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spin-polarized and azimuthal jet observables
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Mostly based on arXiv: 2407.04774 (Barata, Salgado, JMS)
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Nuclear matter in HICs

João M. SilvaGeneva, April 2nd 2025

Initial nuclei

HIC

τ
Gluon saturation

(~ CGC)
(Near) local thermal eq.

(~ (viscous) hydrodynamics)

Driven to equilibrium

? Quark-gluon
plasma
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Nuclear matter in HICs

João M. SilvaGeneva, April 2nd 2025

Coherent longitudinal fields

Large pressure anisotropy

Initial nuclei

HIC

Hydro. onset

τ
Gluon saturation

(~ CGC)
(Near) local thermal eq.

(~ (viscous) hydrodynamics)

Out of equilibrium states of matter exhibiting large anisotropies.

Can jets reflect these out of eq. features? What can we do with a BDMPS-Z approach?

[Boguslavski et al., 2303.12595]

[Ipp et al., 2009.02044]

Quark-gluon
plasma
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How can one describe partonic splittings in a dense QCD medium?

Perturbative QCD + Medium model

Stochastic gauge field in light-cone gauge
Gaussian white noise model

Resummation of single gluon 
exchanges with the medium (BDMPS-Z)

p+ ≫ | p | , |Δp |

 

⟨𝒜−
a (x+, x), 𝒜*−

b (y+, y)⟩
𝒢ij(x2, t2; x1, t1) = ∫

x2

x1

𝒟r exp( iE
2 ∫

t2

t1

dt ·r2)𝒰ij

⟨ℳℳ†⟩𝒜 ∼ ∫ 𝒟r1 . . . ⟨𝒰1𝒰†
2 . . . ⟩𝒜Boils down to:

Xoán’s talk
on Monday

Wilson line encoding
color precession
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  Probing QCD matter with jets: medium model
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⟨𝒜−
a (x+, x), 𝒜*−

b (y+, y)⟩ = δabn(x+)δ(x+ − y+)γ(x, y)

✦ Some assumptions reflected on the two-point correlator of the medium field:

✦  (static)

✦  (homogeneous)

✦  (isotropic, i.e., rotationally invariant)

n(x+) = n

γ(x, y) = γ(y − x)

γ(y − x) = γ( | y − x | )

matter density collision kernel
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  Probing QCD matter with jets: medium model
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⟨𝒜−
a (x+, x), 𝒜*−

b (y+, y)⟩ = δabn(x+)δ(x+ − y+)γ(x, y)

✦ Some assumptions reflected on the two-point correlator of the medium field:

✦  (static)

✦  (homogeneous)

✦  (isotropic, i.e., rotationally invariant)

n(x+) = n

γ(x, y) = γ(y − x)

γ(y − x) = γ( | y − x | )

matter density collision kernel

Let us break the assumption of isotropy, i.e. .
This is an attempt at describing non-equilibrium anisotropic effects.

γ( y − x) ≠ γ( | y − x | )
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  Anisotropic broadening of energetic partons
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[Hauksson, Iancu, 2303.03914]

Let us focus on an anisotropic weakly-coupled medium.
A possible physical origin: expansion of the medium along the collision axis (x):

Physically, this is captured by e.g.:
✦ Anisotropic momentum distributions in kinetic theory.
✦ Pressure anisotropy in viscous hydrodynamics.

⟨p2
x ⟩ < ⟨p2

y ⟩, ⟨p2
z ⟩

anisotropic momentum 
distribution of medium 

constituents 

Anisotropic broadening 
has been approached in:

e.g. [Ipp et al., 2009.14206]

This generates jet-medium momentum exchanges which have a preferred direction, i.e.,

If isotropization proceeds slowly (“bottom-up” thermalisation), a non-negligible anisotropy strength 
may persist at large times, such that it becomes relevant for heavy-ion jet pheno.

γ̃(q) ≠ γ̃( |q | )

e.g. [Boguslavski et al., 2303.12595]

Glasma

Kinetic theory

Hard thermal loop
e.g. [Hauksson et al., 2109.04575]

…
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[Mrowczynski et al, hep-ph/0001164]

✦ First principles calculation of anisotropic  is difficult due to non-Abelian plasma instabilities.
✦ At sufficiently high parton energies, assume the physics of 

anisotropic broadening is fully encoded in the jet quenching parameter:

γ̃(q)

  Anisotropic broadening of energetic partons

z
dPλa→λb,λc

dz

This reasoning has already been applied to an in-medium gluonic cascade. (Hauksson, Iancu, 2303.03914)
Key element: non-trivial polarisation dependence of the energy spectrum of  splitting.g → gg

Rate of accumulated mom.
is direction dependent
(in plane tv. to jet axis)

γ(0) − γ(r) ∼ ̂qxr2
x + ̂qyr2

y + 𝒪(r2 log r2)

(multiple soft scattering approximation)

the medium changes the relative branching rates 
between different linear polarisation states

  e.g.    and   y → zz y → yz
λa

λb

λc

[Berges et al., 1303.5650]
[Mrowczynski et al, 1603.08946]

[Hauksson et al, 2109.04575]

HTL,
lattice, …

Aleksi’s talk
on Monday

[Arnold et al., hep-ph/0209353]
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    splitting in anisotropic nuclear matterg → qq̄
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 - length of the medium
 - average  acquired in a mean free path
 - azimuthal orientation of plane

spanned by  in frame where 

L
̂qi k2

⊥,i
ϕ

qq̄ p1 + p2 = 0
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d2σhh′￼

dzdθdϕ
(L, ̂qi, . . . )

anisotropy introduces a 
non-trivial angular modulation in 

that couples to spin ( )
ϕ

hh′￼

̂qy ≠ ̂qx

h

h′￼

Geneva, April 2nd 2025

! Spin-flip interactions with the medium are energy suppressed (i.e. it is a sub-eikonal effect).

Start with an unpolarised initial gluon.
[Barata, Salgado, JMS; arXiv: 2407.04774]
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 Calculation: squaring  and medium averagingℳ
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4z(1 − z)(2π)5 dσhh′￼

dzdq+
0 d2p1d2p2

= 2Re[ 1
2 ∑

λ

1
N2

c − 1 ∑
colors

⟨ℳλhh′￼ℳ†,λhh′￼⟩]

⟨𝒜−
a (x+, x), 𝒜*−

b (y+, y)⟩ = δabn(x+)δ(x+ − y+)γ(x − y)

V(P)V†(P̄) ∼ P ⋅ P̄ + ih (P × P̄) spin dependence is fully contained in QCD vertex

directional quantity

1. Calculate squared amplitude using effective in-medium propagators and QCD vertex: 

2. Use a Gaussian white-noise model for the average over medium ensembles:

✦  Time locality  average of products of Wilson lines over whole time domain can be written as 

products of averages inside separate time regions.

→
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 Calculation: squaring  and medium averagingℳ
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 transverse 
momentum broadening

g

[Barata, Salgado, JMS; arXiv: 2407.04774]
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 Calculation: squaring  and medium averagingℳ
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 transverse 
momentum broadening

g

 antenna formationqq

[Barata, Salgado, JMS; arXiv: 2407.04774]
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 Calculation: squaring  and medium averagingℳ

João M. SilvaIGFAE Group Meeting 12/01/25Geneva, April 2nd 2025Unbiased quantification of jet energy loss

4-point function

Pheno Group Meeting 16/05/2024CERN seminar 23/07/2024TH Heavy Ion Coffee 24/07/2024

 transverse 
momentum broadening

g

 antenna formationqq

IGFAE QCD group meeting 09/09/2024 João M. SilvaGeneva, April 2nd 2025

[Barata, Salgado, JMS; arXiv: 2407.04774]



CERN seminar 23/07/2024 14TH Heavy Ion Coffee 24/07/2024

 Calculation: squaring  and medium averagingℳ
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 transverse 
momentum broadening

g

 antenna formationqq

 and  independent transverse 
momentum broadening

q q

Apolinário et al, arXiv:1407.0599
Isaksen et al, arXiv:2107.02542

[Barata, Salgado, JMS; arXiv: 2407.04774]
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Calculation: phase space dependence

João M. SilvaIGFAE Group Meeting 12/01/25Geneva, April 2nd 2025

✦ “Harmonic approximation”: 

  (dipole cross section)σ (x1 − x2) = 2g2(γ (0) − γ (x1 − x2))

accumulated tv. mom. is 
direction dependent

Zakharov, hep-ph/9807540

Ncnσ(r) ≈
1
2

( ̂qxrx2 + ̂qyry2) , ̂qi ∼
⟨ k2

⊥,i⟩
δt

∼

      
dσhh′￼

σdzdϕ (Prel = (1 − z)p1 − z p2 tan ϕ =
Prel

y

Prel
x )

✦ We want to keep some directional information to probe anisotropy and keep spin indices explicit:

[Barata, Salgado, JMS; arXiv: 2407.04774]

ζ ≡
̂qy − ̂qx

̂qy + ̂qx

r ≡ L+
( ̂qy + ̂qx)

2 2q+
0

(anisotropy param.) (rescaled medium length) (rescaled quark mass)

μ =
2m2

( ̂qy + ̂qx) q+
0

✦ Dimensionless pars.:

Vary Fix Fix
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 Azimuthal spectrum (massless quarks)
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In the isotropic limit  is:
• uniform
• helicity independent

The larger the anisotropy the stronger:
• the angular modulation in , in particular

the less symmetric it is around 
• the helicity distinction (i.e. difference

between solid and dashed curves)

dN

ϕ
π /2

0 º/4 º/2 3º/4 º

¡

°4

°2

0

2

4

6

8

dN
h

dz
d¡

.
dN

is
o

dz
d¡

r = 2, z = 0.4, µ = 0

h = 1 (solid)
h = °1 (dashed)

≥ values
0.4

0.1

0 (iso)

isotropy ̂qy = ̂qx

̂qy ∼ 1.2 ̂qx

̂qy ∼ 2.3 ̂qx

Ratio wrt. isotropic distribution ( )dN ≡ dσ /σ
[Barata, Salgado, JMS; arXiv: 2407.04774]

ζ =
̂qy − ̂qx

̂qy + ̂qx

helicity
distinction
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2π
dNh /dz

dNh

dzdϕ
ζ≪1

= 1+ζ [ṽ jet
2 cos(2ϕ)+h w̃ jet

2 sin(2ϕ)]
Small anisotropy

 and  are the leading harmonics in powers of the anisotropy ( )v2 w(h)
2 ζ

Let us do an harmonic expansion similar to what is usually done in the soft sector:

Helicity/spin dependence
fully contained in
odd parity terms

2π
dNh /dz

dNh

dzdϕ
= 1 +

∞

∑
n=1

v jet
2n cos (2nϕ) +

∞

∑
n=1

w(h, jet)
2n sin(2nϕ)

 Harmonic decomposition
[Barata, Salgado, JMS; arXiv: 2407.04774]

(ζ =
̂qy − ̂qx

̂qy + ̂qx
)

in this case, the 
relevant plane is

transverse to the jet axis!
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 Harmonic decomposition (massless quarks)
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 non-monotonic with  and w(+1)
2 = wh=1

2 z ζ

0.0 0.2 0.4 0.6 0.8 1.0
≥

0.00

0.25
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w
(+

1)
2

r = 2, µ = 0

z values
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≥

0

2
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v 2

r = 2, µ = 0

z values

0.1

0.2

0.3

0.4

0.45

 modulation strengthcos 2ϕ  modulation strengthsin 2ϕ

[Barata, Salgado, JMS; arXiv: 2407.04774]

 even for intermediate 
higher harmonics play a role for large anisotropies

low sensitivity of  to 

v2 ≫ 1 ζ

v2 z
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 Spin measurement in the transverse plane
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δhh′￼
2 ∑

λ

(Vλhh′￼)(z, P)((Vλhh′￼)(z, P ))* =
δhh′￼

2z(1 − z) {(P ⋅ P ) + m2 + imh [(Px − Px) sin α − (Py − Py) cos α]}

Vertex with /  spins measured in the transverse plane along some defined axis (equal spins case):q q̄

[Barata, Salgado, JMS; arXiv: 2407.04774]

spin projection
axis in the

transverse plane
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 Spin measurement in the transverse plane
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(Px − Px) ∼ ̂qxL ∼ 0
Suppose ̂qx ≪ ̂qy

  (spin measured along )      unpolarised , i.e., 

  (spin measured along )      polarised , i.e., 

α = π /2 y → dNh=+1 = dNh=−1

α = 0 x → dNh=+1 ≠ dNh=−1

δhh′￼
2 ∑

λ

(Vλhh′￼)(z, P)((Vλhh′￼)(z, P ))* =
δhh′￼

2z(1 − z) {(P ⋅ P ) + m2 + imh [(Px − Px) sin α − (Py − Py) cos α]}

[Barata, Salgado, JMS; arXiv: 2407.04774]

spin projection
axis in the

transverse plane

Vertex with /  spins measured in the transverse plane along some defined axis (equal spins case):q q̄

(Py − Py) ∼ ̂qyL

≈
δhh′￼

2z(1 − z) {(P ⋅ P ) + m2 − imh (Py − Py) cos α}
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 Spin measurement in the transverse plane
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Spin defined along 
unpolarised

y

α = π /2(ζ =
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̂qy + ̂qx
)

Spin defined along 
polarised

x

α = 0

[Barata, Salgado, JMS; arXiv: 2407.04774]
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 Spin measurement in the transverse plane

João M. SilvaIGFAE Group Meeting 12/01/25Geneva, April 2nd 2025

0 º/4 º/2 3º/4 º

¡

°0.2

°0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

(2
º
)2

Æ
s

dN
h

dz
d¡

r = 2, z = 0.4, µ = 0.16, Æ = º/2

h = 1 (solid)
h = °1 (dashed)

≥ values

0.95

0.4

0 º/4 º/2 3º/4 º

¡

°0.2

°0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

(2
º
)2

Æ
s

dN
h

dz
d¡

r = 2, z = 0.4, µ = 0.16, Æ = 0

h = 1 (solid)
h = °1 (dashed)

≥ values

0.95

0.4

α = π /2 α = 0(ζ =
̂qy − ̂qx
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[Barata, Salgado, JMS; arXiv: 2407.04774]

Spin defined along 
unpolarised

y Spin defined along 
polarised

x
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Anisotropic EEC

João M. SilvaIGFAE Group Meeting 12/01/25Geneva, April 2nd 2025

[in prep. J. Barata, J. Brewer, K. Lee, JMS]Heavy hadron EEC in anisotropic matter

Also see Jasmine’s talk on Friday!

[Andres et al., 2307.15110]

[Bossi et al., 2407.13818]

see e.g. ENCs in QGP

2205.03414✦ Let us forget about spin dependence and focus on an observable to explore 

the anisotropy-induced azimuthal angle modulation.

✦ Azimuthally dependent energy-energy correlators are a good option.

✦ Experimentally, tagging  splittings via heavy hadrons in HICs 

seems increasingly robust.

✦ Link between  EEC and heavy-hadron EEC can be treated 

analytically with track function moments.

g → QQ̄

g → QQ̄

Q heavy hadrons (H)

hadrons

TH
Q (x)

[Barata et al., 2503.13603]

[Barata et al., 2308.01294]

[Chang et al., 1303.6637]
[Chen et al., 2210.10058]
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Anisotropic EEC
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[in prep. J. Barata, J. Brewer, K. Lee, JMS]Heavy quark EEC in anisotropic matter

✦ Azimuth dependent EECs were applied in e.g. 2104.00009 (Chen, Moult, Zhu), to 

study correlations between planes of successive splittings in vacuum.

✦ In our case, we correlate the direction of maximal anisotropy and the splitting 

plane.

dΣmed

dθdϕ
=

1
σ ∫

1

0
dz z(1 − z)

dσmed

dzdθdϕ
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Anisotropic EEC
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[in prep. J. Barata, J. Brewer, K. Lee, JMS]Heavy quark EEC in anisotropic matter
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q̂y/ q̂x = 1.2 (dashed)

massless qq̄
cc̄
b̄b

As we saw, for small anisotropies ( ) we have:ζ ≪ 1

dΣ
dθϕ

∼ vEEC
0 (θ) + ζvEEC

2 (θ) cos 2ϕ

Heavier mass seems to suppress the sensitivity to , but
 still shows a non-negligible modulation strength

when compared to the isotropic EEC ( ).

ζ ≠ 0
g → cc̄

vEEC
0

ζv
EE

C
2

/vEE
C

0

(ζ =
̂qy − ̂qx

̂qy + ̂qx
)

Mass dependent 
anisotropy effect
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Anisotropic EEC
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[in prep. J. Barata, J. Brewer, K. Lee, JMS]Heavy quark EEC in anisotropic matter
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dΣ
dθϕ

∼ vEEC
0 (θ) + ζvEEC

2 (θ) cos 2ϕ

ζv
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C
2

/vEE
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)

Mass independent 
anisotropy effect

Heavier mass seems to suppress the sensitivity to , but
 still shows a non-negligible modulation strength

when compared to the isotropic EEC ( ).

ζ ≠ 0
g → cc̄

vEEC
0



CERN seminar 23/07/2024 27TH Heavy Ion Coffee 24/07/2024

Summary and outlook
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✦ We can probe anisotropy induced modifications by looking at  
non-trivial angular modulation of the helicity/spin-dependent  spectrum;

✦ For small anisotropies this modulation can be simply described by the 
leading harmonics  and  ;   

✦ Measurements of spin projections in the transverse plane can probe the direction of 
stronger anisotropy.

g → qq̄

v2 w(h)
2

✦ Anisotropic EEC with full angular dependence (in prep. J. Barata, J. Brewer, K. Lee, JMS);

✦ Interference between vacuum and medium-induced spin correlations (in prep. Alba  
Soto-Ontoso, JMS).

Summary:

Outlook:


