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Overview

What is chiral matter

Sources of chiral imbalance

Possible experimental applications

Source of high-intensity radiation and leads to energy loss

Color Chiral Cherenkov Radiation

Particle cascades

Additional considerations and related work

in progress and summary
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Chiral Anomaly

Sources of chiral imbalance may come from
changes in Ncs .

QCD Vacuum

Chiral anomaly breaks the axial symmetry
(ψ → e iγ

5θψ) of the system, creating a
non-conserved axial current.
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Weyl and Dirac Semimetals
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Testing for the Chiral Anomaly

One way of studying the effects for chiral
media is through the interaction between a
fast-moving particle and a chiral medium.

While traveling through the media the particle
can lose energy via collisional or radiative
energy loss.

This has a number of advantages in various
areas such as QGP and Axionic matter.

Cherenkov radiation

Jeremy Hansen (CUHK-Shenzhen) Energy Loss in Chiral Media April 22, 2026 6 / 36



Quark-Gluon Plasma

One advantage comes from globally chiral-neutral media such as Quark-Gluon Plasma:

The enhancement due to any chiral magnetic effect makes the rate of energy loss of a
particle sensitive to local chiral imbalances in the plasma.

Overall the jets produced will be chiral neutral; however, the chirality of radiated photons
may oscillate depending on the local chiral imbalances in the plasma.
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Maxwell’s Equations

The effect of the anomaly in QED can be phenomenologically described using the pseudoscalar
field Θ.

In terms of bµ = (b0,−b) = cA∂
µθ:

L = −1
2Tr(FµνF

µν)− cA
2 θTr(F̃µνF

µν)

∇ · E = ρ+ b · B
∇× B− ∂tE = J+ b0B− b× E

∇ · B = 0

∇× E+ ∂tB = 0

Frank Wilczek (1987) A.A. Zyuzin, A.A. Burkov (2012)
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Maxwell’s Equations

The effect of the anomaly in QED can be phenomenologically described using the pseudoscalar
field Θ.

Focusing on the Chiral Magnetic Effect:

L = −1
2Tr(FµνF

µν)− cA
2 θTr(F̃µνF

µν)

∇ · E = ρ

∇× B− ∂tE = J+ b0B

∇ · B = 0

∇× E+ ∂tB = 0

Frank Wilczek (1987) A.A. Zyuzin, A.A. Burkov (2012)
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QCD

We extend our treatment to the realm of QCD,
in which we consider collisional energy loss for
quark scattering and gluon radiation.

In particular we consider the impact of the
anomaly on a quark radiating a gluon, and a
gluon radiating a gluon.
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Color Chiral Cherenkov Radiation

The radiation rate for a particle traveling through a homogeneous medium can be
computed.

After some computation we find that for relativistic particles the frequency dependence of
the differential rate is:

dWa→bc =
g2Ca→bc

2(2π)2

∑
ss′

δ(ω + E ′ − E ) δ(3)(k+ p′ − p)

× 1

8EE ′ω
|Ma→bc |2 d3p′ d3k

where x± indicate the bounds on the
ratio of frequencies x = ω/E :

x+ =
1

2

(
1 +

√
1− 4m2

s

)

x− =
1

2

(
1−

√
1− 4m2

s

)
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Three Vertex
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Energy Loss

For the rate of energy loss we use:

−dE

dx
=

∫ E

0
dω ω

dW

dω

This is shown in the figure.

In the limit b0E >> m2, ω2
p:

−dEq

dz
∝ b0E

−dEgR

dz
∝ b0E ln

b0E

ω2
p

−dEgR

dz
∝ b0E (ln

b0E

ω2
p

− C )
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Multiple Scattering

In the next section, we will look at cascades due to the anomaly in the context of both
QED and QCD.

In either case, we consider ultrarelativistic processes.
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QED Cascade

Some given distributions of polarized photons (γ±), electrons (e), and positrons (ē) in a
dilute chiral medium will evolve according to two processes:

pair production γ− → e + ē and decay e → e + γ+

The distributions of left and right photons evolve recursively, where dWa→bc/dx is the
inclusive rate and W tot

a→bc is the total rate:

γ+(y , t+∆t) = γ+(y , t) + ∆t

∫ 1

0
dz

∫ 1

0
dx

dWe→γ+e

dx

[
e(z , t) + ē(z , t)

]
δ(y − xz)

γ−(y , t+∆t) =
(
1−W tot

γ−→eē ∆t
)
γ−(y , t)

The distributions of e and ē evolve in a similar yet more complicated manner.
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QED Cascade

Such descriptions of the distributions are possible due to the factorizability of
multiple-particle production rates such as We→eγγ into individual We→eγ rates.

We→eγγ can be factored because instabilities in the fermion propagators force an
on-mass-shell condition such that (where τ is the chiral relaxation time):

1[
(p − k1)2 −m2 + 2iEq/τ

]2 ≈ πτ

2Eq
δ
(
(p − k1)

2 −m2
)

This leads to:

We→eγγ = τ

∫ E

0
dω1

dWe(p)→e(q)γ(k1)

dω1

∫ Eq

0
dω2

dWe(q)→e(p′)γ(k2)

dω2
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QED Cascade

The corresponding splitting functions in the chiral limit, where the delta-function coefficients
are virtual corrections to the appropriate production rates:

Peγ−(x) = x2 + (1− x)2

Pγ+e(x) =
1 + (1− x)2

x

Pγ−γ−(x) = −2

3
δ(1− x)

Pee(x) =

[
1 + x2

1− x

]
+

+
3

2
δ(1− x)

where the plus-distribution is defined as:∫ 1

x
dz

f (z)

(1− z)+

=
∫ 1
x dz

f (z)−f (1)
1−z + f (1) ln(1− x)
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QED Cascade

From the splitting functions one may construct the evolution equations:

de(y , t)

dt
=

1

τ

∫ 1

y

dx

x

[
Pee(x) e

(y
x
, t
)
+ Peγ−(x) γ−

(y
x
, t
)]

dγ+(y , t)

dt
=

1

τ

∫ 1

y

dx

x

[
Pγ+e(x) e

(y
x
, t
)
+ Pγ+e(x) ē

(y
x
, t
)]

dγ−(y , t)

dt
=

1

τ

∫ 1

y

dx

x
Pγ−γ−(x) γ−

(y
x
, t
)
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QED Cascade
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QED Cascade: Degree of Polarisation

Given the degree of polarisation

Λ(t) =

∫ 1

0

[
γ+(x , t)− γ−(x , t)

]
dx∫ 1

0

[
γ+(x , t) + γ−(x , t)

]
dx

one finds the system quickly
becomes positively polarised.
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QCD Cascade

One may obtain similar evolution equations in QCD using the polarized splitting functions
given a colour factor CF , and the number of colours and flavours Nc , Nf .

The main difference comes from the additional gluon splitting process.

Summing over the functions corresponding to this process gives the expected unpolarized
splitting function.

Pg+q(x) = CF Pγ+e(x)

Pqg−(x) =
1
2 Peγ−(x)

Pqq(x) = CF Pee(x)

Pg+g+ =
Nc

[x(1− x)]+

Pg+g− =
Nc x

(1− x)3

Pg−g− = Nc

[
x3

(1− x)+

]
+

(
11

6
Nc −

Nf

3

)
δ(1− x)

Pgg (x) = 2Nc

[
1− x

x
+

x

1− x

+x(1− x)]

+

(
11

6
Nc −

Nf

3

)
δ(1− x)

Jeremy Hansen (CUHK-Shenzhen) Energy Loss in Chiral Media April 22, 2026 21 / 36



QCD Cascade

With the exception of g+, the form of the evolution equations in QCD are identical to
those in QED.

The equation for g+ gains terms that are proportional to g+ and g− such that:

dg+(y , t)

dt
=

1

τ

∫ 1

y

dx

x

[
Nf Pg+q(x) q

(y
x
, t
)
+ Nf Pg+q(x) q̄

(y
x
, t
)

+Pg+g+(x) g+
( y
x , t
)
+ Pg+g−(x) g−

( y
x , t
)]
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QCD Cascade
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QCD Cascade

Gluons become positively polarised
faster than photons relative to τ .

The concentration of right-handed
gluons can be seen more clearly in
the log plot.
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QCD vs. QED Cascade

QCD QED

Unlike γ−, g− is redistributed towards small values of x due to the additional gluon
splitting.

The additional process also concentrates g+ towards small x .
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Additional Considerations

The addition of mass can have interesting consequences for the cascade; we have
considered this in the case of QED, but will need to expand to QCD.

The evolution equations can be used to compute energy loss in a chiral medium.

In addition to cascades in homogeneous chiral media we have considered the anomaly:

In condensed matter systems such as Weyl semi-metals.
Its effect on radiative energy loss.
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Inhomogeneous Media
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Inhomogeneous Media
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Inhomogeneous Media
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Inhomogeneous Media
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Radiative Energy Loss
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Radiative Energy Loss
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Radiative Energy Loss
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In progess

this work considers fermions with averaged polarization

the presences of the anomaly may affect such polarized differently, suggesting that our
work may be extended

In particular certain polarizations may be suppressed by the anomaly

other works include a hydrodynamic treatment of spin and orbital momentum coupling,
which may have implications for my previous work
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Summary

The presence of a finite chiral conductivity has a potentially significant effect on the
collisional and radiative energy loss including Weyl semimetals and QGP.

In QED and QCD the chiral anomaly can lead to chiral Cherenkov radiation.

Instabilities in intermediate particles lead to effective on-mass-shell conditions.

Such conditions allow for the development of chiral evolution equations.

In addition to the effects considered above we have considered the anomaly in a variety of
contexts.
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extra frame
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