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What does raw measurement reveals?
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What precisely these “JET” events are?
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What is our best explanation?
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Pythia 8.3 manual : https://arxiv.org/pdf/2203.11601

π±

KL , KS

γ (π0 → γγ, ISR , FSR)

l±

https://arxiv.org/pdf/2203.11601


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

The fragmented partons tend to populate in the direction of the mother parton. 
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Figure source : Gavin Salam QCD lectures; 1011.5131

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.  
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Figure source : Gavin Salam QCD lectures; 1011.5131

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 : 
  

 ℒ = −
1
4

N2
C−1

∑
A=1

FA
μνFA;μν +

NF

∑
a,b=1

ψ̄ a[iγμ(∂μδab − gs

N2
C−1

∑
C=1

TC
abAC

μ ) − m]ψ b



How about some general analytic structures?
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θ

Ea = E

Eb = zE

Ec = (1 − z)E
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θ

Ea = E

Eb = zE

Ec = (1 − z)E

pμ
b = zE(1, sinθ, 0, cosθ)
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θ

Ea = E

Eb = zE

Ec = (1 − z)E

pμ
b = zE(1, sinθ, 0, cosθ)

dP(a → b + c) ∼ |M(a → b + c) |2 dΠb dΠc
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θ

Ea = E

Eb = zE

Ec = (1 − z)E

pμ
b = zE(1, sinθ, 0, cosθ)

dP(a → b + c) ∼ |M(a → b + c) |2 dΠb dΠc

∼ 𝒫(E , z , θ) dz dθ
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If  is a fixed number, then  is a scale invariant quantity. E 𝒫(E , z , θ)
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θ

Ea = E

Eb = zE
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dP(a → b + c) ∼ |M(a → b + c) |2 dΠb dΠc

∼ 𝒫(E , z , θ) dz dθ

If  is a fixed number, then  is a scale invariant quantity. E 𝒫(E , z , θ)

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

Let’s first choose  , with  and    θ → θ′ = eϵθ ϵ → 0 z′ = z

Under this scaling    𝒫(E , z , θ) dz dθ → 𝒫′ (E , z′ , θ′ ) dz′ dθ′ = 𝒫′ (E , z , θ′ ) dz dθ′ 
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θ

Ea = E

Eb = zE

Ec = (1 − z)E

pμ
b = zE(1, sinθ, 0, cosθ)

dP(a → b + c) ∼ |M(a → b + c) |2 dΠb dΠc

∼ 𝒫(E , z , θ) dz dθ

If  is a fixed number, then  is a scale invariant quantity. E 𝒫(E , z , θ)

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

Let’s first choose  , with  and    θ → θ′ = eϵθ ϵ → 0 z′ = z

Under this scaling    𝒫(E , z , θ) dz dθ → 𝒫′ (E , z′ , θ′ ) dz′ dθ′ = 𝒫′ (E , z , θ′ ) dz dθ′ 

Let’s expand , in the limit  .    𝒫′ (E , z , θ′ ) dz dθ′ = 𝒫(E , z , eϵθ) dz d(eϵθ) ϵ → 0

Larkoski : 2407.04897
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Now   

and  

𝒫(E , z , eϵθ) = 𝒫(E , z , θ) + ϵθ
∂𝒫
∂θ

+ 𝒪(ϵ2)

dz dθ′ = dz dθ + ϵdz dθ + 𝒪(ϵ2)
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Now   

and  

𝒫(E , z , eϵθ) = 𝒫(E , z , θ) + ϵθ
∂𝒫
∂θ

+ 𝒪(ϵ2)
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Hence 
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∂𝒫
∂θ
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+ 𝒫(E , z , θ) = 0

The solution to above differential equation is :   .  𝒫(E , z , θ) ∼
1
θ

Keeping  fixed, if we scale , we have  :   .  θ z 𝒫(E , z , θ) ∼
1
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Since  and   can be varied independently  :   ; the lowest order singularity.  z θ 𝒫(E , z , θ) ∼
1
z

1
θ
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This translates to  the emission probability :   𝒫(E , z , θ) dz dθ ∼
dz
z

dθ
θ

∼
dEb

Eb

dθ
θ
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This translates to  the emission probability :   𝒫(E , z , θ) dz dθ ∼
dz
z

dθ
θ

∼
dEb

Eb

dθ
θ

Hence total emission probability :   ∫ 𝒫(E , z , θ) dz dθ ∼ ∫
dEb

Eb

dθ
θ

∼ ln(Eb) ln(R)
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Hence total emission probability :   ∫ 𝒫(E , z , θ) dz dθ ∼ ∫
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Eb

dθ
θ

∼ ln(Eb) ln(R)

Sudakov double logarithm 

This coefficient is given by the particular theory and better it be positive!
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This translates to  the emission probability :   𝒫(E , z , θ) dz dθ ∼
dz
z

dθ
θ

∼
dEb

Eb

dθ
θ

Hence total emission probability :   ∫ 𝒫(E , z , θ) dz dθ ∼ ∫
dEb

Eb

dθ
θ

∼ ln(Eb) ln(R)

Sudakov double logarithm 

This coefficient is given by the particular theory and better it be positive!

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

2. Angle  is always dimensionless for any radiation. Will the logarithmic divergence appear for 
massive particle radiation as well?

ϵ

θ
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iℳ1
qq̄g = ū(p1) (igsTa) /ϵ(k) * ( i( /p1 + /k + m)

(p1 + k)2 − m2 ) (−ieqγα) v(p2)

iℳ2
qq̄g = − ū(p1) (−ieqγα) ( i( /p2 + /k + m)

(p2 + k)2 − m2 ) (igsTa) /ϵ(k) * v(p2)
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iℳ1
qq̄g = ū(p1) (igsTa) /ϵ(k) * ( i( /p1 + /k + m)

(p1 + k)2 − m2 ) (−ieqγα) v(p2)

iℳ2
qq̄g = − ū(p1) (−ieqγα) ( i( /p2 + /k + m)

(p2 + k)2 − m2 ) (igsTa) /ϵ(k) * v(p2)

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

 ;   

 ;   

                                                 

ū(p) /ϵ(k) * ( /p + m) = 2 ū(p) ϵμ(k) * pμ ( /p + m) /ϵ(k) * v(p) = 2 ϵμ(k) * pμ v(p)

ū(p) /ϵ(k) * ( /k) = − i ū(p) ϵμ(k) * σμν kν /k /ϵ(k) * v(p) = − i ϵμ(k) * σμν kν v(p)

(p + k)2 − m2 = 2 (p . k)
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ℳ1
qq̄g = ū(p1) (gsTa) ϵμ(k) * ( (2 pμ

1 − iσμν kν)
2 p1 . k ) (eqγα) v(p2)
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ℳ1
qq̄g = ū(p1) (gsTa) ϵμ(k) * ( (2 pμ

1 − iσμν kν)
2 p1 . k ) (eqγα) v(p2)

ℳ2
qq̄g = − ū(p1) (eqγα) ( (2 pμ

2 − i σμν kν)
2 p2 . k ) (gsTa) ϵμ(k) * v(p2)

In the limit   : k → 0
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ℳ1
qq̄g = ū(p1) (gsTa) ϵμ(k) * ( (2 pμ

1 − iσμν kν)
2 p1 . k ) (eqγα) v(p2)

ℳ2
qq̄g = − ū(p1) (eqγα) ( (2 pμ

2 − i σμν kν)
2 p2 . k ) (gsTa) ϵμ(k) * v(p2)

In the limit   : k → 0 ℳqq̄g = ū(p1) (eqγα) (gsTa) v(p2) (p1 . ϵ(k) *
p1 . k

−
p2 . ϵ(k) *

p2 . k )
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For computing the x-section of the emission we need the 3-body phase space :  

                             .  d Φqq̄g ≈ d Φqq̄
d3 ⃗k

(2π)3

1
2k0
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A spray of particles gets produced along the line of flight of the original parton,   

governed by the factor :    .  dS = ≈
2αS CF/A

π
dE
E

dθ
θ



Particles to Parton mapping
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Statuary warning : A JET IS NOT SYNONYMOUS TO PARTON.  



Jet reconstruction is a combinatorial puzzle
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So what should be a jet definition?
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A jet definition better be IRC safe
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The IRC divergences from real  
emissions are cancelled by soft  
modes of loop integral.



What’s the point of jet construction 
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IRC safety 
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Jet defs : which one is legal? 
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Main approaches of jet clustering 
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Two main classes of algorithms
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