
Probability to emit a gluon:

The probability of radiation 𝑃 = ∫𝑑𝑃 ≫ 1 ! (from large logarithms of !!,#$%&
"'()

)
To resum these emissions: parton showers = jets.

Jets and jet quenching

𝑑𝑃(𝑧, 𝑘!) =
𝛼"
𝜋
2𝐶#
𝑧

1
𝑘!
𝑑𝑧𝑑𝑘!

𝑧

1 − 𝑧
𝜗, 𝑘!
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Probability to emit a gluon:

The probability of radiation 𝑃 = ∫𝑑𝑃 ≫ 1 ! (from large logarithms of !!,#$%&
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)
To resum these emissions: parton showers = jets.
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Quenching effects in the cumulative jet spectrum
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• Definition:

• RAA: Compares jets in vacuum to jets in 
medium at the same pT.

• Jet with pT in medium loose energy and 
ends up with pT - 𝜀.

• Complication 1:
RAA doesn’t compare the “same” jets!

• The spectrum is steeply falling n ≫ 1.

• Complication 2:
RAA is sensitive to n (bias on energy loss)!

2

𝑅$$(𝑝%) = 2
d𝜎&'(
d𝑝%

(𝑝%)
d𝜎)*+
d𝑝%
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vac

Introduction: What is the jet RAA?

ln 𝑝%
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[J.Brewer et. al. Phys.Rev.Lett. 122, 222301 (2019)]
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6,3

[J.Brewer et. al. Phys.Rev.Lett. 122, 222301 (2019)]

4

Other possibilities

• To decrease the bias: 
Use the cumulative distribution instead.

• What is the “original” pT?
Instead of the spectrum, use the 
probability (cumulative).

• Quantile procedure
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dσ
d𝑝%

ln 𝑝%𝑝%
6𝑝%0
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1. The quenching weight

Building up the quenched jet spectrum
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The quenched spectrum (probability 𝒫 of loosing 𝜀 energy)

The RAA is the quenching weight

7

The quenched spectrum: the quenching weight
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[Baier, Dokshitzer, Mueller, Schiff (1998), Salgado, Wiedemann (2001)]
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The quenched spectrum (probability 𝒫 of loosing 𝜀 energy)

The RAA is the quenching weight

What is 𝒫 𝜀 ?
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1. Medium Induced Emissions

Building up the quenched jet spectrum
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Single parton, single medium induced emission

Single parton, multiple induced emission

Multi parton (jet), multiple induced emission

9

From single parton to jets

𝒫:
8 𝜀 ≈
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[JHEP09 (2001) 033]

𝒬:
<1!(𝑝%) ≈ 𝑄:

8 (𝑝%)𝒞(𝑝% , 𝑅)

[Phys.Rev.D98 (2018) 051501]
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Medium Induced Parton Showers
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Single parton, single medium induced emission

Single parton, multiple induced emission

Multi parton (jet), multiple induced emission

9

From single parton to jets
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𝒬:
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8 (𝑝%)𝒞(𝑝% , 𝑅)

[Phys.Rev.D98 (2018) 051501]

Medium Induced Parton Showers

QCD with medium bkg:
• Colored background 𝒜'(𝑡, 𝑥)
• Energy is conserved (p+), transverse kick (p)
• Multiple scatterings

Keeping space-time: partial Fourier space (p+, p, p-) → (p+, x, t)
• Effective propagator:

• Effective vertices:

Modern Jet Quenching - Medium Induced Emission
[Zakharov, BDMPS, GLV, Wiedemann (1996-2000)  
Blaizot, Iancu, Salgado, CGC formalism (2012-)]

𝐺(#(𝑝), 𝒑* , 𝑝%) 𝐺(!("
#!#"(𝑡+ , 𝒙+ , 𝑡, , 𝒙,|𝑝))

⊗ ⊗
⊗

⊗ ⊗ ⊗ ⊗
⊗

⊗
⊗

⊗ ⊗ ⊗
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Single parton, single medium induced emission

Single parton, multiple induced emission

Multi parton (jet), multiple induced emission
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From single parton to jets
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Medium Induced Parton Showers

QCD with medium bkg:
• Colored background 𝒜'(𝑡, 𝑥)
• Energy is conserved (p+), transverse kick (p)
• Multiple scatterings

Keeping space-time: partial Fourier space (p+, p, p-) → (p+, x, t)
• Effective propagator:

• Effective vertices:

Modern Jet Quenching - Medium Induced Emission
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[Zakharov, BDMPS, GLV, Wiedemann (1996-2000)  
Blaizot, Iancu, Salgado, CGC formalism (2012-)]
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Single parton, single medium induced emission

Single parton, multiple induced emission

Multi parton (jet), multiple induced emission

9

From single parton to jets
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Medium Induced Parton Showers

Transverse broadening:

Gaussian broadening: 𝑁#𝑛𝜎 𝒓 = 3𝑞𝒓-/2

Medium induced emission (in addition to vacuum):

Modern Jet Quenching - Medium Induced Emission

~7𝒟𝒓𝒟9𝒓 𝑒,
.#
- ∫$%

$& 0( (�̇�"%4̇𝒓𝟐) 1
𝑑6

Tr 𝑒%,7 ∫$%
$& 0( [𝒜((𝒓)%𝒜(

#(4𝒓)]

𝒫 𝒑, 𝑡 =
4𝜋
3𝑞𝑡
𝑒%

𝒑"
<=* 𝒑- = 3𝑞𝑡

⊗ ⊗ ⊗

2

⊗⊗⊗⊗
⊗

⊗
⊗

2

~ 0>
0?0𝒌

~ A)
?*/"

𝑓(𝒌)

≈ exp −𝑁!H
"!

"
𝑑𝑠 𝑛(𝑠)𝜎(𝒓 − 4𝒓)

[Blaizot, Iancu, Mehtar-Tani,, Salgado, Tywoniuk, ...]
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Single parton, single medium induced emission

Single parton, multiple induced emission

Multi parton (jet), multiple induced emission
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From single parton to jets
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Medium Induced Parton Showers

Transverse broadening:

Gaussian broadening: 𝑁#𝑛𝜎 𝒓 = 3𝑞𝒓-/2

Medium induced emission (in addition to vacuum):

Decoherence: 𝜗= 4= ≪ 𝜗#

Modern Jet Quenching - Medium Induced Emission
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Single parton, single medium induced emission

Single parton, multiple induced emission

Multi parton (jet), multiple induced emission
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From single parton to jets
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Medium Induced Parton Showers

Transverse broadening:

Gaussian broadening: 𝑁#𝑛𝜎 𝒓 = 3𝑞𝒓-/2

Medium induced emission (in addition to vacuum):
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Single parton, single medium induced emission

Single parton, multiple induced emission

Multi parton (jet), multiple induced emission
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Medium Induced Parton Showers

Thank you for your attention!
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Single parton, single medium induced emission

Single parton, multiple induced emission

Multi parton (jet), multiple induced emission
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Single parton, single medium induced emission

Single parton, multiple induced emission

Multi parton (jet), multiple induced emission
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From single parton to jets
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BDMPS-Z + GLV + Matching
[Nucl.Phys.B484 (1997) 265]
[JETP Lett.63 (1996) 952]
[Nucl.Phys.B594 (2001) 371]
[JHEP10 (2020) 176]
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Single parton, single medium induced emission

Single parton, multiple induced emission

Multi parton (jet), multiple induced emission
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From single parton to jets
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Single parton, single medium induced emission

Single parton, multiple induced emission

Multi parton (jet), multiple induced emission
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From single parton to jets
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Single parton, single medium induced emission

Single parton, multiple induced emission

Multi parton (jet), multiple induced emission
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From single parton to jets
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Single parton, single medium induced emission

Single parton, multiple induced emission

Multi parton (jet), multiple induced emission
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From single parton to jets
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To include more effects:

• Assuming factorization: PDF and nPDF effects, quark/gluon ratio

• Medium resolution and color coherence effects

• Broadening of the induced gluons in/out of the cone

• Thermalizing soft gluons

• Energy loss from elastic scattering

Missing:

• Geometry and time dependence

• Fluctuations

Comparison to data
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0-10% PbPb @ 5.02TeV, |η| < 2.8
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0-10% PbPb @ 5.02TeV, |η| < 2.8
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Quenching weight
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𝑅$$ = M
𝜎AA
𝜎.. .!

𝑄AA = M
𝑝%AA

𝑝%
..

B())

N𝑅$$ = M
ΣAA
Σ.. .!

N𝑄AA = M
𝑝%AA

𝑝%
..

C())

𝜎AA 𝑝% = 𝜎..(𝑝% + 𝑆)

• Nuclear modification: ok ok

• Quantile ratio: smaller        better

• Cumulative-RAA: ok better

• Pseudo-Quantile: smaller ok

• Spectrum shift: smaller ok

Name def. n sensit.     statistics   cartoon

Equivalent to +𝑄AA

Behaves as ~𝑅AA
BC/E

Behaves as ~𝑄AAEBC

Different observable possibilities
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Scattering on the medium (of an energetic parton):
• Colored background 𝒜#(𝑡, 𝑥)
• Energy is conserved (p+), transverse kick (p)
• Multiple scatterings

Keeping space-time: partial Fourier space (p+, p, p-) → (p+, x, t)

2-d Schrodinger equation with imaginary potential

7

Modern Jet Quenching - Medium Induced Emission
[Zakharov, BDMPS, GLV (1996-2000) - Blaizot, Iancu, Salgado (2012-)]
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Modern Jet Quenching - Medium Induced Emissions

Medium induced emission:
𝜔 $%
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Elastic scattering potential:

Medium resolution: 
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Modern Jet Quenching - Medium Induced Emissions
[Blaizot, Iancu, Mehtar-Tani (2014)]

Medium induced parton shower

With transverse broadening
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To include more effects:

• Assuming factorization: PDF and nPDF effects, quark/gluon ratio

• Medium resolution and color coherence effects

• Broadening of the induced gluons in/out of the cone

• Thermalizing soft gluons

• Energy loss from elastic scattering

Missing:

• Geometry and time dependence

• Fluctuations

Comparison to data
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Quenching weight
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