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Collider data is nothing but a set of energy flows and quantum numbers 
carried by them {𝑬𝒊, 	%𝒑𝒊 , 𝑸𝒊}

Collider Physics could be all about how energies and those charges are correlated



History goes back to the seminal paper 

A typical two-jet event observed in TASSO

Measure the product of two 
energy detectors as a function 
of inter-detector angle 𝜒

Starting with G. Sterman 75’
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N-point Energy correlator is computed by summing 
over all products of energies of N detectors.
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On the experiment side
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E.g. neutral scalar

Energy flow operator (detector)

N.A.Sveshnikov, F.V.Tkachov 96’

where 𝑗* = 𝑇(*, 𝑛 : detector config

Road to QFT calculation of correlators

G. Sterman 75’ (1st suggestion of EC)
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Energy flow operator (detector)

where 𝑗* = 𝑇(*, 𝑛 : detector config

𝒟 = {ℰ, 𝒬}

Similarly to 𝒬(#𝑛) for 𝑗* = 7𝜓𝛾*𝜓

: collectively density flow operator

Road to QFT calculation of correlators

N.A.Sveshnikov, F.V.Tkachov 96’

G. Sterman 75’ (1st suggestion of EC)

ü Relating to energy-momentum tensor (non-perturbative)
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𝑑𝑠/ = −𝑑𝑦0𝑑𝑦1 + 𝑑𝑦⃗/on

Cartoon from Kologlu, Kravchuk, Simmons-Duffin, Zhiboedov 19’

: called `null integrated operator’, as opposed to a local operator

Hofman-Maldacena 08’

Limit for sending detector to infinity can be removed 

Road to QFT calculation of correlators
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Energy flux operator, manifestly Lorentz covariant

Cartoon from
Belitsky, Hohenegger, Korchemsky, Sokatchev, Zhiboedov, 13’
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#
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𝑥𝑛 = (𝑛.𝑛)𝑥&= 𝑡 − 𝑟 = tan
𝜏 − 𝜃
2

𝑥.𝑛 = (𝑛.𝑛)𝑥'= 𝑡 + 𝑟 = tan
𝜏 + 𝜃
2

𝑥* = 𝑥-𝑛* + 𝑥, 7𝑛*

𝑇00 = ⁄D𝑛2 D𝑛3𝑇23 𝑛D𝑛 /

Lightray OPE

𝑛( = (1, 𝑛)

.𝑛( = (1,−𝑛)



ℰ #𝑛

EC defined as quantum expectation value of a product of energy flux 
operators acting on the state produced by the operator insertion

Operator 𝒪 insertion 
creates states

Energy flux of each state is associated 
with the energy flow operator

Detectors at 
infinity

Energy flux of each state

ℰ #𝑛! ⋯ℰ #𝑛$ ≡
1
𝒩
⟨0|𝒪-ℰ #𝑛! ⋯ℰ #𝑛$ 𝒪|0⟩

Collider data : a set of {𝐸, , 	𝑝̂, , 𝑄,}

|𝑋⟩ = |𝑝*, ⋯ , 𝑝+⟩

Hofman-Maldacena 2008

Operator Product Expansion (OPE) was shown 
to be possible for `conformal collider’ 

Road to QFT calculation of correlators

Later followed by … 
Kravchuk, Simmons-Duffin 2018
Kravchuk, Kologlu, Simmons-Duffin, Zhiboedov 2019



One-point correlators in QCD

As the simplest correlator while carrying super-rich structure and its 
applications, we focus on one-point correlator of the vector/chiral current, 
generalizing to any types of conserved charges

𝒟 = {ℰ, 𝒬}
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Three-point function of two conserved 
currents and stress-energy tensor

One-point correlators
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of states by a chiral operator, as a polarized electroweak gauge boson

`Weighted cross section’

The polarization can be chosen to be a point in spacelike directions. Due to SO(3) 
symmetry and energy conservation, the form is fixed to be



One-point correlators
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Angle between the detector 
and the beam axis

Parity even part
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𝑎𝒟 = −
3
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𝒟 = 𝑤 DE + 𝑤F	, 𝑏𝒟 =
3
2 𝑤 DE − 𝑤F + 𝒪(𝛼G)

Total flux Parity-even Parity-odd

The density matrix of one-point 
correlators of states produced by 
chiral current, as in the decay of 
polarized spin-1 electroweak 
gauge boson 

One-point correlators



`Measuring these on ALEPH data would be interesting’

One-point correlators of conserved charges



Positivity of energy

ℰ > 0 −
1
2
< 𝑎ℰ	< 1

ℰ@ =
⟨𝒟⟩
4𝜋 1 + 𝑎ℰ

3
2 sin

/ 𝜃 − 1

Hofman-Maldacena 2008

𝑗 = 1,𝑚 = 0𝑗 = 1,𝑚 = ±1

D𝜓𝛾2𝜓 𝜙∗𝐷2𝜙

Bound from the positivity of energy

Interestingly, it fixes the sign of quantum correction to 
stay within the unitarity bound

Can tell about spin of decayed particles

**Note I changed normalization



−
1
2 < 𝑎ℰ	< 1	 → −

1
2 < 𝑎ℰ(𝑄) 	< 1

Flowing Hofman-Maldacena bound:

−
1
2

1
∼	sub-GeV

∼ 10$GeV

Transition from 
theory of fermions to 
theory of scalars

Theory of Quark (fermion)

Theory of Pion (scalar)

Evolution of one-point energy correlator from EW-scale all 
the way down to pion threshold

Application to QCD

𝑒0𝑒1 → 𝛾∗ → hadrons ∶ low	𝐸	QCD 𝑒0𝑒1 → 𝛾∗ → quarks ∶ pQCD

Explored, for the first time, 
by RIEMBAU and SON 25’



Measurement of the longitudinal and transverse 
cross-section at 𝒆&𝒆) collider
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𝑒0𝑒1 → 𝛾∗ → quarks

Flowing Hofman-Maldacena bound:

This relation first pointed out by
RIEMBAU and SON 25’

Precision calculation (theory) Precision measurement (experiment)

NLO in QCD

N'LO in QCD

N$LO in QCD

Rijken, van Neerven 96’ 97’
Mitov, Moch, 06’
Blumlein, Ravindran 06’

He, Xing, Yang, Zhu 25’

Basham, Brown, Ellis, Love 78’

∼ 𝒪(𝛼*$)



−
1
2 < 𝑎ℰ(𝑄) 	< 1

Flowing Hofman-Maldacena bound:

𝑒0𝑒1 → 𝛾∗ → hadrons ∶ Low	𝐸	QCD

𝑎ℰ =	 weighted-sum of individual contribution

RIEMBAU and SON 25’

Extracted by combining Monte Carlo simulation 
(Phokhara 10.0) and Experimental data



: precision calculation & precision measurements are possible

ü A rare example that explicitly exhibits the evolution of effective degrees 
of freedom across the wide range of scales

M. RIEMBAU and M. SON 25’

New panoramic notion of QCD confinement



: precision calculation & precision measurements are possible

𝑝QCD: Excellent agreement with data of 
𝑅-ratio at the order of 𝒪(𝛼*+)

Expect to get saturated at the order of 𝒪(𝛼*+)

New panoramic notion of QCD confinement

M. RIEMBAU and M. SON 25’



Generalization to two-point energy correlator
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Detector for two-point correlator

Leads to two-dimensional bound space

Center of mass of detectors

Relative  detectors

RIEMBAU and SON in progress
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Detector for two-point correlator

LO in QCD, Basham, Ellis, Brown, Love
NLO in QCD, Dixon, Luo, Shtabovenko, Yang, Zhu
NNLO in QCD (numerical), Duca, Duhr, Kardos, Somogyi, Trocsanyi

+ NLO, NNLO in N=4 SYM

Center of mass of detectors

Relative  detectors

This inclusive part 
has a long history



2D positivity bound

ℰ(𝑛*)ℰ(𝑛/) =
EEC 𝑧
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3
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Higher order precision 
computations of spinning parts just 
began

The evolution of QCD across the 
scales resolved in two-dim space 

RIEMBAU and SON in progress

Newly explored by RIEMBAU and SONLiterature restricted 
to this inclusive part in progress

RIEMBAU and SON in near future



Summary

Unlike what people have been naively arguing, reconstructing full Euler 
angle dependence opens up lots of new avenues for both precision 
calculation and precision measurements

A striking example is the `confinement’ in QCD
probed by dynamic effective DOF traveling across large scales


