin CR -

- -I
..
- Pn) za-⇒ de Odo d÷u

-.
-

→ doin

⇒ emission probability for q→ qg Call.)
~ 2

ÑÉg = ÷ ;÷¥÷Iso ,Pgqlz) zu-zsdzodo.dz?-z--E-Pgqk-sdz%d4Tz#1- -

ÉIF IF

* soft & collinear limit [ Pgqlz) → ¥ & E- = d¥ )

|dwÉ%+g=2¥cFd¥dÉd± ⇐⇐ ↳ ⇒ probability to emit
a gluon is infinite !dwg-%g+g=2÷Cad¥d%¥z_ *



Cancellation of 1k singularities
example : éé → hadrons "

flip
"

out : DE

µ

Lok:') : k¥m¥:[ → -É[ÉÉ1*¥→ Ém¥
moai ) : ¥ ¥É:±

tri : iri !
① ② ③ ② ③

⑦ +③ =2ReµÉ;)*MÉÉ"] dÉ, = - G- ¥¥÷, /
"

[ E. + E- +8+06-11

② = lMñgTdE
,

= G- ¥¥÷, /
"

[ E. + E- + ¥1
ftegulatised dt

-

in 13--4 -2€
⇐ &¥⇐ ]

⇒ Tmo = To ( 1- + ¥ ) singularities cancel between the REAL & VIRTUAL !



The measurement function
*

" differential
"

In general , want to ask more deleterious than Fox , e.g. JETS

f 1mn12 doin und f 1mn12 F'
"
( Pi, -→ Pn) doin

measurement function

* fiducial cuts : rfid <→ F ( {M) = ④out 117×717,min)

* differential distributions : ddg <→ F( {B) = f (0-0^1%11)

* • • • ,
JETS (

"

projection
"

)

what must I satisfy such that cancellation of IR singularities in tact ?

4¥ KLN : For sufficiently inclusive quantities !



Infrared safety
cancellation of IR singularities ☒→ I must be inclusive over degenerate states

* s0FTSAFE answer the same when particle w/ infinitesimal E added

fFM+"(p,,→Pn+r)J/="(k,.._*.→Pn+^
* coLHNEARSAFE answer the same when particle splits exactly into twoftp.#...pn+.lPitPpIn+i-p....*...-/
4¥ notsafe2.no/-calcnlableinpo#

( and likely sensitive to low - scale physics : hadionization . .. )



Infrared subtraction

Achieving IR cancellation in differential predictions highly non-trivial
-☒ cancel singularity without integrating
* need to S Idk] to expose Yen poles (IR)

Y 4¥
* keep Idk] intact

,
since F depends on it

ChardJa@NLOe.conceptuallysdvedEdipolei-tfacNNLoe.t
remendous progress ! 2->2 all done 2-73 new frontier

(antenna , colorful , qt , stripper, Jn ,
nested SC , PZB, . . . I

☒ NNLO bottlenecks not just subtractions : availability of 2-bop amplitudes !

@ N' Lo : specific calculations targeted @ simple processes (2-11)
[ qt , 1213 ]



Triple differential Jet production



Triple differential Jet production @ NNLO

-*ghMN



Calculations in the IR limits

sometimes
,
we're mainly interested in the IR limits

c⇐ (double- ) logs ,
all- order resummation , . . .

* real emission simple : factorize % d¥d% → tackle analytically
* virtual corrections ? m☒ trick to include them

without calculating anything

swa-4LARHESCANCEt-y.tw?,nkotythgg.q-i-
ECTIONSASPROBABILITIÉS

¥i | " LINITARITY "

/ ( virtual corrections

I
,
I 1 + ✗so +

. . .
+ ask 0 -

- - =
"
no - emission prob .

"

)

¥



III. Jet Algorithms

age • • Bak .

*☒- performance

A- IR safety



Jet Algorithms
A brief ( incomplete) history of jets :

{ Pi ) ⇒ { I }
. Herman -Weinberg jets ' 77

[particles ,
momenta

• Kt algorithm ' 93

calorimeter towers, , " ]
• Cambridge /Aachen 197

• anti - ki ' 08

TWOMAINCLASSES-i.IOCone [top down] ② Sequential recombination [bottom up]
idea of directed energy flow successively undo QCD branching
4.*. find coarse regions G%# find

"dose
"

& aggregate
(what we have been doing)



Potential IR issues using [seeded] cones y=¢ in

* start by placing cone around hardest particle examples !

PT a*

/
'

collinear

f_-*~
outside!

collinear unsafe !
splitting / Ii I11-1
,

-

→
y

* try placing cones around all particles & look for hardest
seeded around

"

if F-
← soft is new"

'

[|→# add a hardest

/ soft unsafe !

→

→
soft
#

y

* one IR safe cone algorithm : Sl scone



Sequential recombination algorithms
Try to work our way backwards through

"

branchings
" ÉÉEÉ±¥It

#
1) Compute distances between all particles clustering

'

tree
.

dij = ?
and to the beam [for hadron colliders]

die = ?

2) Find the smallest at { dij } u { dips }
<* dij ⇒ merge i & j into a new

"protojet
"

E-scheme : pliij ) =P?+Pj
"

4¥ dips ⇒ remove i from the set & call it a
"

jet
"

3) If particles left , goto step 1 & repeat



The KT algorithm
Try to work our way backwards through

"

branchings
"

1) Compute distances between all particles mimics the inverse of

#the see emission probability
dij = min (Pii , Pii ) AYÉ

=
relative KT

and to the beam [for hadron colliders]

IR safe ?
did = Pti

2) Find the smallest at { dij } u { dips }
<* dij ⇒ merge i & j into a new

"protojet
"

E-scheme : pliij ) =P!+Pj
"

<* dips ⇒ remove i from the set & call it a
"

jet
"

3) If particles left , goto step 1 & repeat



The KT algorithm
Try to work our way backwards through

"

branchings
"

1) Compute distances between all particles

dij = min /Pii , Pii ) A¥É
and to the beam [for hadron •µdggg→*

soft first
w* irregular shapes
⇐ exp . challenges

did = Pti ⇐ collects "

junk
"

2) Find the smallest at { dij } u { dips }
<* dij ⇒ merge i & j into a new

"protojet
"

E-scheme : pliij ) =P?+Pj
"

<* dips ⇒ remove i from the set & call it a
"

jet
"

3) If particles left , goto step 1 & repeat

4) Only retain jets above a minimum Pt threshold 17 > p-i.at



The generalised KT algorithm
Try to work our way backwards through

"

branchings
"

1 : KT
1) Compute distances between all particles

✗
=/ 0 : Cambridge/Aachen

[ geometric ]
dij = min (PTI, PTI) A¥÷ L - r : anti-KT

and to the beam [for hadron colliders]
anti- by : hard first

dies = PTÉ
<* nearly perfect cones

2) Find the smallest at { dij } u { dips }
<* dij ⇒ merge i&j into a new

"protojet
"

E-scheme : pliij ) =P?+Pj
"

4¥ dips ⇒ remove i from the set & call it a
"

jet
"

3) If particles left , goto step 1 & repeat

4) Discard jets with PT < PT
,
cut



Comparison of the algorithms

( irregularities from
non-linear

/ behaviour w.int.soft emissions

§ solved

nearly perfect cones¥0 (exp . happy )

* overlapme hard one

[
"

Towards Telegraphy
"
- G. Salam '

09 ]



Choices and how to fix them

Central parameter in

¥
,

"

all jet definitions
4.* strongly impacts

* RADIATION Loss

-

-

* CONTAMINATION

i. ⇒

"

⇐ .
I

=O¥E I P4

=O¥E



Emission v.S . R cone

Let's consider the enemy of a jet

@ LO : Ejet = Es É DER
z

@ NLO : É0a⇒ dw%gg = ¥d-IPgqttdz.EE
via unitarityw-fdwq-i.gg



@ N↳ ¥ told PgqE) dz ✗ { EZER) ← real lineside cone)

+ a- 2-) Eg ④ to>R) ④ (2- <E) I cone

+ £ EJ ④ (o>R) ④(⇒k, g
_T☒

outside

- EJ } ← virtual

^

n = HRT -1 ④(o>R)

= ¥ faded §dz Pgqlz) Ej { - 2- ④ G-%) - u-Z) ④ G->%) )
Yz I

= - EJ ¥ In(TR) { fdz 2- Pgqlz) + Jdza -⇒ Pgqlz) )
42

°

regulates 2-→¢ !



Emission v.S . R cone

Let's consider the enemy of a jet
12=0.4

@ NLO : Ejet = Es ( 1- ¥ birth) Lx) f
4*0 Lq = CF ✗ 1.01129 . . . .

AYE ~ - 5%

c☒Lg=C✗0.É7DEIE ~ - 10%

• final - state radiation (FSR) ~ - ¥ G- PT bulk)
• initial-state radiation (ISR) ~ Eci PT ER

'

• multiple parton interactions IMPI)
~ GMPI q R2 [ IMPI ~ 011 GeV) @ LHC]aka underlying

-

event (4E)
←

too - tooo

• pile up CPU ) ~ SP" TLE [ f" ~ npu ✗ 0.5 Get]

• hadtonisation ~ - Naas ÷
/



The "

best
"

R cone ?

* get the different <Ski> to balance

[
"

Towards Telegraphy
"
- G. Salam '

09 ]

* R small to limit impact of LIE * A large to tame Este



*

"

NP
"

I hadr
.

+ MPI



II. Jet substructure



Looking inside Jets
* At the end of jet finding mi¥. collection of constituents ☒→

pj.EC#
more information / physics than just the momentum

* what is the arrangement of the constituents inside the jets ?

quark ? gluon ? boosted object ?

E- MEEEE m⇐÷

.÷ ÷÷ f÷÷÷÷÷÷÷÷:
? G- d¥dFo 2¥ CAME ¥ HIWIZ <→ 2 prongs(top quark ←> 3. prongs]



Boosted objects
* In extreme kinematic configurations , .µrÉ
massive hadronically decaying object -☒ fat jets

* what cone sizes are we talking about?
Yz 02

Ex Mx q 2- Ex
Mj = ME = 2 Ei 2-4-2-7 Ñow%

a-⇒ Ex
⇒ • = M_÷÷g⇒ É ¥÷×

put in some numbers :

Mx = Mw = 80 Get } q~o.is was likely end up in 1 jetEx ~ 1 TeV
4¥ how to distinguish
this from a QCD jet ?



The Jet mass

* naive expectation ( common misconception )

jet horn
"

X
"

has mass Mx , whereas qlg jets are massless

* The jet mass of QCD parton

m2 =/ Ii Pi ]
'

consider the cumulant :
i c-jet

I. Cmi ) = probability for the jet to
have mass

'
< Mj

= I / dm" ÷,
@ LO : É m2=¢ ⇒ I-(ME ) = 1

@ NLO : EE

→



soft & collinear limit ⇒ dusk = 2¥ G- d¥ = ¥ G- d¥d÷
cell

. soft
2-

E#twz, m2=2PiPj= Ej za-z) 02¥ Ejz 02

@NL0_ as I"(my = ¥ G- fd¥fd¥
real c-jet

✗ { ④ ( Eizo'smy ④ ( OCR) I
1- ④ 10 <my ④ Copy ←

real 4- jet y
g-
④ (AR)

- ④ Co <my } + virtual

E-jz.KZ > 02= -¥ G- fd¥f¥ ④ ( Eizoi>my
* 02 >
±

* 2- > ¥Épt
= - E-↳ j¥µ¥| = - ¥a=Ihi(←÷E)

IÉ ¥-→hÉEn)



The Jet mass

* naive expectation ( common misconception )

jet horn
"

X
"

has mass Mx , whereas qlg jets are massless

* The jet mass of QCD parton

m2 =/ Ii Pi ]
'

consider the cumulant :
i c-jet

I. Cmi ) = probability for the jet to
have mass

'
< Mf

= £ / dm" dd÷
@ LO : ME ¢ ⇒ I

-(ME ) = 1 not good CMJ →0) !

@ NLO : EE I won't help either

⇒ g
⇒ zim-it-1-E-c-thiEI.FI#fh!!n;ÉY÷n÷,



The resummed Jet mass
real
emissions* need to account for these legs to all orders !

n

vet
I'm-5 ) = É ¥ ¥ I / %÷f¥÷ 9¥ ④

i.µ] . ④ ([¥?pij< m;)
¥ """the

n=

S E

É m÷ Tin / f. dÉ÷§d¥÷ 4¥ ( ④*jet - 1) I * do not change ni
m=0 j=n

A * virtualreal out

of cone

* ☒ pie ⇐¥:*:i -4

* we're interested in the leading logs LLL) ⇒ widely separate scales
⇒ among

all zi OF one is dominant !

④ (Ei Ezio? <mi) = ④ ( EF max {Zioi} <mi) = TI ④ (Eiti -0,? < ME)
=

exp If d÷ 1¥ 4¥ ④ 10<14 ④ (Ei-Ami ) ]=e✗pf÷¥tn4⇐÷⇒



The Jet mass in real life

:÷=÷÷=÷i÷tnE÷ik*!;÷¥÷iEm¥D_

✓ <* clear sign of W

-☒ but QCD jets massive too

"

NEED TO REJECT QCD

BACKGROUND & ENHANCE

THE SIGNAL !



MMDTI , / Soft Drop P=0) (BDRS ios )
'

14

balanced

→_Ñ ~ ¥ [soft ] um# ~ 1 (momentum}Sharing

1. Take the constituents of the jet
and rechristen using CIA T÷¥=.4¥ angular -ordered tree

2. Dednster jet , disregard the softer
branch until

z=mi¥¥ > zant



MMDT;} / Soft Drop (p=0) (BDRS ios ) Kt would keep
'

14 the soft junk

÷÷!:÷÷÷÷÷÷:* :÷1÷÷÷:÷:÷÷É÷÷÷:↳€¥EÉ

* Removes soft radiation from peripheryof jet 1
[ because Cambridge - Aaachen for declaring]

Yet.gs:1?inyk* Dynamically shrinks jet radius to match
hard core

} Jet discrimination* Information on the 2-prong kinematics

* I , 1m51 = exp [- ¥ G- fn(Yzm+)tn(Ém¥ ) ] ←* Yuck smoother cesmallertbackground

soft singularity regulated ⇒ single log !


