
A New Probe of Cosmic Birefringence Using Galaxy Polarization and Shapes

Weichen Winston Yin,1, ∗ Liang Dai,1 Junwu Huang,2 Lingyuan Ji,1 and Simone Ferraro3, 1

1Department of Physics, 366 Physics North MC 7300,
University of California, Berkeley, CA 94720, USA

2Perimeter Institute for Theoretical Physics, 31 Caroline St. N., Waterloo, Ontario N2L 2Y5, Canada
3Physics Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

(Dated: February 29, 2024)

We propose a new method to search for parity-violating new physics via measurements of cos-
mic birefringence and demonstrate its power in detecting the topological effect originating from an
axion string network with an axion-photon coupling as a motivated source of cosmic birefringence.
The method, using large galaxy samples, exploits an empirical correlation between the polarization
direction of the integrated radio emission from a spiral galaxy and its apparent shape. We devise
unbiased minimum-variance quadratic estimators for discrete samples of galaxies with both inte-
grated radio polarization and shape measurements. Assuming a synergy with overlapping optical
imaging surveys, we forecast the sensitivity to polarization rotation of the forthcoming SKA radio
continuum surveys of spiral galaxies out to z ∼ 1.5. The angular noise power spectrum of polariza-
tion rotation using our method can be lower than that expected from CMB Stage-IV experiments,
when assuming a wide survey covering ∼ 1000 deg2 and reaching an RMS flux of ∼ 1µJy. Our
method will be complementary to CMB-based methods as it will be subject to different systematics.
It can be generalized to probe time-varying or redshift-varying birefringence signals.

Introduction — The question of whether discrete
transformations—charge conjugation (C), parity (P),
and time reversal (T)—are fundamental symmetries of
the Universe has led to important discoveries [1–3]. The
axion was originally proposed to solve the strong CP
problem in Quantum Chromodynamics [4–7]. More re-
cently, generic axions are shown to arise abundantly
in string theory [8, 9]. The Chern-Simons interaction
between the axion and electromagnetism leads to the
parity-violating cosmic birefringence effect [10]:

L = −1

4
gaγγ aF

µν F̃µν = gaγγ aE ·B, (1)

where a is the axion field, Fµν is the electromagnetic field
strength tensor, and F̃µν ≡ (1/2) ϵµνρσ F

ρσ is its dual.
As a photon travels through a background axion field, its
plane of polarization rotates by an angle proportional to
the net change in the axion field value along the photon’s
worldline, multiplied by the axion-photon coupling con-
stant gaγγ . The rotation is independent of the photon’s
frequency due to the topological nature of the interac-
tion [11–13]. Recent analyses of the cosmic microwave
background (CMB) have shown hints of a rotation of its
polarization anisotropies that is highly coherent across
the sky, on the order of a fraction of a degree [14, 15].
Possible contamination from foregrounds is being inves-
tigated [16]. On the other hand, searches for anisotropic
birefrigence have not so far uncovered a signal [17–20].

Measuring birefringence toward any single astrophysi-
cal source or along any single sightline is hindered by our
lack of knowledge about the intrinsic polarization direc-
tion of the source. When the CMB is used as the probe,
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this fundamental problem is solved statistically. Rotation
angles that are correlated across the sky are measurable
owing to the state-of-the-art cosmological model that ac-
curately predicts the Gaussian statistics of the primary
CMB polarization anisotropies [20–23]. To confidently
confirm a signal of cosmic birefringence, it is important
to consider alternative methods of detection based on
distinct cosmological or astrophysical probes whose sys-
tematics are independent of CMB measurements.

In this paper, we propose a new probe of cosmic bire-
fringence that relies on a large sample of spiral galaxies
with both radio polarization and apparent shape mea-
surements. This is motivated by empirical findings that
the integrated radio emission of nearby spiral galaxies, at
least at 4.8GHz, is significantly polarized and aligns on
average with the apparent minor axis of the optical galac-
tic disk [24]. A plausible explanation for this alignment is
that the polarized radio emission is predominantly syn-
chrotron radiation powered by star-formation feedback
and has a polarization direction perpendicular to the lo-
cal toroidal magnetic field that is ordered on the galactic
scale. Integrating over the entire disk results in a non-
zero net polarization if the disk is inclined. It seems rea-
sonable to assume that a similar empirical correlation is
true for a cosmological population of spiral galaxies. The
apparent disk shape can be measured with either optical
imaging or interferometric radio imaging, with the for-
mer available from existing weak lensing catalogs [25–27]
or from upcoming imaging surveys [28, 29].

In reality, the polarization-shape alignment is imper-
fect either due to the poloidal component of the or-
dered magnetic field or due to randomly arising asym-
metry in the disk structure. Nonetheless, one expects
that the mean polarization-shape misalignment angle is
zero among a sample of unrelated galaxies, as long as all
the physics on the (sub-)galactic scale responsible for the
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Abstract: We study the form factor of the lowest component of the stress-tensor multiplet

away from the origin of the moduli space in the spontaneously broken, aka Coulomb, phase

of the maximally supersymmetric Yang-Mills theory for decay into three massive W-bosons.

The calculations are done at two-loop order by deriving and solving canonical differential

equations in the asymptotical limit of nearly vanishing W-masses. We confirm our previous

findings that infrared physics of ‘off-shell observables’ is governed by the octagon anomalous

dimension rather than the cusp. In addition, the form factor in question possesses a nontrivial

remainder function, which was found to be identical to the massless case, upon a proper

subtraction of infrared logarithms (and finite terms). However, the iterative structure of

the object is more intricate and is not simply related to the previous orders in coupling as

opposed to amplitudes/form factors at the origin of the moduli space.
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Tensor network methods have demonstrated their suitability for the study of equilibrium proper-
ties of lattice gauge theories, even close to the continuum limit. We use them in an out-of-equilibrium
scenario, much less explored so far, by simulating the real-time collisions of composite mesons in
the lattice Schwinger model. Constructing wave-packets of vector mesons at different incoming mo-
menta, we observe the opening of the inelastic channel in which two heavier mesons are produced
and identify the momentum threshold. To detect the products of the collision in the strong cou-
pling regime we propose local quantitites that could be measured in current quantum simulation
platforms.

I. INTRODUCTION

Scattering experiments are a well-established tool for
probing fundamental physics. In particular, collision ex-
periments allow the production of high energy and rare
particles and thereby a study of their interactions. Pre-
cise theoretical predictions of such processes, necessary
for their interpretation, often involve contributions that
can not be extracted from diagrammatic perturbation the-
ory. This is the case, for instance, for hadron collisions,
where non-perturbative effects of Quantum Chromody-
namics (QCD) may play a significant role [1]. The most
powerful tool to address such non-perturbative regimes is
lattice gauge theory (LGT), the discrete formulation of
gauge field theories [2]. Using advanced numerical meth-
ods, like Quantum Monte Carlo [3, 4], LGT has allowed
the successful exploration of strong coupling phenomena,
such as the hadron spectra in QCD, but real time dynam-
ics represents a challenge. Despite recent progress [5], a
precise first-principles calculation of the scattering pro-
cesses has not yet been possible, one of the reasons that
motivates the search for alternative techniques [6].

In recent years quantum methods have unveiled po-
tential alternative ways to explore fundamental physics
(see [7–11] for reviews). Their central focus are LGTs,
which also appear as effective low-energy descriptions of
strongly correlated condensed matter systems [12]. The
Hamiltonian version of LGTs then constitutes a natural
object for quantum simulations. While a full simulation
of QCD is still beyond reach, current efforts are focused
on simplified and low-dimensional LGTs. An important
development are the quantum-information based tensor
network (TN) methods [13–18] which have been success-
fully applied to study spectral and thermal equilibrium
properties of low dimensional LGTs [6, 19–23], in 1+1D
cases achieving some of the most precise existing extrap-
olations to the continuum.

Real time evolution phenomena, such as scattering dy-
namics, are among the most promising problems for a po-
tential quantum advantage [24], since Monte Carlo meth-
ods suffer in this case from a sign problem. Tensor net-
work algorithms, on the other hand, can be used to simu-

late LGT dynamics, but only for a limited time, before the
entanglement in the system becomes too large for an effi-
cient TN description. Yet, out-of-equilibrium simulations
of LGT with TN have been used to explore the dynam-
ics of pair production [25] and string breaking dynamics
in several LGT models [26–30]. Whereas far from the
precision achieved by their equilibrium counterparts and
not extrapolated to the continuum limit, such simulations
overcome the limits of classical Monte Carlo methods and
constitute a valuable tool to prepare and analyze the po-
tential quantum simulations.

More recently, scattering experiments in LGT have at-
tracted the attention of TN calculations and quantum
simulation proposals [28, 31, 32]. The basic phenomenol-
ogy of confinement [33, 34] and meson scattering has also
been explored recently in quantum spin models which
share properties of LGT especially in 1+1D [35–40].

In this paper we use TN techniques to study elastic
and inelastic scattering of composite particles in the lat-
tice Schwinger model, which is the discrete lattice version
of Quantum Electrodynamics in one spatial dimension.
Due to its similarities with more complex LGTs, including
confinement and chiral symmetry breaking, the Schwinger
model is a standard testbench for LGT methods, and has
been focus of TN simulations, quantum simulation pro-
posals and even experimental realizations (see [7, 41] for
reviews). Studies of scattering processes in the Schwinger
model have been more scarce.

In absence of a background field, the spectrum of the
model contains two stable particles, referred to as vector
and scalar. Elastic processes between two vector mesons,
below the threshold of production of the scalar, have been
simulated in the strong coupling [28] and in the weak and
intermediate coupling [31] regimes. In this regime, the
particles collide and can bounce back, without the cre-
ation of new particles post-collision, but generating en-
tanglement between the mesons. A first approach to the
inelastic regime was explored recently in [32], with a fo-
cus on the thermodynamic limit and the non-perturbative
regime near the confinement-deconfinement critical point,
and using a bosonized formulation of the model, aimed
at proposing a quantum simulation scheme that could be
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We present strong numerical evidence for the existence of an infrared fixed point in the renor-
malization group flow of the SU(3) gauge-fermion system with twelve massless fermions in the fun-
damental representation. Our numerical simulations using nHYP-smeared staggered fermions with
Pauli-Villars improvement do not exhibit any first-order bulk phase transition in the investigated
parameter region. We utilize an infinite volume renormalization scheme based on the gradient flow
transformation to determine the renormalization group β function. We identify an infrared fixed
point at g2GF⋆ = 6.69(68) in the GF scheme and calculate the leading irrelevant critical exponent
γ⋆
g = 0.204(36). Our prediction for γ⋆

g is consistent with available literature at the 1-2σ level.

I. INTRODUCTION

The infrared properties of the SU(3) gauge-fermion
system with Nf = 12 massless fundamental flavors has
been studied extensively using a variety of analytical
and numerical techniques. Such techniques include per-
turbation theory [1–5], use of the gap equation [6, 7],
functional renormalization group methods [8, 9], confor-
mal expansion [10], conformal bootstrap [11], the back-
ground field method [12], perturbative non-relativistic
quantum chromodynamics [13], large-N expansion [14],
and nonperturbative lattice simulations [15–38]. Investi-
gations based on lattice simulations have utilized finite-
volume step-scaling [15–24], Monte Carlo renormaliza-
tion group methods [25, 26], hadron mass and decay
constant spectroscopy [28–36], and the Dirac eigenmode
spectrum [37, 38]. Many investigations suggest that the
Nf = 12 system is infrared conformal1, though a minor-
ity of studies conclude that the system is confining with
chiral symmetry breaking, or are inconclusive, as they
find neither direct evidence of chiral symmetry breaking
nor of an infrared fixed point2.
Most lattice studies are affected by the presence of a

bulk first-order phase transition [40–45]. Such unphys-
ical phase transitions are triggered by strong ultravio-
let fluctuations in the fermion sector that prevent lattice
simulations from reaching deep into the infrared regime.
Even when strong couplings are reached, lattice cutoff ef-
fects make it difficult to take the proper continuum limit,
leading to inconsistent results between different lattice
formulations. It is imperative to reduce the ultravio-
let fluctuations that trigger first-order bulk phase tran-
sitions. Ref. [46] suggested to include unphysical heavy
Pauli-Villars fields to achieve the necessary improvement.
Lattice Pauli-Villars fields are similar to their continuum
analogue - they have the same action as the fermions, but
possess bosonic statistics. Their mass is at the level of
the cutoff. Therefore, they decouple in the infrared limit,

∗ anna.hasenfratz@colorado.edu
† curtis.peterson@colorado.edu
1 See Refs. [1–3, 5–7, 10, 11, 15–17, 20, 23–26, 28, 30, 31, 33–36, 38]
2 See Refs. [12, 14, 18, 19, 29, 32, 39]
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(dotted) and 3-loop (dashed-dotted) gradient flow β function
from perturbation theory [49]. The width of the maroon band
indicates the error. Also given is our prediction for the leading
irrelevant critical exponent at the IRFP, γ⋆

g = 0.204(36).

while in the ultraviolet they compensate for cutoff effects
introduced by the fermions. This idea has been tested in
simulations of the SU(3) gauge-fermion system with ten
massless fundamental Dirac fermions (flavors) and the
SU(4) gauge-fermion system four massless fundamental
and four massless two-index Dirac fermions [47, 48]. Both
studies extended the reach into the infrared regime sig-
nificantly, and both present clear evidence for infrared
conformality in those systems. See also Refs. [43, 44] for
an alternative proposal to remove unphysical bulk phase
transitions.
In this work, we utilize Pauli-Villars (PV) improve-

ment to study the infrared properties of the massless
SU(3) gauge-fermion system with Nf = 12 fundamen-
tal flavors. We calculate the renormalization group (RG)
β function, defined as the logarithmic derivative of the
renormalized running coupling g2(µ) with respect to an
energy scale µ as

β
(
g2
)
= µ2 dg

2(µ)

dµ2
. (1)

If the β function exhibits a fixed point at some coupling
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1Centro Atómico Bariloche, Instituto Balseiro, Comisión Nacional de Enerǵıa Atómica, 8400 Bariloche, Argentina
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We review the derivative expansion (DE) method in Casimir physics, an approach which extends
the proximity force approximation (PFA). After introducing and motivating the DE in contexts other
than the Casimir effect, we present different examples which correspond to that realm. We focus
on different particular geometries, boundary conditions, types of fields, and quantum and thermal
fluctuations. Besides providing various examples where the method can be applied, we discuss
a concrete example for which the DE cannot be applied; namely, the case of perfect Neumann
conditions in 2 + 1 dimensions. By the same example, we show how a more realistic type of
boundary condition circumvents the problem. We also comment on the application of the DE to the
Casimir–Polder interaction which provides a broader perspective on particle–surface interactions.

I. INTRODUCTION

Casimir forces are one of the most intriguing macro-
scopic manifestations of quantum fluctuations in Nature.
Their existence, first realized in the specific context of the
interaction between the quantum electromagnetic (EM)
field and the boundaries of two neutral bodies, manifests
itself as an attractive force between them. That force
depends, in an intricate manner, on the shape and EM
properties of the objects. Since the discovery of this ef-
fect by Hendrik Casimir 75 years ago [1] this, and closely
related phenomena, have been subjected to intense the-
oretical and experimental research [2–5]. The outcome
of that work has not just revealed fundamental aspects
of quantum field theory, but also subtle aspects of the
models used to describe the EM properties of material
bodies. Besides, it has become increasingly clear that
this research has potential applications to nanotechnol-
ogy.

Theoretical and experimental reasons have called for
the calculation of the Casimir energies and forces for dif-
ferent geometries and materials [6], and with an ever
increasing accuracy. The simplicity of the theoretical
predictions when two parallel plates are involved, cor-
responds to a difficult experimental setup, due to align-
ment problems (in spite of this, the Casimir force for this
geometry has been measured at the 10% accuracy level
[7]). Equivalently, geometries which are more convenient
from the experimental point of view, and allow for higher
precision measurements, lead to more involved theoreti-
cal calculations. Such is the case of a cylinder facing a
plane [8], or a sphere facing a plate, which is free from
the alluded alignment problems [9–15].

From a theoretical standpoint, finding the dependence
of the Casimir energies and forces on the geometry of
the objects, poses an interesting challenge. Indeed, even
when evaluating the self-energies which result from the
coupling on an object to the vacuum field fluctuations,
results may be rather non-intuitive; as in the case of a

single spherical surface [16].
For a long time, calculations attempting to find an-

alytical results for the Casimir and related interactions
had been restricted to using the so called proximity force
approximation (PFA). In this approach, the interaction
energies and the resulting forces are computed approx-
imating the geometry by a collection of parallel plates
and then adding up the contributions obtained for this
approximate geometry. This procedure was presumed
to work well enough, at least for smooth surfaces when
they are sufficiently close to each other; in more precise
terms: when the curvature radii of the surfaces Ri are
much larger than the distance d between them. Indeed,
this is the main content of the Derjaguin approximation
(DA), developed by Boris Derjaguin in the 1930s [17–19]
, which is pivotal in the study of surface interactions,
especially in the context of colloidal particles and biolog-
ical cells. This approach has significant implications in
understanding colloidal stability, adhesion, and thin film
formation.
It is worth introducing some essentials of the DA, in

particular, of the geometrical aspects involved. Assuming
the interaction energy per unit area between two parallel
planes at a distance h is known, and given by Eq(h),
the DA yields an expression for the interaction energy
between two curved surfaces, UDA [2, 4, 17–20]. Indeed,

UDA(a) = 2πReff

∫ ∞

a

Eq(h)dh , (1)

where a denotes the distance between the surfaces, R1

and R2 are their curvature radii (at the point of closest
distance), while Reff = R1R2/(R1 + R2). It is rather
straightforward to implement the approximation at the
level of the force fDA between surfaces:

fDA(a) = 2πReffEq(a) . (2)

This approximation is usually derived from a quite rea-
sonable assumption, namely, that the interaction energy
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ABSTRACT
The energy injection through Hawking evaporation has been used to put strong constraints on primordial black holes as a
dark matter candidate at masses below 1017 g. However, Hawking’s semiclassical approximation breaks down at latest after
half-decay. Beyond this point, the evaporation could be significantly suppressed as was shown in recent work. In this study, we
review existing cosmological and astrophysical bounds on primordial black holes taking this effect into account. We show that
the constraints disappear completely for a reasonable range of parameters, which opens a new window below 1010 g for light
primordial black holes as a dark matter candidate.

Key words: dark matter – black hole physics – gamma-rays: general

1 INTRODUCTION

The hypothesis of black holes forming in the early universe has
been discussed for more than 50 years (Zel’dovich & Novikov 1967;
Hawking 1971; Carr & Hawking 1974), with Chapline (1975) first
to suggest that primordial black holes (PBHs) could constitute the
entire dark matter of the universe. Since the 1970s, people have
studied the consequences of PBHs as a dark matter candidate from
the Planck mass 𝑀PBH = 𝑀pl up to the ’incredulity limit’1 beyond
𝑀PBH ∼ 1010 𝑀⊙ . This has led to strong bounds which exclude
PBHs of a single mass from constituting the entirety of the dark
matter with the exception of a mass window in the asteroid range
𝑀PBH ∈ [1017, 1022] g (Carr et al. 2021, and references therein).

The lower limit is a result of constraints due to black hole evap-
oration at low masses. This process was first described by Hawk-
ing (1974) as he was studying the consequences of light PBHs. He
showed that a black hole will emit a thermal spectrum of particles,
with the temperature of the radiation scaling as 𝑇 ∼ 1/𝑀PBH. The
described evaporation process is self-similar and ends with a final
burst as 𝑀 → 0.

It was soon realized that the energy injection from low-mass PBHs
is in conflict with observations of 𝛾 rays, the cosmic microwave
background (CMB) and the abundance of light elements produced
during big bang nucleosynthesis (BBN) unless these black holes
constitute only a tiny fraction of the dark matter (Chapline 1975;
Hawking 1975; Novikov et al. 1979; Carr et al. 2010, for a historical

★ E-mail: vthoss@usm.lmu.de
1 This term was coined by B. Carr and refers to the limit that at least one
black hole must exist in a given environment (e.g. galaxy, universe).

overview). Furthermore, if the PBHs have a mass below 𝑀 ≃ 5 ×
1014 g, they would have completely evaporated by now (see Auffinger
(2023) for a review on constraints of evaporating PBHs).

However, it is possible to avoid some of the constraints that are a
result of black hole evaporation. Pacheco et al. (2023) have studied
’quasi-extremal’ PBHs and found that they can be a viable dark matter
candidate. Friedlander et al. (2022) and Anchordoqui et al. (2022)
have investigated PBHs in the context of large extra dimensions
(Arkani-Hamed et al. 1998) and showed that this opens up new mass
windows for light PBHs as dark matter candidate.

In this work, we focus on ’ordinary’ 4D black holes. Dvali
et al. (2020) have shown that Hawking’s semiclassical calcula-
tions break down at latest when the black hole has lost roughly
half of its initial mass. Hawking’s result is only exact in the limit
𝑀 → ∞, 𝐺 → 0, 𝑟𝑠 = const., where 𝐺 is the gravitational constant
and 𝑟𝑠 = 2𝐺𝑀/𝑐2 the Schwarzschild radius. It entirely neglects the
backreaction of the emission on the black hole itself. However, this
effect can no longer be ignored when the energy of the released
quanta becomes comparable to that of the black hole. Dvali et al.
(2020) summarize this as: ’An old black hole that lost half of its mass
is by no means equivalent to a young classical black hole of equal
mass.’ The crucial insight by Dvali et al. (2020) is that this backre-
action leads to a universal effect of so-called ’memory burden’, first
introduced by Dvali (2018). This can significantly suppress further
evaporation.

As Dvali et al. (2020) have discussed, there are two possibilities
for the fate of an evaporating black hole beyond half-decay. Either
it continues to emit quanta with a strongly suppressed rate due to
the memory burden or a new classical instability sets in. In the latter
case, light PBHs cannot constitute the dark matter. However, if the

© 2023 The Authors
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The gradient property of the renormalisation group (RG) flow of multiscalar theories is examined
perturbatively in d = 4 and d = 4− ε dimensions. Such theories undergo RG flows in the space of
quartic couplings λI . Starting at five loops, the relevant vector field that determines the physical RG
flow is not the beta function traditionally computed in a minimal subtraction scheme in dimensional
regularisation, but a suitable modification of it, the B function. It is found that up to five loops
the B vector field is gradient, i.e. BI = GIJ∂A/∂λJ with A a scalar and GIJ a rank-two symmetric
tensor of the couplings. Up to five loops the beta function is also gradient, but it fails to be so at
six loops. The conditions under which the B function (and hence the RG flow) is gradient at six
loops are specified, but their verification rests on a separate six-loop computation that remains to
be performed.

Introduction.—Dynamical systems, governed by differ-
ential equations of the form

d~x

dt
= ~F (~x) , (1)

appear in every corner of the natural world and are stud-
ied in depth in many branches of science and engineer-
ing. While general equations like (1) are often intractable
with analytic methods, in some favourable cases features
of such systems can be drawn out of the equations them-
selves, without having to resort to finding explicit solu-
tions. One such case is that of gradient systems, where
the function ~F (~x) may be written in the form

~F (~x) = ~∇f(~x) . (2)

Systems undergoing gradient flow have remarkable prop-
erties, and it is known from a theorem by  Lojasiewicz [1]
that at late times all solutions must flow to either a fixed
point, where ~F (~x) vanishes, or off to infinity.

In quantum field theory (QFT), the flow of field the-
ories under a change of energy scale, governed by what
is called the renormalisation group (RG), is one such dy-
namical system. As recognised by Wilson [2], the quali-
tative behaviour of such flows is of immense consequence
to the physical system being modelled. In particular, a
potential gradient property for the RG flow would have
remarkable consequences, e.g. it would preclude periodic
flow lines and severely limit the nature of potential end-
points of the RG flow.

In this Letter we will be concerned with the gradient
property of RG flow in multiscalar QFTs with N real
scalar fields in d = 4 and d = 4 − ε dimensions. These
QFTs are defined by the Lagrangian

L = 1
2∂

µφi∂µφi + 1
4!λijklφiφjφkφl , (3)

where indices from the Latin alphabet take values from
1 to N [3]. Such theories are renormalisable in pertur-
bation theory. This requires the bare symmetric tensor
λijkl to be substituted with a renormalised one, which we

will also call λijkl , which depends on the renormalisation
scale µ:

µ
dλijkl

dµ
= βijkl . (4)

The quantity βijkl , called the beta function, is a function
of λ and can be computed order by order in a weak-
coupling expansion. Its first quantum contribution is of
order λ2 and takes the form

βijkl ⊃ λijmnλmnkl + λikmnλmnjl + λilmnλmnjk , (5)

which follows from the computation of a one-loop Feyn-
man diagram in momentum space and we have rescaled
λ to eliminate the factor of 1/16π2 that one encounters.
This result can be extended to higher orders, and recently
[4] used results of [5] to compute βijkl up to six loops, i.e.
order λ7. Due to the indices carried by λ there is a prolif-
eration of contributions to βijkl at higher orders, with 2,
7, 23, 110, 571 distinct terms contributing at two, three,
four, five and six loops, respectively.

One may think of βijkl as a vector field βI in the space
of couplings, where I denotes the collection of indices
(ijkl). A natural question then is if this vector field can
be derived as a gradient of a scalar function. In that case
the associated flow would be gradient, and the following
equation would hold:

βI = GIJ∂JA , ∂I = ∂/∂λI , (6)

with GIJ is a rank-two tensor and A a scalar. Both GIJ

and A are functions of λ. The metric GIJ should be
Riemannian, i.e.

(a) symmetric, GIJ = GJI , and

(b) positive-definite, G ≻ 0.

In the present context of multiscalar theories, the va-
lidity of eq. (6) with a Riemannian metric was verified up
to three loops some time ago in d = 4 and d = 4−ε [6, 7],
and this was more recently extended to four loops in
d = 4 [8].

http://arxiv.org/abs/2402.17817v1
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Reference frame dependence of the periodically oscillating Coulomb field in the Proca

theory

Bogdan Damski
Jagiellonian University, Faculty of Physics, Astronomy and Applied Computer Science,  Lojasiewicza 11, 30-348 Kraków, Poland

The Proca theory of the real massive vector field admits non-equilibrium solutions, where the
asymptotic dynamics of the electric field is dominated by the periodically oscillating Coulomb com-
ponent. We discuss how such field configurations are seen in different reference frames, where we
find an intriguing spatial pattern of the vector field and the electromagnetic field associated with it.
Our studies are carried out in the framework of the classical Proca theory.

I. INTRODUCTION

We consider the simplest version of the Proca theory,
which is defined by the following Lagrangian density

L = −1

4
(∂µVν − ∂νVµ)

2 +
m2

2
(Vµ)

2, (1)

where V is the vector field and m > 0 is the mass of the
vector boson (see Appendix A for our conventions). This
theory is often used to illustrate various field theoretic
issues and it describes some properties of massive vector
bosons such as ρ and ω mesons [1–3]. Moreover, the
Proca theory is considered as an extension of Maxwell
electrodynamics [4–6], the one taking into account the
possibility that the photon might be a massive particle.
We recently studied the quantum version of the Proca

theory in [7], where the periodically oscillating Coulomb
field was introduced for the first time. In this work, we
focus entirely on the classical version of the Proca theory,
where the reference frame dependence of such an unusual
field can be most transparently discussed.
To proceed, we introduce the primed reference frame,

where the vector field is denoted as V ′ and the spacetime
coordinates are (t′, r′), where r′ = (x′, y′, z′). Then, we
consider the following field configuration

V ′0(t′, r′) = − q

m2

∫

d3k

(2π)3
f(ωk) exp(ik · r′) cos(εkt

′),

(2a)

V ′(t′, r′) =
iq

m2

∫

d3k

(2π)3
f(ωk)

εk
ω2

k

k exp(ik · r′) sin(εkt
′),

(2b)

where q is a constant non-zero parameter, ωk = |k|,
εk =

√

m2 + ω2

k, and real-valued f(ωk) weights the
Fourier modes in the studied field configuration (f(0) 6= 0
is assumed because low frequency modes are of interest
in this work). We assume that V ′ represents the finite-
energy field configuration and that its first and second
order derivatives over space-time coordinates can be ob-
tained by taking such derivatives under the integral sym-
bol, which facilitates the computation of the electromag-
netic field and the verification of Proca field equations.
These properties can be ensured by various functions
f(ωk), e.g. such as those given by (9).

Taking into account the above remarks, one may easily
verify that (2) satisfies the Proca field equations in the
primed reference frame

�
′V ′ = −m2V ′, ∂′ · V ′ = 0, (3)

where �′ = ∂′ · ∂′ = ∂2

t′ − ∂2

x′ − ∂2

y′ − ∂2

z′ . Moreover,

via E′ = −∂t′V
′ − ∇

′V ′0 and B′ = ∇
′ × V ′, where

∇
′ = (∂x′ , ∂y′ , ∂z′), one may also verify the following

expressions for the electromagnetic field

E′(t′, r′) = −iq

∫

d3k

(2π)3
f(ωk)

k

ω2

k

exp(ik · r′) cos(εkt
′),

(4)

B′(t′, r′) = 0. (5)

The discussed field configuration is described by spher-
ically symmetric V ′0(t′, r′) as well as V ′(t′, r′) ∝ r′ and
E′(t′, r′) ∝ r′, where the proportionality factors are a
function of t′ and r′ = |r′| [8]. Thereby, our field con-
figuration is centered around r′ = 0 for all times and as
such it is at rest in the primed reference frame. As we
deal here with the non-equilibrium solution of (3), the
term “at rest” refers to the fact that the analyzed field
configuration does not move as a whole in any particular
direction. In addition to that, we note that the energy of
the studied field configuration is given by

q2

4π2m2

∫ ∞

0

dωkf
2(ωk)ε

2

k. (6)

This result has been obtained from the standard expres-
sion [1]

1

2

∫

d3r′
(

|E′(t′, r′)|2 + |B′(t′, r′)|2

+m2|V ′(t′, r′)|2 +m2[V ′0(t′, r′)]2
)

, (7)

where the presence of the vector field does not cause any
problems because such a quantity is observable in the
Proca theory (e.g. [9] reports an attempt of the experi-
mental measurement of the vector field of the Proca the-
ory; see the discussion by the end of this section).
Our interest in (2) comes from the fact that the fol-

lowing quantity exhibits intriguing dynamics

Q′(t′,R3) =

∫

d3r′∇′ ·E′(t′, r′) = q cos(mt′), (8)

http://arxiv.org/abs/2402.17789v1
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Abstract

We study dark matter production from mediator decays in scenarios with an epoch
of early matter domination. Particles that mediate interactions between dark matter
and the standard model particles are kinematically accessible to the thermal bath as
long as their mass is below the reheating temperature of the Universe after inflation.
Decay of on-shell mediators can then lead to copious production of dark matter during
early matter domination or a preceding radiation-dominated phase. In particular, for
mediators that are charged under the standard model, it can exceed the standard
freeze-in channel due to inverse annihilations at much lower temperatures (often by
many orders of magnitude). The requirement to obtain the correct relic abundance
severely constrains the parameter space for dark matter masses above a few TeV.

1 Introduction

While there are many lines of evidence for the existence of dark matter (DM) in the Uni-
verse [1], the identity of DM is an outstanding problem at the interface of particle physics
and cosmology. Explaining the observed DM abundance is another challenge that in addition
depends on the details of the thermal history of the early Universe. Thermal freeze-out in
a radiation-dominated (RD) Universe is a simple and attractive mechanism that can yield
the correct relic abundance if the (thermally averaged) DM annihilation rate takes the spe-
cific value ⟨σannv⟩ = 3× 10−26cm3 s−1. However, in nonstandard cosmological histories, the
correct DM abundance can be obtained for much larger or smaller values of ⟨σannv⟩ [2, 3].

It is known that well-motivated classes of models arising from string theory generically
lead to nonstandard histories that involve one or more epochs of early matter domination
(EMD) [4]. In general, an EMD phase arises when a matter-like component dominates the
energy density of the Universe and eventually decays to establish a RD Universe prior to big
bang nucleosynthesis (BBN). The matter equation of state can be due to coherent oscillations
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Minimal seesaw and leptogenesis with the
smallest modular finite group

Simone Marciano,† Davide Meloni,‡ Matteo Parriciatu,§
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Abstract

We propose a model for leptons based on the smallest modular finite group Γ2 ∼=
S3 that, for the first time, accounts for both the hints of large low-energy CP-
violation in the lepton sector and the matter-antimatter asymmetry of the Universe,
generated by only two heavy right-handed neutrinos. These same states are also
employed in a Minimal seesaw mechanism to generate light neutrino masses. Besides
the heavy neutrinos, our particle content is the same as the Standard Model (SM),
with the addition of one single modulus τ , whose vacuum expectation value is
responsible for both the modular and CP-symmetry breakings. We show that this
minimalistic SM extension is enough to get an excellent fit to low energy neutrino
observables and to the required baryon asymmetry ηB. Predictions for the neutrino
mass ordering, effective masses in neutrinoless double beta decay and tritium decay
as well as for the Majorana phases are also provided.
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The Sun may capture asymmetric dark matter (DM), which can subsequently form bound-

states through the radiative emission of a sub-GeV scalar. This process enables generation

of scalars without requiring DM annihilation. In addition to DM capture on nucleons,

the DM-scalar coupling responsible for bound-state formation also induces capture from

self-scatterings of ambient DM particles with DM particles already captured, as well as

with DM bound-states formed in-situ within the Sun. This scenario is studied in detail

by solving Boltzmann equations numerically and analytically. In particular, we take into

consideration that the DM self-capture rates require a treatment beyond the conventional

Born approximation. We show that, thanks to DM scatterings on bound-states, the number

of DM particles captured increases exponentially, leading to enhanced emission of relativistic

scalars through bound-state formation, whose final decay products could be observable. We

explore phenomenological signatures with the example that the scalar mediator decays to

neutrinos. We find that the neutrino flux emitted can be comparable to atmospheric neutrino

fluxes within the range of energies below one hundred MeV. Future facilities like Hyper-K,

and direct DM detection experiments can further test such scenario.
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Polarized and unpolarized off-shell H∗ → ZZ → 4ℓ decay above the 2mZ threshold
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(Dated: February 29, 2024)

An analysis of the off-shell H∗ → ZZ → ℓ1ℓ1ℓ2ℓ2 decay width is presented for both unpolarized
and polarized Z gauge bosons in the scenario with the most general H∗ZZ vertex function, which
is given in terms of two CP -even (b̂Z and ĉZ) and one CP -odd (b̃Z) anomalous couplings. The SM
contributions to the H∗ZZ coupling up to the one-loop level are also included. Explicit analytic
results for the unpolarized and polarized H∗ → ZZ → ℓ1ℓ1ℓ2ℓ2 square amplitudes and the four-body
phase space are presented, out of which several observable quantities can be obtained straightfor-
wardly. As far as the numerical analysis is concerned, a cross-check is performed via Madgraph,
where our model was implemented with the aid of FeynRules. We then consider the most stringent
bounds on anomalous complex H∗ZZ couplings and analyze the effects of the polarizations of the
Z gauge bosons through the polarized H∗ → ZZ → ℓ1ℓ1ℓ2ℓ2 decay width as well as left-right and
forward-backward asymmetries, which are found to be sensitive to new-physics effects. Particular
focus is put on the effects of the absorptive parts of the anomalous H∗ZZ couplings, which have
been largely overlooked up to now in LHC analyses. It is found that the studied observable quan-
tities, particularly the left-right asymmetries, can be helpful to look for effects of CP -violation in
the H∗ZZ coupling and set bounds on the absorptive parts at the LHC and future colliders. For
completeness we also analyze the case of unpolarized Z gauge bosons.

I. INTRODUCTION

All the experimental data collected until now indicate that the properties of the scalar particle discovered in 2012
at the LHC by the ATLAS and CMS collaborations [1, 2] are compatible with those of the long-sought-for Higgs
boson, which is the remanent of the mechanism of spontaneous symmetry breaking of the SU(2)L × U(1)Y gauge
symmetry in the Glashow-Salam-Weinberg Standard Model (SM). Nonetheless, there are still several couplings of
such a particle that remain to be measured with enough accuracy, such as for the Hb̄b and Hµ−µ+ interactions,
whereas other ones are still not yet at the reach of experimental measurement, such as the Higgs boson couplings
to light fermions, let alone the Higgs boson self couplings. Therefore, the study of the Higgs boson phenomenology
is expected to play an important role to probe the SM and search for any new physics effects in present and future
colliders. Along these lines, the Higgs boson couplings to the weak gauge bosons HZZ and HWW , which in the SM
arise at the tree level, have long drawn considerable attention both theoretically and experimentally. As far as the
HZZ coupling is concerned, it has played a crucial part in the experimental study of the Higgs boson at the LHC
via the H → ZZ∗ → 4ℓ decay, which provides a clear signal and allows for a precise resolution of the Higgs boson
mass despite that its branching ratio is considerably smaller than those of other decay channels such as H → WW ∗,
H → τ+τ−, and H → b̄b.
Although one-loop corrections to the HZZ vertex were calculated long ago in the framework of the SM [3, 4], more

recently a new evaluation was presented [5] that could be more suitable for the recent progress on the theoretical and
experimental study of this coupling. The most general HZZ vertex can be parametrized by an effective Lagrangian
given in terms of four coupling constants:

LHZZ =
g

cW
mZ

[
(1− aZ)

2
HZµZ

µ +
1

2m2
Z

{
b̂ZHZµνZ

µν + ĉZHZµ∂νZ
µν + b̃ZHZµνZ̃

µν
}]

, (1)

where aZ stands for the corrections to the SM tree-level coupling via loop contributions or new physics effects, whereas

b̂Z , ĉZ and b̃Z are absent at the tree level in the SM and thus are dubbed anomalous couplings. While the anomalous

CP -conserving coupling b̂Z is induced at the one-loop level [3, 4] and can reach values of the order of 10−3 [5], the

CP -violating one b̃Z would arise up to the three-loop level and has been estimated to be of the order of 10−11 [6].
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Towards a precision calculation of
Neff in the Standard Model III:
Improved estimate of NLO
corrections to the collision integral
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Abstract. We compute the dominant QED correction to the neutrino-electron interaction
rate in the vicinity of neutrino decoupling in the early universe, and estimate its impact
on the effective number of neutrino species Neff in cosmic microwave background anisotropy
observations. We find that the correction to the interaction rate is at the sub-percent level,
consistent with a recent estimate by Jackson and Laine. Relative to that work we include
the electron mass in our computations, but restrict our analysis to the enhanced t-channel
contributions. The fractional change in NSM

eff due to the rate correction is of order 10−5

or below, i.e., about a factor of 30 smaller than that recently claimed by Cielo et al., and
below the nominal computational uncertainties of the current benchmark value of NSM

eff =
3.0440± 0.0002. We therefore conclude that aforementioned number remains to be the state-
of-the-art benchmark for NSM

eff in the standard model of particle physics.
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Abstract We study the discrimination power of future multi-
TeV muon colliders for a large set of models with extended
gauge symmetries and additional neutral gauge bosons (“Z′-
models”). Our study is carried out using a χ2-analysis of
leptonic observables of s-channel scattering in effective Z′-
models. We make use of angular and chiral asymmetries in-
duced in such models to find the discovery reach of a given
muon collider setup in terms of the Z′ mass and to discrimi-
nate between the different scenarios. In this context, we dis-
cuss how polarized beams – should they become available at
muon colliders – or polarization measurements can help in
the discrimination. Our results show that typical muon col-
lider setups which are currently under consideration can give
a significantly higher reach compared to existing bounds and
projections for high-luminosity LHC.

1 Motivation

The Standard Model (SM) of particle physics is among
the most well-tested theories to date and can explain ex-
perimental observations to unprecedented precision despite
thorough searches for deviations at modern collider experi-
ments. Nonetheless, several well-known phenomena such as
the nature of dark matter, the baryon-antibaryon asymmetry
of the universe or even the universal law of gravity lack an
explanation within this theory. To accommodate for effects
Beyond the Standard Model (BSM), multiple extensions of
the current formulation have been proposed. If such exten-
sions are based on new gauge symmetries, the existence of
additional neutral gauge bosons (which we denote as Z′) is

akateryna.korshynska@desy.de
bmaximilian.loeschner@desy.de
cmariia.marinichenko@desy.de
dkrzysztof.mekala@desy.de
ejuergen.reuter@desy.de

the natural consequence. In the absence of a unique well-
motivated ultra-violet (UV) complete BSM theory, simpli-
fied models or effective theories can be useful tools to study
potential deviations from SM predictions in a generic way.
An example of this is the effective Z′-model with new gauge
boson couplings to the SM fermions, as discussed e.g. in [1–
3]. The idea is that an experimental determination of such
couplings could eventually give guidance toward a specific
UV-complete model which in turn might help explain other
observational phenomena.

Recent measurements at the LHC have excluded the ex-
istence of a Z′ boson with a mass up to about 5 TeV [4–11],
which will be raised to close to 8 TeV [12]. Several ways to
search for neutral gauge bosons have also been considered
for future e+e− colliders which, mainly due to a cleaner col-
lision environment, could probe masses up to about 20 TeV,
depending on the collider energy [2, 13–22]. Given recent
progress in the development of the muon collider accelera-
tor design, the possibility of searching for heavy particles at
such a multi-TeV machine is an appealing idea and has al-
ready been considered in [23] where several resonance pro-
duction channels have been studied.

A multi-TeV muon collider has been proposed as the
next energy-frontier collider in high-energy physics, com-
bining the clean environment of e+e− machines with the
energy reach of hadron colliders. Recent technological
progress, especially in muon cooling [24], has led to a
high priority in the US Snowmass Community Summer
Study [25–28] and the Particle Physics Project Prioritization
Panel (P5) report [29]. In Europe, the International Muon
Collider Collaboration (IMCC) is leading the European ef-
fort, suggested in the last European Particle Physics Strategy
Update (EPPSU 2020) [30, 31].

A comprehensive, systematic study of the indirect dis-
covery reach of future muon colliders for heavy neutral
gauge bosons originating from different unification scenar-
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We study the prospects for measuring the time variation of solar and atmospheric neutrino fluxes at future
large-scale Xenon and Argon dark matter detectors. For solar neutrinos, a yearly time variation arises from the
eccentricity of the Earth’s orbit, and, for charged current interactions, from a smaller energy-dependent day-
night variation to due flavor regeneration as neutrinos travel through the Earth. For a 100-ton Xenon detector
running for 10 years with a Xenon-136 fraction of ≲ 0.1%, in the electron recoil channel a time-variation
amplitude of about 0.8% is detectable with a power of 90% and the level of significance of 10%. This is
sufficient to detect time variation due to eccentricity, which has amplitude of ∼ 3%. In the nuclear recoil
channel, the detectable amplitude is about 10% under current detector resolution and efficiency conditions,
and this generally reduces to about 1% for improved detector resolution and efficiency, the latter of which is
sufficient to detect time variation due to eccentricity. Our analysis assumes both known and unknown periods.
We provide scalings to determine the sensitivity to an arbitrary time-varying amplitude as a function of detector
parameters. Identifying the time variation of the neutrino fluxes will be important for distinguishing neutrinos
from dark matter signals and other detector-related backgrounds, and extracting properties of neutrinos that can
be uniquely studied in dark matter experiments.
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I. INTRODUCTION

Over the past several decades, direct dark matter detection experiments have made tremendous progress in constraining weak-
scale particle dark matter [1, 2]. Future larger-scale detectors will be sensitive to not only particle dark matter, but also astro-
physical neutrinos and various other rare-event phenomenology [3]. The most prominent of the neutrino signals are from the
Sun, the atmosphere, and the diffuse supernova neutrino background (DSNB) [4]. Understanding these signals has important
implications for the future of particle dark matter searches, but also for understanding the nature of the sources and the properties
of neutrinos [5].

Various methods have been proposed to distinguish neutrinos and a possible dark matter signal. These include exploiting the
energy distribution of nuclear recoils between neutrinos and dark matter [6, 7], the differences in arrival directions [8], and
the differences in the periodicities of the signal [9, 10]. New physics in the neutrino sector may also change the nature of the
predicted neutrino signal [11–13], and provide a method to discriminate from dark matter.

Here we examine the time variations of the neutrino signals in more detail and study the prospects for measuring these time
variations. For solar neutrinos, the time variation of the flux is due to the eccentricity of the Earth’s orbit and the day-night
effect. The former is independent of the neutrino flavor, while the latter, which results from neutrino interactions with the
matter as they pass through the Earth, is flavor dependent. Both effects are present in a dark matter experiment through the
nuclear recoil and electron recoil channels. Beyond solar neutrinos, there may be detectable time variation of other components
of the astrophysical neutrino flux. Due to the solar cycle, there is a time variation of the atmospheric neutrino flux which is
∼ 10−30% [14] depending on the detector location. We present the first estimates of the detectability of the time variation of
the atmospheric neutrino flux given realistic future detector configurations.

Identifying the time variation for the different neutrino sources is important for properly extracting the signal and distinguishing
it from dark matter [4, 15]. In addition, it is important to characterize these signals to constrain neutrino properties. Previous
studies of neutrinos in dark matter experiments have only considered the time variation of solar neutrinos as being due to the
eccentricity of the Earth’s orbit, and for idealistic values of the nuclear recoil threshold [9]. In addition to examining more
realistic and updated detector configurations, we consider the prospects for measuring time variation of solar neutrinos using the
neutrino-electron elastic scattering channel for the first time.

Solar neutrino experiments have previously searched for time variations in their signals, including experiments that have suc-
cessfully established time variation due to the eccentricity of the Earth’s orbit [16, 17] and the day-night effect [18]. These
experiments each used a range of statistical technqiues to identify the time variable signal. As part of our analysis, we rigorously
compare the different statistical methodologies for extracting the time-varying signal. We present results for the sensitivity of
given experiments to time-varying amplitudes, and quantify the prospects for signal extraction as a function of experimental
sensitivity and background levels.

This paper is organized as follows. In Section II, we briefly describe the signals and the models for the detector efficiency. In
Section III we describe the periodic signals used in this work, and also we summarize the previous experiments that have searched
for neutrino periodicity. Next, in Section IV, we review the statistical methodologies used in our analysis. In Section V, we
describe the simulation strategy, compare statistical methods and introduce the signal-to-noise ratio as a convenient estimation
tool. Then in Section VI, we present our resulting projections, and in Section VII, the discussion and conclusions.

II. EVENT RATES AT DIFFERENT DETECTORS

A. Theoretical calculation

Figures 1 and 2 show the electron and nuclear recoil spectra for the solar, atmospheric, and DSNB spectra for Xenon and Argon
targets. The nuclear recoil spectrum uses the neutral current coherent elastic neutrino-nucleus scattering (CEνNS) channel,
and the electron recoil channel uses charged current neutrino-electron elastic scattering (ES). We refer to previous literature for
details of these calculations [19]. Here we simply highlight the components of the spectrum as a function of recoil energy to get
a sense of the recoil threshold required to detect each component. For Solar neutrinos, we used the high metallicity model for
the normalization [20]. We also show the appropriate experimental background components [21].

In addition to the energy dependence shown in Figure 1 and 2, for several of the neutrino components there is a time variation
to the flux. For solar neutrinos, since the time variation due to the eccentricity of the Earth’s orbit affects all flavors, it will be
present in both the CEνNS and the ES channels. For charged current detection channels, the day-night effect due to oscillations
is present in the ES channel. For atmospheric neutrinos, the time variation from the solar modulation of the atmospheric neutrino



Imprints of new physics operators in the semileptonic

B → a1(1260)ℓ
−ν̄ℓ process in SMEFT approach

Manas Kumar Mohapatra1,∗ Dhiren Panda1,† and Rukmani Mohanta1‡
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Abstract
At present, there are several measurements of B decays that exhibit discrepancies with the

predictions of the Standard Model, and suggest the presence of new physics in b→ s and b→ c(u)

quark level transitions. Motivated by the prospects of the ongoing high-luminosity B factories, we

study the exclusive B → a1(1260)ℓ
−ν̄ℓ process within the Standard Model Effective Field Theory

(SMEFT) formalism, to understand the sensitivity of new physics. The new physics parameters

are constrained by using the experimental branching fractions of the (semi)leptonic B → ℓν̄ and

B → (π, ρ, ω)ℓν̄ processes (where ℓ = e, µ, τ) which undergo b → uℓν̄ quark level transitions.

We then perform a comprehensive angular analysis of the exclusive B → a1(1260)ℓ
−ν̄ℓ process

in the Standard Model and in the presence of various new physics operators. We also provide

the predictions and comment on various observables, such as branching ratio, forward-backward

asymmetry, and the test of lepton flavor non universality of the B → a1(1260)ℓ
−ν̄ℓ channel.
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Photon quantum kinetic equations

and collective modes in an axion background
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(Dated: February 29, 2024)

We develop a quantum kinetic theory for photons in the presence of an axion back-

ground and in the collisioness limit. In deriving the classical regime of our quantum

kinetic equations, we observe that they capture well known features of axion electro-

dynamics. By projecting the Wigner function onto a polarization basis, relating the

Wigner matrix function with the Stokes parameters, we establish the dispersion rela-

tions and transport equations for each polarization space component. Additionally,

we investigate how the axion background affects the dispersion relations of photon

collective modes within an electron-positron plasma at equilibrium temperature T .

While the plasmon remains unaffected, we find that the axion background breaks

the degeneracy of transverse collective modes at order egaγT (∂a), where e represents

the electron charge, gaγ denotes the photon-axion coupling, and ∂a represents the

scale associated with variations in the axion field.
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The ultra-light dark matter is a new class of dark matter candidates. Unlike traditional dark matter
particle candidates, the ultra-light dark matter behaves like a classical field, which saturates the
entire Milky Way galaxy with a coherent oscillation. If such dark matter exists and couples with
neutrinos, properties of astrophysical neutrinos propagating in the Milky Way would be modified
and detectable by neutrino telescopes such as IceCube. Meantime, IceCube looked for quantum-
gravity-motivated effects from the astrophysical neutrino flavour information. IceCube did not
find evidence of new physics, and they set limits on neutrino - Lorentz violating field couplings.
Here, we investigate if these results can be applied to limit the ultra-light dark matter couplings
with neutrinos. It is found that the strong limits of neutrino-dark matter couplings in low dark
matter mass regions can be obtained in this approach.
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Nagoya, Japan
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Ultra-light Dark Matter Limits from Astrophysical Neutrino Flavour Teppei Katori

Figure 1: Astrophysical neutrino flavour without new physics. Each point in this figure is the flavour ratio
of astrophysical neutrinos at detection. The histogram is the expected flavour ratio for the standard neutrino
model with the standard astrophysical neutrino production scenarios, and it is enclosed by the 68% and 95%
contours from the IceCube data [7].

Figure 2: Astrophysical neutrino flavour with static dark matter potential, 𝑔𝜏
√︁

2𝜌/𝑚𝑎 = 2 × 10−26 GeV.
The value of dark matter is chosen because this value was rejected from the IceCube Lorentz violation
analysis [1]. Unlike Fig. 1, predicted astrophysical neutrino flavour is mostly outside of the 68% and 95%
data contours [7].

shape in Fig. 1 to a line on the right side, and most of the points go to the outside of the data
contours. This is consistent that a precise analysis found that this scenario is rejected in the IceCube
with Bayes factor > 10.

In terms of ultra-light dark matter, Eq. 2, Fig. 2 corresponds to the presence of neutrino - dark

4
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The collisional energy loss of a heavy-quark in a semi-quark-gluon plasma

Qianqian Dua,b, Mudong Dua, and Yun Guoa,b,∗
a Department of Physics, Guangxi Normal University, Guilin, 541004, China

b Guangxi Key Laboratory of Nuclear Physics and Technology, Guilin, 541004, China

By utilizing a background field effective theory, we compute the collisional energy loss of a heavy-
quark moving through a semi-quark-gluon plasma characterized by nontrivial holonomy for Polyakov
loops. We consider the elastic scatterings between the incident heavy-quark and the thermal partons
with both hard and soft momentum transfers. Our results show that the heavy-quark energy
loss is significantly suppressed in the semi-quark-gluon plasma due to a background field that is
self-consistently generated in the effective theory. On the other hand, the suppression strongly
depends on the temperature of the plasma which becomes negligible above 2 ∼ 3 times the critical
temperature. For a realistic coupling constant, ignoring a relatively weak dependence on the heavy-
quark velocity, the suppression on the collisional energy loss can be approximated by an overall
factor determined solely by the background field.

I. INTRODUCTION

Under extremely hot and dense conditions created in the heavy-ion experiments, the confined states of hadrons are
broken, resulting in a new state of matter known as quark-gluon plasma (QGP) [1, 2]. Studying the equation of state
is a crucial aspect of understanding the physical properties of the strongly interacting matter. At asymptotically high
temperatures, perturbative QCD works very well. Especially, the hard-thermal-loop (HTL) resummed perturbation
theory is believed to be a powerful tool which provides reliable predictions on the thermodynamics of the QGP down
to several times the critical temperature Td [3, 4]. On the other hand, the hadron resonance gas model can be used to
simulate the confined hadronic phase at temperatures below Td. However, there exists an intermediate region termed
as semi-QGP [5], from the critical temperature to a few times that, where the physics is of particular interest. For high
energy heavy-ion experiments carried out at the Large Hadron Collider (LHC), and especially at Relativistic Heavy
Ion Collider (RHIC), the temperatures probed are not far from the critical temperature. Unfortunately, neither the
hadron resonance gas nor the HTL resummed perturbation theory can be a reliable theoretical means to explore this
intermediate region.
The partial deconfinement in a semi-QGP is characterized by nontrivial holonomy for Polyakov loops. As the order

parameter for the deconfining phase transition in SU(N) gauge theories, the Polyakov loop is non-zero but less than
unity in the semi-QGP region according to the Lattice simulations [6, 7]. This behavior can be realized by introducing
a classical background field for the time-like component of the vector potential A0. The resulting matrix models [8, 9],
which can be considered as a background field effective theory, give rise to a deconfining phase transition through a
competition between two different contributions making up the effective potential in this model. One is a perturbative
term, favoring the completely deconfined vacuum, and the other is a non-perturbative term, driving the system to
confinement. In addition, the predicted thermodynamics is also in a good agreement with the Lattice data. Given the
success made by the matrix models, it is reasonable to adopt such an effective theory to study some other physical
quantities in a semi-QGP.
In this work, we will focus on the collisional energy loss −dE/dx of an energetic heavy-quark moving through a

hot and dense QCD plasma which is only partially deconfined. As observed in the relativistic heavy-ion experiments,
the suppression of high transverse momentum hadrons can be explained by the energy loss of high energy partons in
the plasma. This phenomenon is called the jet quenching, an excellent hard probe which provides a novel window
to unravel the fascinating properties of the deconfined nuclear matter [10–13]. Furthermore, unlike the light quarks
which lose energy mainly through the gluon radiation, the collisional energy loss of a heavy-quark is comparable to the
radiated energy loss because of the dead-cone effect related to the large quark mass [14–17]. Therefore, investigating
the collisional energy loss induced by the elastic scatterings between the incident heavy-quark and thermal medium
partons can help us to understand the measured heavy-flavor spectra in nucleus-nucleus collisions. After the first
detailed calculation of −dE/dx for a heavy-quark in the QCD plasma made by Braaten and Thoma [18, 19], many
attentions have been paid to this research topic and there were various theoretical developments over the past thirty
years, see [20–30] and references therein.

∗ Corresponding author: yunguo@mailbox.gxnu.edu.cn
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All-heavy pentaquarks in a nonrelativistic potential quark model

Zhi-Biao Liang1, Feng-Xiao Liu2,3 ∗, and Xian-Hui Zhong1,3 †

1) Department of Physics, Hunan Normal University, and Key Laboratory of Low-Dimensional

Quantum Structures and Quantum Control of Ministry of Education, Changsha 410081, China

2) Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China and
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In a nonrelativistic potential quark model framework, we carry out a serious calculation of the all-heavy

pentaquarks by adopting the explicitly correlated Gaussian method. A complete mass spectrum for the 1S states

is obtained. For the ccccc̄, ccccb̄, bbbbc̄, bbbbb̄, ccbbc̄, and bbccb̄ systems, the obtained states are compact

and lie far above the lowest dissociation baryon-meson threshold. While, in the cccbc̄, cccbb̄, bbbcc̄, and bbbcb̄

systems with {123}45̄ symmetry, the two low-lying configurations with JP = 5/2− and 3/2− have a typical

molecular structure due to the special role of the color-Coulomb interactions, they may be good candidates of

stable states below the dissociation baryon-meson thresholds.

I. INTRODUCTION

Searching for genuine exotic multiquark states beyond the

conventional meson (qq̄) and baryon (qqq) states has been

one of the most important initiatives since the establish-

ment of quark model in 1964 [1–3]. Since the discovery of

X(3872) by Belle in 2003 [4], many tetraquark candidates,

such as the series hidden-charmed/bottom XYZ states [5], the

doubly-charmed state Tcc(3875)+ [6, 7], and charmed-strange

states [8, 9], have been observed in experiments. Further-

more, the exotic Pc [10–12] and Pcs [13] states as candidates

of pentaquark states were also reported by the LHCb collab-

oration. All of these observed exotic states contains two or

three light quarks, it is very difficult to determine whether they

are hadronic molecular states or genuine multiquark states due

to the role of light-meson exchanges. This dilemma should

be largely alleviated for the all-heavy multiquarks. They are

most likely to be genuine multiquark states since there is no

light-meson exchange potential, which is often needed by the

formation molecules. Thus, the study of the all-heavy mul-

tiquarks may provide an interesting way for establishing the

genuine multiquark states.

Impressively, some all-heavy multiquark states have been

observed in LHC experiments. In 2020, the LHCb Collabo-

ration observed a narrow structure X(6900) together a broad

structure ranging from 6.2 to 6.8 GeV in the di-J/ψ invariant

mass spectrum [14]. Later in 2022, the X(6900) was con-

firmed in the same final state by both the ATLAS [15] and

CMS [16] collaborations. Moreover, in the lower mass region

the CMS measurements show that a clear resonance X(6600)

lies in the di-J/ψ spectrum. These clear structures may be ev-

idences for genuine all-charmed tetraquark ccc̄c̄ states. The

discovery of ccc̄c̄ states has demonstrated the powerful abil-

ities of LHC in productions of fully-heavy hadrons, and also

indicates that the all-heavy pentaquark should be exist. Thus,

one may expect to observe some all-heavy pentaquarks in

forthcoming experiments.

∗E-mail: liufx@ihep.ac.cn
†E-mail: zhongxh@hunnu.edu.cn

Stimulated by these, some relative studies of the all-heavy

pentaquarks have been carried out within various models in

recent years. The all-charmed and -bottom pentaquarks were

studied with the QCD sum rules [17, 18]. For the baryon-

meson type, the masses of ccccc̄ and bbbbb̄ are predicted to

be ∼ 7.41 GeV and ∼ 21.60 GeV, respectively in Ref. [17],

which are notably smaller than those of 7.93 ± 0.15 GeV and

23.91±0.15 GeV predicted for the diquark-diquark-antiquark

type in Ref. [18]. In Ref. [19], the mass spectra of the 1S -

wave all-heavy pentaquarks were systematically studied with

the simple chromomagnetic interaction (CMI) model. The

masses of ccccc̄ and bbbbb̄ are predicted to be ∼ 7.9 GeV and

∼ 23.8 GeV, respectively, which are slightly above the lowest

dissociation baryon-meson mass threshold. While, there may

exist a stable JP = 3/2− bbccb̄ states with a mass of ∼ 17.4

MeV. In Ref. [20], the all-heavy pentaquarks were further

studied within the MIT bag model by including the chromo-

magnetic interaction. In this framework, the masses of ccccc̄

and bbbbb̄ are predicted to be ∼ 8.2 GeV and ∼ 24.8 GeV, and

no stable states below the dissociation baryon-meson thresh-

olds are found.

In the recent two years, the all-heavy pentaquarks have been

studied with more comprehensive potential quark models,

where besides the chromomagnetic interaction, the confining

and Coulomb-like potentials are also included in the calcu-

lations. In Refs. [21, 22], the authors studied the all-heavy

pentaquarks by using the resonating group method (RGM), in

which two-cluster approximation is adopted. They obtained

one possible stable JP = 1/2− ccccc̄ state with a mass of ∼ 7.9

GeV, and two possible stable bbbbb̄ states with JP = 1/2− and

JP = 3/2− in the mass range of ∼ 23.8 GeV, and several pos-

sible stable candidates in the charmed-bottom pentaquarks. In

Ref. [23], considering the baryon-meson and diquark-diquark-

antiquark configurations, the authors obtained several narrow

resonances above 8.0 GeV and 24.0 GeV for the ccccc̄ and

bbbbb̄ pentaquarks, respectively, based on the Gaussian ex-

pansion method combined with a complex-scaling range ap-

proach. Recently, a more serious dynamical calculation be-

yond the cluster approximation has been carried out by using

the variational method with the trial spatial wave function in a

simple Gaussian form [24]. No stable pentaquarks states be-

low the dissociation baryon-meson thresholds are found. The

masses for the ground ccccc̄ and bbbbb̄ states are predicted

http://arxiv.org/abs/2402.17974v1
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Abstract:We present a simple holographic QCDmodel that provides a unified description

of vector mesons and nucleons in a confining background based on Einstein-dilaton grav-

ity. For the confining background we consider analytical solutions of the Einstein-dilaton

equations where the dilaton is a quadratic function of the radial coordinate far from the

boundary. We build actions for the 5d gauge field and the 5d Dirac field dual to the 4d

flavor current and the 4d nucleon interpolator respectively. In order to obtain asymptot-

ically linear Regge trajectories we impose for each sector the condition that the effective

Schrödinger equation has a potential that grows quadratically in the radial coordinate far

from the boundary. For the vector mesons we show that this condition is automatically

satisfied by a 5d Yang-Mills action minimally coupled to the metric and the dilaton. For

the nucleons we find that the mass term of the 5d Dirac action needs to be generalised to

include couplings to the metric and the dilaton. Using Sturm-Liouville theory we obtain

a spectral decomposition for the hadronic correlators consistent with large Nc QCD. Our

setup contains only three parameters: the mass scale associated with confinement, the 5d

gauge coupling and the 5d Dirac coupling. The last two are completely fixed by match-

ing the correlators at high energies to perturbative QCD. We calculate masses and decay

constants and compare our results against available experimental data. Our model can be

thought of as a consistent embedding of soft wall models in Einstein-dilaton gravity.
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Abstract

Superstring flux compactifications can stabilize all moduli while leading to an enormous
number of vacua solutions, each leading to different 4 − d laws of physics. While the
string landscape provides at present the only plausible explanation for the size of the
cosmological constant, it may also predict the form of weak scale supersymmetry which
is expected to emerge. Rather general arguments suggest a power-law draw to large
soft terms, but these are subject to an anthropic selection of not-too-large a value for
the weak scale. The combined selection allows one to compute relative probabilities for
the emergence of supersymmetric models from the landscape. Models with weak scale
naturalness appear most likely to emerge since they have the largest parameter space on
the landscape. For finetuned models such as high scale SUSY or split SUSY, the required
weak scale finetuning shrinks their parameter space to tiny volumes, making them much
less likely to appear compared to natural models. Probability distributions for sparticle
and Higgs masses from natural models show a preference for Higgs mass mh ∼ 125 GeV
with sparticles typically beyond present LHC limits, in accord with data. From these
considerations, we briefly describe how natural SUSY is expected to be revealed at future
LHC upgrades. This article is a contribution to the Special Edition of the journal Entropy
honoring Paul Frampton on his 80th birthday.
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Flavor-Violating ALPs, Electron g − 2, and the Electron-Ion Collider

Hooman Davoudiasl∗,1 Roman Marcarelli†,1, 2 and Ethan T. Neil‡2

1High Energy Theory Group, Physics Department,
Brookhaven National Laboratory, Upton, NY 11973, USA

2Department of Physics, University of Colorado, Boulder, Colorado 80309, USA

We revisit the possibility that light axion-like particles (ALPs) with lepton flavor violating cou-
plings could give significant contributions to the electron’s anomalous magnetic moment ge − 2.
Unlike flavor diagonal lepton-ALP couplings, which are exclusively axial, lepton flavor violating
couplings can have arbitrary chirality. Focusing on the e-τ ALP coupling, we find that the size of
the contribution to ge − 2 depends strongly on the chirality of the coupling. A significant part of
the parameter space for which such a coupling can explain experimental anomalies in ge − 2 can
be probed at the Electron-Ion Collider, which is uniquely sensitive to the chirality of the coupling
using the polarization of the electron beam.

I. INTRODUCTION

Axion-like particles (ALPs) are a generic type of new
particle that can occur in a wide variety of scenarios
for physics beyond the Standard Model (BSM). Such
particles commonly arise as pseudo-Nambu-Goldstone
bosons associated with new physics [1, 2]. Their pseudo-
Goldstone nature means that ALPs can naturally be very
light compared to the scale of new physics, with very
weak interactions suppressed by the same large mass
scale.

Within the general theory space, an intriguing possi-
bility is the presence of significant lepton-flavor-violating
(LFV) couplings for an ALP. Lepton flavor is almost per-
fectly conserved in the Standard Model (SM), up to neu-
trino flavor mixing, so that lepton flavor violation is a
sensitive probe of new physics. At the same time, exist-
ing anomalies in precision lepton physics, in particular
in the anomalous magnetic moments of the electron and
muon, motivate the exploration of new particles coupled
to leptons. Previous studies of the phenomenology of
LFV ALPs include [3–12].

While there is significant attention on present tensions
between theory and experiment in the anomalous mag-
netic moment of the muon [13], the anomalous magnetic
moment of the electron ge−2 is also showing possible ten-
sions with the SM, although the situation is somewhat
less clear. The latest measurement of ge − 2 [14] is in
tension with the SM prediction of either +2.2σ or −3.7σ
[15], depending on whether the fine-structure constant α
obtained from Rb [16] or Cs [17] is used as input.

Contributions from lepton-flavor violating ALP cou-
plings to ge − 2 have been calculated and studied in the
literature previously [5, 6, 10]. In this work, we focus
on the interplay between the magnitude of the e-τ ALP
coupling and its chirality, which has a significant impact
on the ge − 2 contribution. We find a substantial region
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‡email: ethan.neil@colorado.edu

of parameter space where a single e-τ coupling with a
GeV-scale ALP and the correct chirality can explain the
current experimental anomalies in ge − 2 without being
constrained by other experiments, but with discovery po-
tential in future searches at the EIC [9]. The EIC is also
uniquely well-equipped to probe the chiral structure of
such a coupling directly by utilizing the polarization of
its electron beam.

II. MODEL SETUP

We will consider an ALP-e-τ interaction of the form

Lint =
∂µa

Λ
τ̄ γµ (Vτe +Aτeγ5) e+ H.C., (1)

where Vτe and Aτe are complex constants in general. We
can decompose this term into a more useful form by defin-
ing

ϕV ≡ arg Vτe, ϕA ≡ argAτe

ϕ ≡ ϕA − ϕV , tan θ ≡ (|Vτe|/|Aτe|) , (2)

Cτe ≡
√

|Aτe|2 + |Vτe|2.

Then, the interaction can be written as

Lint =
Cτee

iϕV

Λ
∂µa τ̄γ

µ
(
sin θ + eiϕ cos θγ5

)
e+H.C. (3)

Note that if the coupling were lepton flavor diagonal,
hermiticity would require θ = ϕA = ϕV = 0. Hence,
the presence of flavor violation allows for both parity (P)
violation (via θ) and charge/parity (CP) violation (via ϕ
and ϕV ). The overall phase ϕV does not contribute to
any of the physical processes we consider below.

For simplicity, we will study the case in which the
only significant coupling is Cτe. As explored in Ref. [8],
other bounds from precision flavor physics are relevant
for ALPs heavier than mτ only when lepton-flavor diag-
onal couplings are also present and sufficiently strong.
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Electromagnetic fields surrounding pulsars may source coherent ultralight axion signals at the
known rotational frequencies of the neutron stars, which can be detected by laboratory experiments
(e.g., pulsarscopes). As a promising case study, we model axion emission from the well-studied
Crab pulsar, which would yield a prominent signal at f ≈ 29.6 Hz regardless of whether the axion
contributes to the dark matter abundance. We estimate the relevant sensitivity of future axion
dark matter detection experiments such as DMRadio-GUT, Dark SRF, and CASPEr, assuming
different magnetosphere models to bracket the uncertainty in astrophysical modeling. For example,
depending on final experimental parameters, the Dark SRF experiment could probe axions with
any mass ma ≪ 10−13 eV down to gaγγ ∼ 3 × 10−13 GeV−1 with one year of data and assuming
the vacuum magnetosphere model. These projected sensitivities may be degraded depending on
the extent to which the magnetosphere is screened by charge-filled plasma. The promise of pulsar-
sourced axions as a clean target for direct detection experiments motivates dedicated simulations of
axion production in pulsar magnetospheres.

Introduction.— The existence of axions is predicted
by numerous well-motivated extensions to the Standard
Model [1, 2]. While interesting in their own right, these
ultralight pseudoscalar bosons can potentially account
for the dark matter (DM), as is the case for the quantum
chromodynamics (QCD) axion [3–10]. Given their ubiq-
uity in theoretical models, a broad laboratory program
exists to search for axions (see [11–13]). This includes
haloscope experiments, which search for axion DM in the
Milky Way [14–28], helioscope experiments, which search
for axions produced by the Sun [29, 30], and “light shin-
ing through walls” experiments, which aim to produce
axions directly in the lab [31, 32]. This Letter proposes
a fourth alternative—the pulsarscope—and demonstrates
that planned experiments can successfully search for co-
herent axion signals emitted by nearby pulsars.

Axions are generically expected to couple to Standard
Model fields through dimension-five operators, motivat-
ing efforts to detect them in the laboratory. For exam-
ple, the axion field, a(x), couples to electromagnetism
through the operator L ⊃ −gaγγaF F̃/4 = gaγγaE · B,
where gaγγ is the coupling constant, F is the quan-
tum electrodynamics (QED) field strength, and E (B)
is the electric (magnetic) field. The axion may also cou-
ple to Standard Model fermions f through the operator
L ⊃ (gaff/2mf )∂µaf̄γ

µγ5f = −(gaff/mf )∇a · S (in
the non-relativistic limit), where S is the fermion spin
operator, mf is the fermion mass, and gaff is the cou-
pling constant. These operators may induce observable
signatures in laboratory experiments, such as axion-to-
photon conversion (e.g., [29, 30, 33–38]) or spin preces-
sion (e.g., [39–45]).

Rapidly-rotating neutron stars (NSs), or pulsars, can
serve as axion factories because their magnetospheres
may possess regions of large, un-screened accelerating
electric fields (E · B ̸= 0) [46–48]. In non-axisymmetric
pulsar magnetospheres, ultralight axions are efficiently
radiated at the rotation frequency of the pulsar, Ω [46].
As illustrated in Fig. 1, this relativistic axion signal
travels towards Earth, where it may be detected by a
ground-based experiment. While their densities are gen-
erally much smaller than the DM density near Earth [12],
pulsar-sourced axions benefit from large coherence times
and have known frequencies.

We estimate the sensitivity of proposed axion DM de-
tection experiments to pulsar-sourced axions. We con-
sider two extreme models of the pulsar magnetosphere to
bracket the uncertainty on the expected signal. The lead-
ing sensitivity to low-mass axions is obtained from the
CASPEr-wind [40–43], Dark SRF [49, 50], and DMRadio-
GUT [51, 52] experiments. Most optimistically, these ex-
periments could probe previously unexplored regions of
axion parameter space for axion masses ma ≪ 10−13 eV;
however, if the magnetospheres are heavily screened, then
the sensitivities may be subdominant relative to current
constraints.

Axion Radiation from Pulsars.— The axion field
sourced by a pulsar is determined by the distribution
of E · B in the magnetosphere according to the Klein-
Gordon equation, (□+m2

a)a(x) = gaγγE ·B. In the limit
where the axion mass ma → 0, this equation is analogous
to that for the electric potential, interpreted as a(x), in
Lorenz gauge with charge density ρeff = gaγγE ·B. Thus,
one can calculate the radiated axion signal given a model
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