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What does raw measurement reveals?

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-011/

Standard Model Production Cross Section Measurements

Status: June 2024
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What precisely these “JET” events are?
CATLAS

?EXPERIMENT
http://atlas.ch

Run: 280464
Event: 478442529
2015-09-27 22:09:07 CEST
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What 1s our best explanation?

)4 (71' 0 — Y7, ISR . FSR) o0 o Pythia 8.3 manual : https://arxiv.org/pdf/2203.11601
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Let’s just look 1nto a back-to-back emission
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Let’s just look 1nto a back-to-back emission

Figure source : Gavin Salam QCD lectures; 1011.5131
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Let’s just look 1nto a back-to-back emission

Figure source : Gavin Salam QCD lectures; 1011.5131

a) 3 b) i

The fragmented partons tend to populate in the direction of the mother parton.
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Let’s just look 1nto a back-to-back emission

Figure source : Gavin Salam QCD lectures; 1011.5131

a) q b) ; C) b d) % o4

The fragmented partons tend to populate in the direction of the mother parton.

Thus we get a stream of particles, as an end state of fragmentation and hadronization,
in the direction of the initial hard parton.

Sanmay Ganguly (II'TK) JET Physics + ML Lecture-1 6



Let’s just look 1nto a back-to-back emission

Figure source : Gavin Salam QCD lectures; 1011.5131
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) b) % o

The fragmented partons tend to populate in the direction of the mother parton.

Thus we get a stream of particles, as an end state of fragmentation and hadronization,
in the direction of the initial hard parton.

How do we explain this phenomena with our beloved lagrangian :

1 NZz—1 Ny NZz—1
P =— " Z F;‘DFA;”” + Z w [i}/”(aﬂéab — g Z TC%AﬂC) — m] yw
A=1 a,b=1 C=1
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How about some general analytic structures?

Larkoski : 2407.04897
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How about some general analytic structures?

Larkoski : 2407.04897

E.=(-2E

~ )
N 6

RN p, = zE(1, sin@, O, cosO)
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How about some general analytic structures?

Larkoski : 2407.04897

E.=(-2E

>
~~~ )
~~~~ 9

RN p, = zE(1, sin@, O, cosO)

dP(a — b+c) ~ |M(a — b+c)|* dIl, dII,
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How about some general analytic structures?

Larkoski : 2407.04897

E.=(-2E

>
~~~ )
~~~~ 6)

RN pl’; = zE(1, sin@, O, cosO)

dP(a — b+c) ~ |M(a — b+c)|* dIl, dII,
~ P(E,z,0) dz db
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How about some general analytic structures?

Larkoski : 2407.04897

E.=(-2E

§~ )
L
~~~~) @

RN pr = zE(1, sin6, 0, cos0)
E, =zE b

dP(a — b+c) ~ |M(a — b+c)|* dIl, dII,
~ P(E,z,0) dz db

If E is a fixed number, then P(E, 7, 0) is a scale invariant quantity.
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How about some general analytic structures?

Larkoski : 2407.04897

E.=(-2E

~ >
N
~~~~) @

RN pr = zE(1, sin6, 0, cos0)
E, =zE b

dP(a — b+c) ~ |M(a — b+c)|* dIl, dII,
~ P(E,z,0) dz db

If E is a fixed number, then P(E, 7, 0) is a scale invariant quantity.

Now let’s put this probability dP to scale invariance test :
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How about some general analytic structures?

Larkoski : 2407.04897

E.=(-2E

§~ )
L
~~~~) @

RN p! = zE(1, sind, 0, cos0)
E, =zE b

dP(a — b+c) ~ |M(a — b+c)|* dIl, dII,
~ P(E,z,0) dz db

If E is a fixed number, then P(E, 7, 0) is a scale invariant quantity.

Now let’s put this probability dP to scale invariance test :

Let’s first choose @ — @' = e€0 , withe — Qand 7' = 7
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How about some general analytic structures?

Larkoski : 2407.04897

E.=(-2E

— >
N
~~~~) 6

RN pr = zE(1, sin6, 0, cos0)
E, =zE b

dP(a — b+c) ~ |M(a — b+c)|* dIl, dII,
~ P(E,z,0) dz db

If E is a fixed number, then P(E, 7, 0) is a scale invariant quantity.

Now let’s put this probability dP to scale invariance test :

Let’s first choose @ — @' = e€0 , withe — Qand 7' = 7

Under this scaling P(E,z,0) dz d0 — P (E,7',0") d7' d0' = P (E,z,0') dz dO’
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How about some general analytic structures?

Larkoski : 2407.04897

E.=(-2E

. >
o ~ . ~)~ 9
“A p, = zE(1, sin@, O, cosO)

dP(a — b+c) ~ |M(a — b+c)|* dIl, dII,
~ P(E,z,0) dz db

If E is a fixed number, then P(E, 7, 0) is a scale invariant quantity.

Now let’s put this probability dP to scale invariance test :

Let’s first choose @ — @' = e€0 , withe — Qand 7' = 7

Under this scaling P(E,z,0) dz d0 — P (E,7',0") d7' d0' = P (E,z,0') dz dO’

Let’s expand P(E,z,0") dz dO' = P(E,z,e°0) dz d(e®0), in the limit e — O .
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How about some general analytic structures?
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How about some general analytic structures?

0P
Now P(E,z7,e0) = P(E,z,0) + eeg + 0O(e?)

anddz dO' = dz dO + edz dO + O(e?)
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How about some general analytic structures?

0P
Now P(E,z7,e0) = P(E,z,0) + eeg + 0O(e?)

anddz dO' = dz dO + edz dO + O(e?)

Hence

7%
PE.7.e0) dz d(e°0) = (@(E,z,e) +e0— + @(62)) <dz d0 + edz d0 + @(62)>

= P(E,z,0) dz do.
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0P
Now P(E,z7,e0) = P(E,z,0) + eeg + 0O(e?)

anddz dO' = dz dO + edz dO + O(e?)

Hence

7%
PE.7.e0) dz d(e°0) = (@(E,z,@) +e0— + @(62)) <dz d0 + edz d0 + @(62)>

= P(E,z,0) dz do.

Comparing the coefficient of €, we have :

Sanmay Ganguly (II'TK) JET Physics + ML Lecture-1 8



How about some general analytic structures?

0P
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How about some general analytic structures?

0P 5
Now LP(E,z,e0) = P(E,z,0) + GHE + O(e”)

anddz dO' = dz dO + edz dO + O(e?)

Hence

7%
PE.7.e0) dz d(e°0) = (@(E,z,@) +e0— + @(62)) <dz d0 + edz d0 + @(62)>

= P(E,z,0) dz do.

Comparing the coefficient of €, we have :

The solution to above differential equation is : P(E,z,0) ~ 7
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0P 5
Now LP(E,z,e0) = P(E,z,0) + GHE + O(e”)

anddz dO' = dz dO + edz dO + O(e?)

Hence

7%
PE.7.e0) dz d(e°0) = (@(E,z,e) +e0— + @(62)) <dz d0 + edz d0 + @(&))

= P(E,z,0) dz do.

Comparing the coefficient of €, we have :

The solution to above differential equation is : P(E,z,0) ~ 7

1
Keeping 6 fixed, if we scale z, we have : P(E,z,0) ~ —.
<
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How about some general analytic structures?

0P 5
Now LP(E,z,e0) = P(E,z,0) + GQE + O(e”)

anddz dO' = dz dO + edz dO + O(e?)

Hence

7%
PE.7.e0) dz d(e°0) = (@(E,z,e) +e0— + @(62)) <dz d0 + edz d0 + @(62)>

= P(E,z,0) dz do.

0AP(E ,z,0)
Comparing the coefficient of €, we have : 0 5 + PE,z,0) = 0

The solution to above differential equation is : P(E,z,0) ~ 7

1
Keeping 6 fixed, if we scale z, we have : P(E,z,0) ~ —.
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How about some general analytic structures?
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How about some general analytic structures?

dz d9 dE, dO

This translates to the emission probability : P(E,z,0) dz d0 ~ —— ~
z 0 E, 0

dE, do
Hence total emission probability : [@(E ,2,0) dz dO ~ J Eb 7 ~ In(Ey) In(R)
b
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How about some general analytic structures?

dz d9 dE, dO

This translates to the emission probability : P(E,z,0) dz d0 ~ —— ~
z 0 E, 0

dE, do
Hence total emission probability : [@(E ,2,0) dz dO ~ J Eb 7 ~ In(Ey) In(R)
b

Sudakov double logarithm
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How about some general analytic structures?

. . o dz d9 dE, dO
This translates to the emission probability : P(E,z,0) dz df ~ —— ~

z 0 E, 0

dE, do
Hence total emission probability : [@(E ,2,0) dz dO ~ J Eb 7 ~ In(Ey) In(R)
b

Sudakov double logarithm

This coefficient is given by the particular theory and better it be positive!
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How about some general analytic structures?

. . o dz d9 dE, dO
This translates to the emission probability : P(E,z,0) dz df ~ —— ~

z 0 E, 0

dE, do
Hence total emission probability : [@(E ,2,0) dz dO ~ J Eb 7 ~ In(Ey) In(R)
b

Sudakov double logarithm

Small quiz :
1. If we match higher orders of €, will we get correction to the scaling laws?

2. Angle 6 is always dimensionless for any radiation. Will the logarithmic divergence appear for
massive particle radiation as well?
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Let’s do the analysis for a gluon radiation

(p+ k+m)
(p1 + k)? —m?

M Lq, = T(py) (g, T €0 * ( ) (—ier™ v(p

(P, + k+m)
(pr + k)? — m?

iM oz, = — i(py) (—iey®) ( ) (ig,1%) €(k) ™ v(p,)
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Let’s do the analysis for a gluon radiation

(p+ k+m)
(p1 + k)? —m?

M Lq, = T(py) (g, T €0 * ( ) (—ier™ v(p

(P, + k+m)
(pr + k)? — m?

iM oz, = — i(py) (—iey®) ( ) (ig,1%) €(k) ™ v(p,)

Let’s use the following identities to simplify the above amplitudes :

u(p) €)= (p+m) =2 u(p) e,(k)* ps (p+m) él)* v(ip) =2 €,k)* p* v(p)

u(p) é(k)* (k) = —iu(p) e,(k)* o™ k,; k k)™ v(p)=—iek)* o k, v(p)

v

(p+k)2—m2=2 (p.k)
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Let’s do the analysis for a gluon radiation

P1

—>
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Let’s do the analysis for a gluon radiation

P1

—>

(2 pf —ic" k)
2 P1 - k

gy = 1) 6T 6,0 ) (e v
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Let’s do the analysis for a gluon radiation
.

ievy .
—>
T k ,c

N

(2 pf —ic" k)
2p1k

2p5y—ioc"k)

2p2k

gy = 1) 6T 6,0 ) (e v

Mg == a(py) (e (

) @79 6,0% v(p)
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Let’s do the analysis for a gluon radiation
.

ievy .
—>
T k ,c

N

(2 pf —ic" k)
2p1k

2p5y—ioc"k)

2p2k

gy = 1) 6T 6,0 ) (e v

Mg == a(py) (e (

) @79 6,0% v(p)

In the limit k — O :
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Let’s do the analysis for a gluon radiation
.

ievy .
—>
T k ,c

> P

2 pl' — ick k)

gy = 1) 6T 6,0 ) (e v

2 P1 - k
_ (@2 ph—ic"k)
Mige == 1p) () (5= ) T 0% v(py
_ . . pr-e)*  py.e(k)*
In the limit k = O : M 170 = U(py) (er%) (8,T7) v(py) < ! _
P1 - k P> . k
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Let’s do the analysis for a gluon radiation
.

ievy .
—>
T k ,c

N

(2 pf —ic" k)

Y AT T ¢ (k >x<( ) o
gag = #(p1) (&T7) €,(k) 2 by (e,7") v(py)
_ 2p5— ic"k)
/%éc-lg = — u(py) (e;y?) ( 22 P ) (g, T%) €,(k)* v(p,)
_ . . pr-e)*  py.e(k)*
In the limit k = O : M 170 = U(py) (er%) (8,T7) v(py) < ! _
py-k pr-k
" ~ P1 P> P P>
/%2-=—/%2-(g3 Tr TATA>< - )( _ )
" " ; ‘ pi-k prk) \p.k p,.k

)
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Let’s do the analysis for a gluon radiation
.

ievy .
—>
T k ,c

N

(2 pf —ic" k)

Mgy = W) (T 6,0 (F5 ) (e vip
_ 2p5— ic"k)
/%égg = — u(py) (e;y?) ( 22 P ) (g, T%) €,(k)* v(p,)
_ . . pr-e)*  py.e(k)*
In the limit k = O : M 170 = U(py) (er%) (8,T7) v(py) ( ! _
py-k pr-k
~ ~ P1 P> P1 P>
/%2—=—/%2—(gsz Tr TATA>< — )( — )
e e ; d plk p2k plk ka
= M- g2C; [2 P1-P2 B m* B m? ]
e (P1-K) (P2 K) (P2 K (py k)

)
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Let’s do the analysis for a gluon radiation
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Let’s do the analysis for a gluon radiation

For computing the x-section of the emission we need the 3-body phase space :

Pk 1

dd_~dod . .
M 2m)3 2k0

qqg =
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Let’s do the analysis for a gluon radiation

For computing the x-section of the emission we need the 3-body phase space :

Pk 1

dd_~dod . .
M 2m)3 2k0

qqg =

Hence the x-section of soft gluon emission, with k = E :

%2

- 5 204 Cp
d D oo XMy d D - E dE d(cos0)

qq8 P o2

do 2p,.p
((Pl-k)l(l?zz-k)> |
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Let’s do the analysis for a gluon radiation

For computing the x-section of the emission we need the 3-body phase space :

Pk 1
1 27)3 2k0

ddqug%dd)

Hence the x-section of soft gluon emission, with k¥ =

M*

- 5 204 Cy
d D oo XMy d D - E dE d(cos0)

q48
T

dqb( 2py.p )

(py-k) (py.k)

If we try to carry out the P.S. integral in gg COM frame :
~ - 20 Cr. dE dO d¢

M d®,, Nﬂzqucp_

g - .
1 9 T E sin@ 2rx
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Let’s do the analysis for a gluon radiation

For computing the x-section of the emission we need the 3-body phase space :

Pk 1

d @z > d Py (2r)3 2k0

Hence the x-section of soft gluon emission, with k¥ =

M*

q48

dqb( 2py.p )

- 5 204 Cy
dD ., ~ MygdP,,; E dE d(cos0)
(p1-k) (py.k)

T

If we try to carry out the P.S. integral in gg COM frame :

/k dCI) %2 e 20 Cr. dE dO d¢
148 7 & T E sinb 2

When a gluon is emitted from a quark line, in collinear limit, the additional piece in the x-section :
2 Cr dE dO dg 2 Cr. dE dO

T E sin 2r T E 6
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Let’s do the analysis for a gluon radiation

For computing the x-section of the emission we need the 3-body phase space :

Pk 1
1 27)3 2k0

ddqug%dd)

Hence the x-section of soft gluon emission, with k¥ =

7y 204 Cp
M2, d Do Mgz d P, E dE d(cos0)

T

q48

do 2p,.p
<(P1-k)1(1922-k)> |

If we try to carry out the P.S. integral in gg COM frame :

/k dCI) %2 e 20 Cr. dE dO d¢
148 7 & T E sin@ 2

When a gluon is emitted from a quark line, in collinear limit, the additional piece in the x-section :
2 Cr dE dO dg 2 Cr. dE dO

T E sin 2r T E 6

When a gluon is emitted from a gluon line, in collinear limit,

20 C4 dE dO
T E 0

the additional piece in the x-section : dS = &

Sanmay Ganguly (II'TK) JET Physics + ML Lecture-1 12




So we have a large multiplicity of particles

o .

>:/

W +
}}}_—EIQ/TE

S% K

- O

T c A

O O
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A spray of particles gets produced along the line of flight of the original parton,

204 Cryy dE dO
T E 6

governed by the factor: dS = =~
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Particles to Parton mapping

27

QCD predictions

Real data
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The requirement of a Jet algorithm

jet 1 jet 2 jet 1 jet 2 jet 1 jet 2 jet 1 jet 2

VN

Projection to jets should be resilient to QCD effects
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The requirement of a Jet algorithm

N g

jet 1 jet 2 jet 1 jet 2 jet 1 jet 2 jet 1 jet 2

VN

Projection to jets should be resilient to QCD effects

Statuary warning : A JET IS NOT SYNONYMOUS TO PARTON.
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Jet reconstruction 1s a combinatorial puzzle

2 Clear jets 3 |ets?
or 4 jets?

Sanmay Ganguly (II'TK) JET Physics + ML Lecture-1
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So what should be a jet definition?

{PI} jet definition {j k}

particles, jets
4-momenta,

calorimeter towers,....

® \Which particles do you put together into a same jet?

® How do you recombine their momenta
(4-momentum sum is the obvious choice, right?)

“|et [definitions] are legal contracts between theorists and experimentalists”
-- M) Tannenbaum

They’re also a way of organising the information in an event
1000’s of particles per events, up to 40.000,000 events per second
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A jet definition better be IRC safe

/ 'REAL

The IRC divergences from real
00 gﬁ emissions are cancelled by soft
modes of loop integral.

n 20 S C F dE db
T FE 0 If you are “infrared and
collinear safe”, i.e. your

. measurement doesn’t
’ VIRTUAL care whether a soft/
_ collinear gluon has been
emitted then the real

20.Cr dE df and virtual
; d ol divergences cancel.

Sanmay Ganguly (II'TK) JET Physics + ML Lecture-1 18



What’s the point of jet construction

Jets can serve two purposes

» They can be observables, that one can measure
and calculate

» They can be tools, that one can employ to extract
specific properties of the final state

Different clustering algorithms have different properties and characteristics
that can make them more or less appropriate for each of these tasks
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IRC safety

An observable is infrared and collinear safe fif,
in the limit of a collinear splitting, or the emission of an
infinitely soft particle, the observable remains unchanged:

O(X;p1y--yPnyPnt1 — 0) = O(X;p1,...,0n)
O(X;p1,--sPn || Pnt1) = O(X5p1,- oy Pn + Prt1)

This property ensures cancellation of real and virtual divergences
in higher order calculations

If we wish to be able to calculate a jet rate in perturbative QCD
the jet algorithm that we use must be IRC safe:
soft emissions and collinear splittings must not change the hard jets
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Jet defs : which one 1s legal?

Collinear Safe Collinear Unsafe

jet 1 jet 1 jet 1 jet 1 .

jet 2
Og X (=) Og X (+) og X (—) og X (+0)
Infinities cancel Infinities do not cancel

Perturbative calculations of jet observable will
only be possible with collinear (and infrared) safe
jet definitions
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First pointed out by Sterman & Weinberg
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First pointed out by Sterman & Weinberg

VoLUME 39, NUMBER 23 PHYSICAL REVIEW LETTERS 5 DECEMBER 1977

Jets from Quantum Chromodynamics

George Sterman
Institute for Theovetical Physics, State University of New Yovrk at Stony Brook, Stony Brook, New York 11790

and

Steven Weinberg

Lyman Labovatovy of Physics, Harvavd University, Cambridge, Massachusetts 02138
(Received 26 July 1977)
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First pointed out by Sterman & Weinberg

VOLUME 39, NUMBER 23 PHYSICAL REVIEW LETTERS 5 DECEMBER 1977

Jets from Quantum Chromodynamics

George Sterman
Institute for Theovetical Physics, State University of New Yovk at Stony Brook, Stony Brook, New York 11790

and

Steven Weinberg

Lyman Labovatovy of Physics, Harvavd University, Cambridge, Massachusetts 02138
(Received 26 July 1977)

0,=(do/dQ), Q(gEz/Bn?)[-3 In(Ed/ ) ~ 21n22€ — 41n(E 5/ 1) 1n(2€) + 1 —72/3], (2)
0,=(do/dQ), g z2/37)[2 1n?(2¢E /) - 72/6], (3)
0,=(do/dQ), Q1 +(gz*/3m%)[-2In¥E /) +3In(E /1) =2 +72/6]}, (4)
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First pointed out by Sterman & Weinberg

VoLUME 39, NUMBER 23 PHYSICAL REVIEW LETTERS 5 DECEMBER 1977

Jets from Quantum Chromodynamics

George Sterman
Institute for Theovetical Physics, State University of New Yovrk at Stony Brook, Stony Brook, New York 11790

and

Steven Weinberg

Lyman Labovatovy of Physics, Harvavd University, Cambridge, Massachusetts 02138
(Received 26 July 1977)

0,=(do/dQ), Q(gEz/Bn?)[-3 In(Ed/ ) ~ 21n22€ — 41n(E 5/ 1) 1n(2€) + 1 —72/3], (2)
0,=(do/dQ), g z2/37)[2 1n?(2¢E /) - 72/6], (3)
0,=(do/dQ), Q1 +(gz*/3m%)[-2In¥E /) +3In(E /1) =2 +72/6]}, (4)

As expected, each separate contribution is singular for u -0, but cancellations® occur in the sum, and
the final result is free of mass singularities:

o(E, 6, Q, €, 6) =(do/dQ), 1 - (gz2/37%) (3 1nd +41nd1n2¢ + 12/3 — 3)]. (6)
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Main approaches of jet clustering

|. Find regions where a lot of energy flows

or

2. Decide which particles are “close”,
aggregate them

In HEP these are usually called cone and
sequential recombination algorithms

respectively

(in other fields they are often called partitional-type clustering
and agglomerative hierarchical clustering)
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Two main classes of algorithms

p Sequential recombination algorithms
Bottom-up approach: combine particles starting from closest ones
How! Choose a distance measure, iterate recombination until

few objects left, call them jets
Works because of mapping closeness <& QCD divergence

Examples: Jade, ki, Cambridge/Aachen, anti-k, .....

Usually trivially made IRC safe, but their
algorithmic complexity scales like N3

» Cone algorithms

Top-down approach: find coarse regions of energy flow.

How! Find stable cones (i.e. their axis coincides with sum of momenta of particles in it)

Works because QCD only modifies energy flow on small scales
Examples: JetClu, MidPoint, ATLAS cone, CMS cone, SISCone......

Can be programmed to be fairly fast, at the
price of being complex and IRC unsafe
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