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Jets in QCD
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Jets are a characteristic feature of QCD:

• At their core, jets are a universal feature of gauge theories:


• Charged particles radiate massless gauge bosons

• Not conspicuous in QED, because αem << 1

• Conspicuous in QCD, because αs(Q2) ~ 1

Elementary cross section for radiation: 
dσ

dxdk2
⊥

∝
αs

x(1 − x)k2
⊥

: Collinear and infrared divergences     logarithms x → 0, x → 1, k2
⊥ → 0 ⟶ ln

1
x

, ln
1

1 − x
, ln k2

⊥

Divergences can be “handled” perturbatively by resumming infinite set of diagrams 

Nature ultimately avoids the divergences by new or nonperturbative physics introducing mass scales

(p,0⊥)

((1 − x)p, − k⊥)

(xp, k⊥)



         
QCD mass scales I
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QCD mass scales become active here

Virtuality evolution
QCD without (light) quarks:   Confinement scale ΛQCD

Originates from scale dependence of αs(Q2) for space-like 
momenta Q2 and depends on the scheme and order of 
pQCD at which it is defined. Latest values from PQG:

where Nf = 3, 4, 5 is the number of quark flavors 
used in evolving αs(Q2) from Q2 = MZ2 to lower 
scales.



         
QCD mass scales II

5

In the (hypothetical) absence of light quarks, ΛQCD manifests itself 
in the linear confining potential between two heavy quarks:

, with . V(r) ≈ −
4αs

3r
+ σr σ ≈ (450 MeV)2

The confinement scale also leads to the existence of stable 
glueballs as lowest excitations of age QCD vacuum:

M(0++) ≈ 1,700 MeV

But QCD contains light quarks with Higgs-generated masses:   mu ≈ 2 MeV, md ≈ 4.5 MeV, ms ≈ 90 MeV

These are most clearly manifested in the pseudoscalar meson masses, especially 


Gell-Mann-Oakes-Renner relation:    

mπ ≈ 135 MeV
m2

π F2
π = (mu + md) |⟨0 | ūu |0⟩ |

With pion decay constant  and quark condensate Fπ ≈ 92 MeV ⟨0 | ūu |0⟩ ≈ ⟨0 | d̄d |0⟩ ≈ − (250 MeV)3



         
QCD mass scales III
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Which QCD scale is more important depends on the observable. Example QGP - HRG transition:

nf = 0:  Tc = 1.26 ΛQCD ~ 270 MeV    [JHEP 07 (2012) 056]     Gluon - glueball transition

nf = 2:  Tc = 174 MeV    [PR D92 (2010) 014504 ]     Pion++ gas - (u,d,g) plasma transition

nf = 3:  Tc = 158 MeV    [PR D92 (2010) 014504 ]     Pion/kaon++ gas - (u,d,s,g) plasma transition

r0 = 0.47 fm
r2
0F(r0) = 1.65

Conclusion: When it comes to hadronization = the transition 
between partons and hadrons, the pion mass matters!


The nonperturbative scale is not always simply set by ΛQCD


What matters in the hadronization of parton showers from jets?


Conventional “wisdom”: Local parton-hadron duality



         
Scale evolution
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μ2 ∼
1

time

The scale evolution is related to the 
evolution of the internal structure of 
the parton shower in a jet.

At the leading logarithmic level, the 
two relevant variables are the 
longitudinal momentum (or energy) 
fraction z carried by a parton and its 
angle θ with respect to the jet axis (or 
its transverse momentum ).

Convenient variables are:


k⊥

ℓ = ln
1
z

, y = ln
zE sin θ

Q0
= ln

k⊥

Q0
,



         
Shower substructure
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Y = ℓ + y = ln
E sin θ

Q0
≈ ln

E
Q0

− ln
1

ΔR

All energy of the jet contained within an angle θ (or ΔR)  
can be expressed as the combination:

y

ln
E
Q0

− Y

“Lund Plane”

How best to capture the complexity of jet substructure?

• Experimental considerations: Observables should be 

insensitive to detector constraints

• Theoretical considerations: Observables should be 

infrared safe against collinear and soft radiation

Solution: Observables should not focus on individual 
particles and should be measurable by calorimeters, 
possibly with aid from tracking and particle ID.



         
Energy flow correlators
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The energy flow operator  sums over all particles emitted in a given direction :





The concept can be generalized to include conserved quantum numbers, such as electric charge:


ℰ( ̂n) ̂n

ℰ( ̂n) = lim
r→∞ ∫

∞

0
dt r2 niT0i(t, r ̂n)

𝒬1( ̂n) = lim
r→∞ ∫

∞

0
dt r2 niT0i(t, r ̂n) J0(t, r ̂n)

If the jet axis is known,  gives what is 
commonly called the differential jet shape , 
or when integrated over a range of angles, the 
integrated jet shape .


Not ideal, because it requires a jet finding and 
defining algorithm

⟨ℰ( ̂n)⟩
ρ(r)

Ψ(r)



         
Energy-energy correlators
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Avoid the need to identify the jet axis: Energy-energy correlators of order N > 1:




fixing only relative angles . For N = 2:


⟨ℰ( ̂n1)ℰ( ̂n2)⋯ℰ( ̂nN)⟩
θij ∼ | ̂ni − ̂nj |

EEC(RL ≡ θ12) = ∫ d ̂n1d ̂n2
⟨ℰ( ̂n1)ℰ( ̂n2)⟩

(Ejet)2
δ ( ̂n1 ⋅ ̂n2 − cos θ12)

Use of EECs to characterize jets has a long history, e.g.:


C.L. Basham et al, PRL 41 (1978) 1575, PRD 19 (1979) 2018;

N.A. Sveshnikov, F.V. Tkachov, PLB 382 (1996) 403; F.V. Tkachov, Int. J. Mod. Phys. A12 (1997) 5411

C. Lee, G.F. Sterman, PRD 75 (2007) 014022

D.M. Hofman, J. Maldacena, JHEP 05 (2008) 012

H. Chen, et al. PRD 102 (2020) 054012; K. Lee et al., arXiv: 2205.03414

P.T. Komiske, et al. PRL 130 (2023) 051901 [Analysis of EEC using CMS open source data]



         
Track functions
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Track functions sum over momenta of all hadrons of a certain type hadronizing from a parton:

 = Probability that hadrons of type R carry total momentum fraction x of parton.


[H.-M. Chang, et al. PRL 111 (2013) 102002, PRD 88 (2013) 034030]

E.g.,  has a rigorous QCD definition [Y. Li et al. PRL 128 (2022) 182001]:





 denotes the set of final-state hadrons included in the momentum sum;  counts all others.

Many options of defining the set :

• All particles with a given sign of electric charge, all strange particles, all protons, ….


Moments of track functions are useful for theoretical RG analysis:   


Tq/g,R(x)

Tq,R(x, μ2)

Tq,R(x, μ2) = ∫ y+d2y⊥ e−k−y+/2 ∑
R,R̄

δ (x −
P−

R

k− ) 1
2Nc

Tr [ γ−

2
⟨0 |ψ(y+,0,y⊥) |RR̄⟩⟨RR̄ | ψ̄(0) |⟩]

R R̄
R

Tα,R(n, μ2) = ∫
1

0
dx xn Tα,R(x, μ2)

⟨ℰR( ̂n1)ℰR( ̂n2)⟩ = ∑
αβ

Tα,R(1)Tβ,R(1)⟨ℰα( ̂n1)ℰβ( ̂n2)⟩



         
N = 2 EEC from CMS data
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P.T. Komiske, I. Moult, J. Thaler, H.X. Zhu,

PRL 130 (2023) 051901

pQCD

K. Lee, B. Meçaj, I. Moult, arXiv:2204.02249

 

Partonic region is well described NLL pQCD

What sets this scale?



         
N = 2 EEC transition scale
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Kyle Devereaux / Wenqing Fan: EEC transition region scales with Ejet



         
EEC transition scale II
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Perturbative evolution of EEC is due to gluon radiation © Wenqing Fan

Radiation must stop at a virtuality scale, below which 
there are no gluon states in the vacuum: Glueball mass

Compares well virtuality scale 
of the EEC peak (2.4 GeV)

A. Dymarsky, D. Melnikov, JHEP 11 (2022) 164 [2208.14826 hep-lat]

Glueball masses in MeV Glueball mass in σ



         
MLLA theory of jets

15

Let’s look at the original (pre-event generator) models of multi-particle production in jets: MLLA 
(modified leading logarithmic approximation)

[A.H. Mueller, NPB 85 (1983) 85; Doshitzer & Trojan, LNPI preprint 922 (1984);

Dokshitzer, Khoze, Trojan, Mueller, RMP 60 (1988) 373; DKMT, Basics of Perturbative QCD]

Based on color coherence in parton branching, 
which is expressed as angular ordering.

Allows to construct analytical descriptions of 
parton cascades that are exact at the double- 
and single-logarithmic level.

An analytical solution of the shower evolution equations can be found for the moments of the pdf’s in 
terms of confluent hypergeometric functions. The distributions in terms of z and Y are obtained as 
inverse Mellin transforms [DKTM; Perez-Ramos & Machet, JHEP 04 (2006) 043 [hep-ph/0512236]:


zDh
g(z, Y ) =

Y
βB(B + 1) ∫

c+i∞

c−i∞

dω
2πi

zω Kh(ω, Mh) 1F1 (1 − (βω)−1, B + 2, ωY) Y = ln
E sin θ

Q0



         
MLLA theory II
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zDh
g(z, Y ) =

Y
βB(B + 1) ∫

c+i∞

c−i∞

dω
2πi

zω Kh(ω, Mh) 1F1 (1 − (βω)−1, B + 2, ωY)

 describes the conversion of gluons into hadrons    moments of track functions

Standard approach in MLLA: “Local parton-hadron duality” (LPHD) [Ya.I. Azimov et al., ZPC 27 (1985) 65], 
which simply states: .

Kh(ω, Mh) ↔

Kh(ω, Mh) ≈ Kh(0,Mh) ≡ Kh

Useful representation in terms of parton rapidity




with 

y ≈ ln(Epθ/Q0) = Y − ℓ

Q0 = ΛQCD ≈ 150 MeV, Kπ = 1.09

Ejet = 17 GeV

ℓ = ln(1/z)

Angular distributions of hadrons are improved with  
corrections (NMLLA) [Perez-Ramos, Arleo, Machet [0712.2212]

Also, 2-parton correlations can be calculated analytically.

O( αs)



         
“Humpbacked plateau”
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Multiparticle distribution in jet

MLLA

Y = 6
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zpeak ≈ e−4 ≈ 0.02

MLLA

Y = 6
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Energy flow within jet

zpeak ≈ e−2 ≈ 0.135



         
(N)MLLA III
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• Analytical expressions for N-particle observables may allow for 
additional insights into the role of scales


• Avoidance of microscopic detail may be (dis-)advantage


• Problem of scale setting at the Leading-Log level


• QGP medium modifications [Borghini, Wiedemann, hep-ph/0506218, 
Borghini, PLB 678 (2009) 82]


• Too much color coherence in the medium?


• Hadrochemistry in jets  [Borghini and Sapeta, 0707.3494]

MLLA

ATLAS 7 TeV pp

pT = 500-600 GeV

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0.6

0.7

0.8

0.9

1.0

1.1

1.2

r

ψ
(r)

Exploration of (N)MLLA for EEC may be worthwhile, and can be cross-checked against MC shower codes



         
Using EECs 
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Analytical calculations have been largely superseded by jet shower MC codes (PYTHIA, HERWIG, etc.), 
which allow for detailed comparison with collider (e+e−, pp) data.

One possible disadvantage when applying to global jet shape observables, such as EECs, is that these 
codes contain much extraneous information: complete shower structure and hadronization scheme.


Analogy: Boltzmann transport codes contain much more information than hydrodynamics models, but are 
less useful for the interpretation of collective flow observables vn in terms of fluid properties (EOS, η, ζ).

This raises the issue, what do we hope to learn from EECs beyond pQCD in vacuum, and what is the 
most economical jet shower description for this purpose? Possible questions:

• Dynamics of hadronization: Scale setting, string breaking, clustering, etc? 
• Modification of the perturbative jet shower in a hot or cold medium 
• Modification of hadronization by medium contributions



         
EEC and hadronization dynamics
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• Scale setting:


- Virtuality scale  of the “peak” is independent of the jet energy

- Value and physics of Qc suggests relationship with the lowest glue ball masses 

Qc ≈ 2.4 GeV

• Hadronization mechanism:

• Different MC codes implement different mechanisms (color string breaking in PYTHIA, clustering with 

subsequent decays in HERWIG). Can these be distinguished using EECs with conserved quantum 
number constraints (++/−− vs. +−,  vs. , etc.)?


• Theory: What is the relationship between  and ? 

• Can track functions or their moments be computed on the lattice?


• How good is LPHD? How does it depend on the lowest hadron mass ( )?

pp/p̄p̄ pp̄
Ti(x, μ2) Kh(ω, Mh)

mπ



         
MC hadronization models
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Wenqing FanWenqing Fan

HERWIG 7 describes ALICE data slightly better than PYTHIA 8 Different JETSCAPE hadronization 
schemes also show systematic 
differences (stay tuned….)

Chathuranga Sirimanni



         
Medium modifications: Parton regime I
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Medium modifications in the parton regime ( ) can be described with pQCD techniques:


• A+A collisions: Thermal QCD for a QGP medium

• e+A or p+A collisions: Higher-twist corrections for a cold nuclear medium


Interesting results already exist:

RL > Qc/Ejet

C. Andres at al., 2209.11236, 2303.03413

Multiple scattering induced 
gluon radiation in the QGP 
enhances EEC at large RL. 

Onset of enhancement is 
sensitive to the path length L 
in the QGP (LPM effect = 
coherence)



         
Medium modifications: Parton regime II
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Similar effects, but much weaker, for jet traversing a cold nuclear medium.

Devereaux, Fan, Ke, Lee, Moult, 2303.08143

Multiple scattering induced gluon radiation in the QGP enhances EEC at large θ = RL. 

Onset of enhancement is sensitive to the path length L:  


Higher jet pT helps open up the parton dominated regime: e+A at EIC, p+A at RHIC/LHC
θc(L) ∼ (EjetL)−1/2 ∼ (Ejet)−1/2A−1/6



         
Medium modifications: Hadron regime I
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Opportunity to explore medium contribution to hadronization. 

From A+A collisions, we know that recombination (coalescence) and fragmentation compete in the range 
2 GeV/c < pT < 10 GeV, aided by transverse collective flow of the medium.

T,µ,v
vM

2 (pT) ≈ 2vq
2(pT /2)

vB
2(pT) ≈ 3vq

2(pT /3)

Valence quark scaling:  vq
2(pT) ≈

1
Nq

vh
2(NqpT)

Baryons

Baryons

Mesons



         
Medium modifications: Hadron regime II
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Fries, Müller, Nonaka, Bass, PRL 90 (2003) 202303, PRC 68 (2003) 044902

Theory of hadronization by recombination:

Recombination always wins out 
over fragmentation …

Transition point shifts to higher pT for baryons (requires PID) and at LHC.

Can this effect be studied in A+A (p+A) collisions using hadron-specific EECs?



         
Medium modifications: Hadron regime III
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Some general thoughts:


• Medium contributions to hadronization in A+A collisions are aided by transverse flow and thermal motion 


• Low-pT cut-off (1-2 GeV/c) is not prohibitive b/c recombination dominates up to 5-8 GeV at LHC


• But: PID in this momentum domain would be required (ALICE3 ?)


• The partons from a cold medium would contribute at much lower pT and may be hard to detect


• Generally: EECs may not be ideal for medium effects in hadronization studies b/c of energy weighting, 
which suppresses low-z contributions, where medium contributions are strongest


•  with n < 1 (as in the e+A study) can help, but may create its own challenges ⟨ℰn(θ1)ℰn(θ2)⟩



         
Summary

! EEC are interesting “new” tools for the study of jet substructure and its modification in 
e+A, p+A, A+A collisions

" Well grounded in theory; less reliant on MC jet modeling

" Less sensitive to jet finding and grooming procedures (?)


! Already strong arguments for use of EEC to study medium modification of the jet 
shower in the parton dominated (pQCD) regime


! Understanding of the physics of the transition regime is a theoretical challenge

" Can lattice or holographic techniques provide guidance?


! In combination with Track functions, EEC can also be interesting tools for the study of 
hadron formation in the vacuum or with medium contributions


! Only the surface has been scratched so far - lots of opportunities for experimentalists 
and theorists!
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