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Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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Talk layout 

• Jet-substructure at particle colliders


• Introducing energy correlators to jet-substructure


• Energy-Energy correlators for light quarks


• Energy-energy correlators for heavy quarks: dead-cone effect


• Conclusions
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Jet substructure (JSS) at particle colliders
Study the internal kinematic properties of jets

• Powerful tool to study QCD dynamics and 
probe New Physics. 


• Is there a way to study JSS from field theory 
first principles (symmetries, computation 
techniques etc)?

YES
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Jet substructure (JSS) at particle colliders
Energy Correlators 

• Energy deposit in a calorimeter cell at infinity energy flow/light ray operators. 


                                         


•

⇒

⟨Ψ ∣ ε( ⃗n 1)ε( ⃗n 1) . . . ε( ⃗n n) ∣ Ψ⟩

[Korchemsky, Tkachov, Sterman, Sveshnikov]

[Hofman and Maldacena 2008]

• Distribution of energy inside the jet is described by correlation 
functions of the energy flow operators energy correlators.  
⇒

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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Similar idea with the CMB measurements!
Clearly illustrates dynamics at particular scale.
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Energy correlators for JSS
They are intrinsically IR-safe observable and not sensitive to soft radiation! 

                                                                               


• Here we focus on the two-point function: energy-energy correlators (EEC)





• Study of JSS at high energies corresponds to the small angle limit of the energy correlators (highly boosted).


    Universal scaling behavior in this limit! 


    


 


     Can probe the collinear substructure of the jet in a clean way.


⟨Ψ ∣ ε( ⃗n 1)ε( ⃗n 2) ∣ Ψ⟩

⇒

⇒

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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One of the simplest observables from the theoretical perspective is the Energy-Energy

Correlator (EEC), defined as [2, 3]
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Here Ei and Ej are the energies of final-state partons i and j in the center-of-mass frame,

and their angular separation is �ij . d� is the product of the squared matrix element and the

phase-space measure. The EEC can also be defined in terms of correlation function of ANEC

operators [4–7]
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dt lim
r!1
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n
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where it is given by
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i
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for some source operator O. This provides a connection between event shape observables and

correlation functions of ANEC operators allowing the study of event shapes to profit from

recent developments in the study of ANEC operators, and conversely, the EEC provide a

concrete situation for studying the behavior of ANEC operators.

There has recently been significant progress in the understanding of the EEC from a

number of di↵erent directions. For generic angles, the EEC has been computed at next-to-

leading order (NLO) in QCD [8, 9] for both an e
+
e
� source, and Higgs decaying to gluons,

and up to NNLO in N = 4 SYM [7, 10]. It has also been computed numerically in QCD at

NNLO [11, 12].

There has also been progress in understanding the singularities of the EEC, which occur as

z ! 0 (the collinear limit) and z ! 1 (the back-to-back limit). In the back-to-back limit, the

EEC exhibits Sudakov double logarithms, whose all orders logarithmic structure is described

by a factorization formula [13, 14]. In the z ! 0 limit, which will be studied in this paper,

the EEC exhibits single collinear logarithms, originally studied at leading logarithmic order

in [15–19]. Formulas describing the behavior of the EEC in the collinear limit were recently

derived in [20] for a generic field theory, and in [21–24] for the particular case of a CFT. This

limit is of theoretical interest for studying the OPE structure of non-local operators, and of

phenomenological interest as a jet substructure observable.

The two-point correlator is particularly simple since it depends on a single variable, z.

Indeed, in a conformal field theory (CFT), its behavior in the collinear limit is fixed to be a

power law

⌃(z) =
1

2
C(↵s) z

�N=4
J (↵s) , (1.4)
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⟨Ψ ∣ ε( ⃗n 1)ε( ⃗n 1) . . . ε( ⃗n n) ∣ Ψ⟩

⟨Ψ ∣ ε( ⃗n 1)ε( ⃗n 2) ∣ Ψ⟩ ∼ ∑ θγi𝒪i( ⃗n 1)

[Hofman, Maldacena]

[Chang, Kologlu, Kravchuk, Simmons Duffin, Zhiboedov]

[Basham, Brown, Ellis, Love]
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Looking inside the jets with EEC 
Light quark jets from LHC open data

• There is a distinct scaling behavior for uniformly distributed free-hadrons and free quarks/gluons.

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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[Komiske, Moult, Taler, Zhu] Anomalous scaling in the perturbative region .
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EEC correlators in light quarks 
Small angle limit in e+e− → qq̄g
• EEC is the weighted cross-section by the energy in each detector separated by the small angle: 


    

                                                                               


                                                                                  


                                                                                   


                                                                                   ∑ (z, μ, ln Q2

μ2 ) = ⃗J (μ, ln zx2Q2

μ2 ) ⊗ ⃗H(μ, x, Q2

μ2 )

Scale evolution is governed by the time-like splitting kernels 

Factorization formula

[Dixon, Moult, Zhu]
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Dead-cone effect in QCD
Fundamental phenomena

• Parton-shower pattern depends on the mass of the emitting parton.


• Angular suppression .


                              


•  This is not an IR-safe observable.


• Not possible to calculate it from first principles in QFT.

∝ M
E

First observation for QCD by ALICE collab in [2106.05713]

Observable used for the observation of the dead-cone effect in LHC data
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Dead-cone effect with energy correlators
Probe it from bottom and charm quarks EEC

• EEC can be computed in perturbation theory  compare measurements with predictions.

• It can be a very clean observable due to the advantage of the small angle limit. 


                              

⇒

Solid line: Fixed order

Points are generated with Pythia 

• Can easily observe the change of shape around the heavy quark scale. 

• Both MC and fixed order results have a suppression at small angles. 



Possibly a manifestation of the dead-cone effect
⇓

[Lee, BM, Moult-in preparation]
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Heavy quark jet function 
Non-trivial calculation due to the presence of mass

• The quark and gluon here share energy fractions x and (1-x) of the initial heavy quark energy.


•   For the EEC the jet function is weighted by these energies.

•  This corresponds to three different ways the “detectors” can be places.

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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Heavy quark jet function 

∋ x(1 − x)δ(z − 1 − cos χ12

2 ) ∋ (1 − x)2δ(z) ∋ x2δ(z)

For the virtual diagrams the dependance is trivial, namely multiply the result by δ(z)

=

[Lee, BM, Moult-in preparation]

δ2 = M2

Q2z2
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Heavy quark jet function 
Result

The mass should not affect the UV behavior of the jet function. 

This can be seen from comparing the UV poles with the light quark jet function.  


Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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Factorization formula 

∝ ⃗J Q(z, M, μ) ⊗ ⃗H(z, μ)

The heavy quark EEC factorizes into a jet function and the hard function (the same as for the light quarks) similarly 
to the light quark case.

From this result one can derive the scale evolution of the EEC.  
Anomalous dimensions are related to moments of the heavy quark jet function with respect to x and (1-x).

⃗J Q = {JQ, Jq, Jg}

For resummation beyond LL there will be mixing between  and !JQ Jq

Nevertheless resummation should not change the shape of the energy distribution.
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Conclusions

• Collinear limit of the energy correlators provides a useful tool to study JSS


• They are well-defined field theory object take advantage of theory 
advances


• Energy correlators on heavy particles inside a jet can probe their mass scale 


• They can be measured at colliders to observe the dead-cone effect  

⇒
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Thank you!


