
Correlations and local production of open charm

Outline
o Introduction and motivations: limits of the standard 

picture of heavy-ion collisions

o Unclear prediction over correlations: conflicting point of 
views

o Open charm correlations as a way to settle the more 
appropriate phenomenological extensions
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Heavy-ion collisions

What we should do (If we could)

• Initial states (sharply peaked 
gaussians in momentum space)

| Ψ𝑖𝑛 ⟩
∝ 𝑒

−
𝒑−𝒑𝟎

2

2𝜎2
−𝑖𝒑⋅ 𝒙−𝒙𝟎 ⋯

• Evolution operator (from the initial time 𝑡𝑖 to 
the final one 𝑡𝑓)

𝑈 𝑡𝑓, 𝑡𝑖 = 𝑒−𝑖
𝐻(𝑡𝑓−𝑡𝑖)

• Projection with some final states
(momentum states of the final particles)

𝑃(𝑜𝑢𝑡|𝑖𝑛) = Ψ𝑜𝑢𝑡
𝑈 𝑡𝑓 , 𝑡𝑖 Ψ𝑖𝑛

2

∝ 𝑆 matrix

Detectors
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Heavy-ion collisions

What we should do (If we could)

• Schrodinger picture(interference, 
fluctuations all taken into account)

• Expectations values
(for any observable)

Ψ𝑆(𝑡) =

𝒏

𝑒−𝑖 𝑡−𝑡0 𝐸𝑛𝛼𝒏 𝒏

𝑂 = 𝑡𝑟 𝜌 𝑂 = 𝑡𝑟 Ψ𝑆 Ψ𝑆 𝑂

𝜌 = Ψ𝑆(𝑡) Ψ𝑆(𝑡) =

𝒏,𝒎

𝑒−𝑖 𝑡−𝑡0 (𝐸𝑛−𝐸𝒎)𝛼𝒏
∗ 𝛼𝒎 𝒏 𝒎• With Too complicated!

Detectors
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Heavy-ion collisions

What we did (thermal model)

• Substitute the (inconveniently complicated) exact state

𝜌 ≃

𝒏

𝑃𝒏 𝒏 𝒏

𝑂 ≃ 𝑡𝑟 𝜌𝑒𝑞. 𝑂 ቚ
free

𝜌 = Ψ𝑆(𝑡) Ψ𝑆(𝑡) =

𝒏,𝒎

𝑒−𝑖 𝑡−𝑡0 (𝐸𝑛−𝐸𝒎)𝛼𝒏
∗ 𝛼𝒎 𝒏 𝒎

• with the simpler, diagonal, mixed state
(RPA can partially account for that)

• Final states approximately free, we 
know the equilibrium state
(microcanonical, canonical , etc. ) and 
we can compute expectation values
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Heavy-ion collisions

What we do (now, mostly)

• Initial conditions
(Monte Carlo Glauber, 
color glass condensate, 
etc…)

• Pre-hydro smoothening
(gaussians, parton free-
streaming, etc…)

• Hydrodynamics
(ideal, second-order, 
aHydro, etc…)

• Hadronization
(direct freeze-out or 
rescattering)
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Comparisons between theory and experiments

What we compute (expectation values) What we measure

𝑇𝜇𝜈(𝑥) = 𝑡𝑟 𝜌 𝑇𝜇𝜈(𝑥)

𝐽𝐵
𝜇
(𝑥) = 𝑡𝑟 𝜌 መ𝐽𝐵

𝜇
(𝑥)

𝑑𝑁

𝑑3𝑝

𝑑 ഥ𝑁

𝑑3𝑝

The (approximate) evolution is a closed 
set of equations, for each subset

Spectra (momentum space), 
this is ok… but also other 
things

It is important to translate from one picture to the other in the appropriate way
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A brief look at relativistic kinetic theory

𝑝 ⋅ 𝜕𝑓 𝑥, 𝒑 = 𝐶 𝑓, ҧ𝑓

𝑝 ⋅ 𝜕 ҧ𝑓 𝑥, 𝒑 = ҧ𝐶 𝑓, ҧ𝑓

𝑇𝜇𝜈(𝑥) =
𝑔𝑆
2𝜋 3

න
𝑑3𝑝

𝐸𝒑
𝑝𝜇 𝑝𝜈 𝑓 𝑥, 𝒑 + ҧ𝑓 𝑥, 𝒑

𝐽𝐵
𝜇
(𝑥) =

𝑔𝑆
2𝜋 3

න
𝑑3𝑝

𝐸𝒑
𝑝𝜇 𝑓 𝑥, 𝒑 − ҧ𝑓 𝑥, 𝒑

The relativistic Boltzmann equation

Well defined stress-energy tensor and baryon current

A bridge between hydro and spectra (but not fluctuations and correlations) 
in momentum space
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Connection with the spectra

x

t

After the freeze-out, an application of the divergence theorem

Isolated system
Causal structure

𝝏𝝁𝑱
𝝁 = 𝟎 𝐽𝜇 = 𝑝𝜇𝑓 𝑥, 𝒑 ,⋯

න𝑑Σ𝜇 𝑝
𝜇 𝑓 𝑥, 𝒑 = න𝑑3 𝑥 𝐸𝒑𝑓(𝑥, 𝒑)
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Charm from the medium

x

t

𝝏𝝁𝑱
𝝁 = 𝟎 𝐽𝜇 = 𝑝𝜇𝑓 𝑥, 𝒑 ,⋯

න𝑑Σ𝜇 𝑝
𝜇 𝑓 𝑥, 𝒑 = න𝑑3 𝑥 𝐸𝒑 𝑓(𝑥, 𝒑)

Some adjustments required

𝑁𝐷 =
1

2𝜋 3
න𝑑3𝑥 𝑑3𝑝 𝑓𝐷 𝑥, 𝒑 < 𝟏

but relatively simple

𝑓𝐷 𝑥, 𝒑 = 𝑃 0 0 + 𝑃 1 𝑓1 𝑥, 𝒑 + ⋯

⇒ 𝑓1 𝑥, 𝒑 ≃
𝑓𝐷(𝑥,𝒑)

𝑃(1)

same for the antiparticle

What about the correlations?

• First option: “thermalization” to the 
extreme, no correlations (the one-
particle distribution is all we need 
for the momenta)



x

t
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න𝑑Σ𝜇 𝑝
𝜇 𝑓𝐷 𝑥, 𝒑 = න𝑑3 𝑥 𝐸𝒑 𝑓𝐷(𝑥, 𝒑)

න𝑑Σ𝜇 𝑝
𝜇𝑓ഥ𝐷 𝑥, 𝒑 = න𝑑3 𝑥 𝐸𝒑 𝑓ഥ𝐷(𝑥, 𝒑)

Similar idea, still consistent with the spectra prescription

• charm and anti-charm produced 
(and “thermalize”) together

• random point (space-
time), then randomly 
select a momentum

The probability for the 𝐷 and 
the ഥ𝐷 momenta is no longer a 

direct product

𝑃 𝒑𝐷 , 𝒑ഥ𝐷 ≠ 𝑃 𝒑𝐷 ⋅ 𝑃 𝒑ഥ𝐷

Charm from the medium
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Intermediate (non-unique) picture

• charm and anti-charm (still)
produced together

• “thermalization” not 
immediate ( and diffusion)

Probability still not a direct 
product, but getting closer with 

increased diffusion

𝑃 𝒑𝐷 , 𝒑ഥ𝐷 ≠ 𝑃 𝒑𝐷 ⋅ 𝑃 𝒑ഥ𝐷

Charm from the medium
න𝑑Σ𝜇 𝑝

𝜇 𝑓𝐷 𝑥, 𝒑 = න𝑑3 𝑥 𝐸𝒑 𝑓𝐷(𝑥, 𝒑)

න𝑑Σ𝜇 𝑝
𝜇𝑓ഥ𝐷 𝑥, 𝒑 = න𝑑3 𝑥 𝐸𝒑 𝑓ഥ𝐷(𝑥, 𝒑)



Some estimates (from a rough model)
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Hubble flow (spherically symmetric)

𝑑𝑥𝜇

𝑑𝜏
= 𝑢𝜇 =

𝑥𝜇

𝜏

Maximum radius  R = 6 fm
Freeze-out time 𝜏𝑓𝑜 = 9 fm/c

Freeze-out temperature T𝑓𝑜 = 150 MeV

1. Select a random point (within the max radius R), then randomly select a momentum (local 
equilibrium, Boltzmann limit), repeat for the antiparticle. (non-local, plus statistical 
hadronization)

2. Both particle and antiparticle from the same point (same flow for selecting both momenta).
(local production and statistical hadronization)

3. Select a starting point, (truncated) gaussian smearing for the (anti)particle positions, then 
random selection of momenta in the different points.
(local production, gaussian smearing, and statistical hadronization)
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Results

Transverse momenta (weakly) 
dependent on the freeze-out 
temperature.

The thermal distribution 
“covers” the correlations

Ratio of the counts between 
the two temperatures
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Results
Azimuthal correlations rather large

Local ”v” (testing purposes)

Local + stat. hadr.

Local + smearing + stat. hadr.

Non-local + stat. hadr.

Non-local ”v” (testing purposes)

Non-local + stat. hadr. (+ smearing, testing purposes)
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Results
Larger diffusion flattens them

Note: model 
dependence!

Local ”v” (testing purposes)

Local + stat. hadr.

Local + smearing + stat. hadr.

Non-local + stat. hadr.

Non-local ”v” (testing purposes)

Non-local + stat. hadr. (+ smearing, testing purposes)



Conclusions and outlook
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• Incomplete models in the standard 
picture (evolution of the expectation 
values only)

• Open charm correlations to select the  
appropriate phenomenological extension 

• Non-trivial implications physics wise



Back up slides
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Intuitive (but wrong) assumptions
Some final positions of the charmed charges (depending on the geometry of the 
expansion) are not accessible without superluminal displacements

Should we safely dismiss 
them??

x

t

We can, but we 
don’t have to…

Details to consider

• Conserved currents (not just 
charges)

• Medium effects
• Structure of the states

(and the measure)
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Paradox: non-local production and teleportation of conserved charges

x

t

x

t’

x’

+ -

Space-like “jumps” seem at 
odds with causality

It would seem like a boost 
would violate the total charge 

conservation
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Paradox: non-local production and teleportation of conserved charges

x

t

x

t’

x’

Classical analogue, antenna in 
electrodynamics

+ -

𝐸M wave

current 𝑱

Can be solved considering the full four-current

Charge conservation preserved,
boosted charge density taking an 

extra current-dependent term

𝜌′ = 𝛾 𝜌 − 𝒗 ⋅ 𝑱

antenna
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