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Background: Axion-like particles (ALPs) are hypothetical particles that emerge in numerous theoretical exten-
sions to the Standard Model. Their coupling to electromagnetic field implies that ALPs would mix with photons
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in the presence of external magnetic fields. As ALP phenomenology is governed by the mass and strength of its
coupling, there is a subset of this parameter space in which this mixing would be expected to leave an imprint on
the spectra of TeV v-ray sources.

Data: In 2017, the VERITAS 7-ray observatory recorded the second day of a dramatic flare of the radio galaxy
NGC 1275, embedded at the center of the Perseus galaxy cluster. This serendipitous locale provides a spatially-
extended magnetic field of strength O(10 uG) through which escaping photons traverse, making it an excellent
target to study ALPs.

Methods: We analyze the VERITAS data of NGC 1275’s 2017 flare with the gammapy analysis package. Extensive
fitting and modeling are performed to ultimately conduct a likelihood analysis used to search for any evidence of
a preference for ALPs and to explore the confidence with which constraints can be set. We adopt the CLg method
for this study for its conservative approach to setting limits in regimes where the search has limited sensitivity.

Results: No evidence for the existence of ALPs is found, and no combination of mass and coupling strength
can be excluded at or above 95% confidence level. We provide a map showing the strength of our ex-
clusions in the mass and coupling parameter space. The strongest exclusions are found in the mass range
2x 1077 eV <my <4 x 1077 eV and at the coupling strength of go, > 3 x 107" GeV ™" up to 80% confidence
level, which are consistent with previous studies.

Conclusions: We find the CLs to be a trustworthy approach, and advocate for its continued usage in future
studies. We note that many of the limitations contributing to the limited sensitivity seen by VERITAS in
this study will be improved with next-generation <-ray instruments, such as the Cherenkov Telescope Array

Observatory (CTAO).

I. INTRODUCTION

TeV ~y-ray observations can be used to probe fun-
damental physics beyond the Standard Model (SM)
of particle physics [see, e.g., 1], including axions and
axion-like particles (ALPs) [see, e.g., 2, 3, and refer-
ences therein]. Axions are hypothetical pseudo Nambu-
Goldstone (pNG) bosons postulated to solve the “strong
charge-parity (CP) problem” in particle physics and, for-
tuitously, are excellent candidates for dark matter (DM)
[see, e.g., 4]. Axions would couple with photon pairs,
with a coupling strength proportional to their mass,
which is unconstrained in theoretical models. ALPs,
on the other hand, are predicted in many extensions of
the SM, particularly in numerous theories of string com-
pactifications, with a looser constraint: their coupling
strength to photons gq4 is independent of mass m, [e.g.,
5-21]. ALPs do not necessarily solve the strong C'P prob-
lem, but bear many phenomenological similarities to ax-
ions, making them also viable DM candidates as weakly
interacting sub-eV particles (WISPs).

As will be seen in Section II, the coupling between
photon pairs and ALPs means that ALPs can intercon-
vert with photons in the presence of an external magnetic
field. This would lead to ALP-photon mixing, a process
which is mathematically closely analogous to neutrino os-
cillations [e.g., 22]. This mixing could distort the photon
spectra from astrophysical sources [23]. As an example,
photons could be converted into ALPs in a magnetic field
at or near a source, or in some intervening field encoun-
tered on the trajectory from the source to the observer,
such as the intergalactic magnetic field (IGMF). The
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ALP-photon beam could then undergo further oscilla-
tions, including from ALP back to photon, in the Galac-
tic magnetic field. This ALP-photon mixing may lead to
irregularities in the observed spectrum of a source [see,
e.g., 24, for a comprehensive review].

One such irregularity would be an increased probabil-
ity that high-energy ~ rays survive the pair absorption
process with the extragalactic background light (EBL).
This would effectively increase the transparency of the
Universe to v rays, leading to unusually hard -ray spec-
tra and potentially the detection of y-ray sources out to
greater distances. Another spectral irregularity would
manifest as oscillatory features in the observed spec-
trum—a result of the energy dependence of the ALP-
photon mixing. The ALP-induced spectral irregular-
ity becomes more prominent when the photons travel
through a stronger magnetic field or across a larger mag-
netic field domain. Therefore, stronger experimental con-
straints on the properties of ALPs can be obtained from
observations of «-ray sources that are either embedded
in a relatively strong magnetic field, or distant enough
that their emission would extensively traverse through
the IGMF.

In addition to photons, axions would also couple with
gluons and, in some models [e.g., the DFSZ model;
25, 26|, with fermions, such as electrons. In hadronic
models [e.g., the KSVZ model; 27, 28], the coupling be-
tween axions and electrons is negligible. ALPs, however,
may generally couple to electrons. In this work, we as-
sume that the coupling between ALPs and both gluons
and electrons is subdominant.

Several experiments have directly searched for ALPs
using various methods [see, e.g., 19, for a review|.
Purely laboratory experiments, the so-called “Light Shin-
ing through a Wall” (LSW) experiments such as Any
Light Particle Search (ALPS) I [29], search for photons
that appear to pass through a wall by oscillating into
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intermediate WISPs and have established upper limits
on the ALP-photon coupling strength at the level of
gay < O(107%) GeV™! at masses m, < 1 meV. The
ALPS IT experiment [30] is expected to improve the limits
t0 gay S 2X 10~ GeV ! in a similar mass range. Helio-
scopes and haloscopes seek to convert ALPs from the Sun
and the Galactic DM halo, respectively, into detectable
photons to constrain the coupling strength between ALPs
and photons. The CERN Axion Solar Telescope (CAST),
a helioscope, has looked for solar axions converting into
X-rays in a laboratory magnetic field and established
an upper limit on the axion-photon! coupling strength
of gay S 6.6 x 1071 GeV™' at mass m, < 0.02 eV
[31]. The Axion Dark Matter Experiment (ADMX), a
haloscope, has searched for dark matter axions convert-
ing into microwave photons in a large resonant cavity
within a strong superconducting magnet and established
upper limits on the axion-photon coupling strength of
Jary < O(10713) GeV ™! within a narrow mass range of
2.66 < mg < 2.80 peV [32]. To constrain the coupling
between ALPs and gluons and nuclear spin, the Cosmic
Axion Spin Precession Experiment (CASPEr) uses nu-
clear magnetic resonance to detect an oscillating torque
on nuclear spins [33]. Constraints on ALPs have also
been derived from observations of other astrophysical
sources, such as giant stars [34], neutron stars [35], in-
cluding magnetars [36], the supernova SN 1987A |e.g.,
37, 38|, globular clusters [39], spinning black holes [40],
and active galactic nuclei (AGN), as well as from various
cosmological observations [e.g., 41].

Constraints on ALPs using spectral irregularities from
AGN, including blazars and radio galaxies, have been
derived from X-ray and ~-ray observations. These con-
straints improved the upper limit on the ALP-photon
coupling strength g,, by more than an order of mag-
nitude compared to the limits from CAST, covering an
ALP mass range (< peV) lower than what ADMX is
sensitive to [e.g., 42]. Blazars and radio galaxies (RGs)
exhibit non-thermal radiation powered by the central su-
permassive black hole, featuring smooth X-ray and v-ray
spectra that can often be described by a power law or log
parabola model [e.g., 43, 44]. Blazars and RGs that reside
in the center of galaxy clusters are particularly interest-
ing for ALP studies, as the intracluster medium (ICM) is
permeated by large-scale turbulent magnetic fields where
ALP-photon conversion may take place efficiently. These
fields are particularly strong close to the center in cool-
core clusters [45], where the ICM is so dense that the cool-
ing time, primarily from free-free Bremsstrahlung [46], is
short compared to the Hubble time [47, 48|, resulting in
a rapidly cooled ICM [49, 50].

The TeV radio galaxy NGC 1275, located at the center
of the cool-core Perseus Cluster at a distance of ~ 75 Mpc

1 By virtue of the shared phenomenology between axions and
ALPs, all the constraints discussed in this section may be gener-
alized to ALPs.

(z = 0.01756), has been extensively studied to search for
evidence for ALPs. The Perseus Cluster is the brightest
galaxy cluster in the X-ray band, with a strong intra-
cluster magnetic field (ICMF) of O(10 uG), as shown by
radio rotation measures (RMs) [51]. In comparison, the
IGMF is much weaker, constrained by several methods
to be below O(1 nG) with various coherence lengths as-
sumed [52-56]. The Chandra X-ray Observatory and the
Fermi-Large Area Telescope (LAT, [57]) have searched
for spectral irregularities in NGC 1275’s X-ray and GeV
~-ray emission, respectively, to set limits on the ALP-
photon coupling strength (g., < 6 x 10713 GeV ™! at
masses mg < 1 x 10712 eV from X-ray, and g,y < 5 %
10~'2 GeV ' in the mass range of 0.5 neV < m, < 5 neV
from ~-ray) [58-60].

At TeV ~-ray energies, the exceptional sensitivity
on short timescales from ground-based imaging atmo-
spheric Cherenkov telescopes (IACTSs) offers an oppor-
tunity to search for spectral irregularities in fast and in-
tense flares from blazars and radio galaxies. An excep-
tionally bright very-high energy (VHE) flare of NGC 1275
was recorded by the Major Atmospheric Gamma Imag-
ing Cherenkov Telescopes (MAGIC, [61]) beginning on
the night spanning December 315t, 2016 to January 15°,
2017 (MJD 57753-57754) [62]. The brightest outburst,
recorded during the first night of the flare, had a flux
~ 1.5 times the flux of the Crab Nebula above 100 GeV,
falling on subsequent nights [63], during which it was
further detected by the Very Energetic Radiation Imag-
ing Telescope Array System (VERITAS) [64]. Obser-
vations of this flare present an excellent opportunity to
search for ALPs through ~-ray spectral irregularity, as
(1) the source is embedded in a strong ICMF and (2)
the bright flare allows for a well-characterized TeV ~-ray
spectrum due to the superior signal-to-noise ratio. Mo-
tivated by this, MAGIC used their flaring and post-flare
data from NGC 1275, alongside long-term quiescent mon-
itoring data of the source, to exclude at 99% confidence
ALP coupling constants g = 3 x 10712 GeV~! in the
range 4 x 1078 eV <m, <9 x 1078 eV [65].

During VERITAS observations of NGC 1275 spanning
January 274 (MJD 57755) to January 3¢ (MJD 57756)
of 2017, an average flux state at 50% of the Crab
flux at TeV energies was recorded. During the flare,
NGC 1275 was detected by VERITAS over 2.2 hours
(MJD 57755) with three-telescope operations and 1.3
hours (MJD 57756) with four-telescope operations, not-
ing a marginally higher measured flux on the first night
observed. The two nights recorded respective statistical
significances of ~ 310 and ~ 220. These observations
overlap with a Bayesian-block-identified steady state in
Fermi-LAT spanning roughly January 1%t to January 6"
of 2017 [66]. However, as the VHE spectra recorded by
MAGIC appear to evolve significantly over this period
[63, 65], we opt to exclude the Bayesian-block Fermi-
LAT data from this study. This disconnect between the
evolution of the flare in GeV and TeV bands may be ex-
plained by stronger cooling at VHEs. In addition, to



minimize evolution in the VHE band, we opt to include
only VERITAS data from January 2°¢ in this analysis
due to the higher VERITAS observed flux on this date.
In this work, we use these VERITAS observations to
set limits on the ALP-photon coupling strength and the
mass of ALPs. In Section II we discuss the theory of
ALP-photon interactions. Then, in Section III, we de-
scribe the VERITAS observatory that recorded the data
and the techniques used to analyze them. In Section IV,
we delineate the statistical methods employed to com-
pare the ALP and no-ALP hypotheses. In Section V, we
report our findings, and compare our methodology and
results to those reported previously by MAGIC [65].

II. ALP-PHOTON INTERACTIONS

The theory of ALP-photon interactions has been cov-
ered extensively in previous publications [see, e.g., 6776,
among many others|. An abbreviated summary is pro-
vided here.

The ALP contribution to the SM Lagrangian? is given
by [67, 68, 76]:

1 1 1 ~
Larp = §8Ma8“a — imiGQ + Zga,yFM,,F‘uya, (1)

Laa La~

F,, is the electromagnetic (EM) field tensor, and
Frv = %EWMFP" is its dual. The contribution £,, con-
tains a kinetic and mass term to describe ALPs as a non-
interacting, free scalar field a with mass m, [68, 77]. The
rightmost term describes the ALP coupling to electro-
magnetism through the interaction,

Lar = {00 Fur "0 = gy (B-B)a, (2
where gq~ is the coupling strength of the ALP field to
photons. As a consequence, any photon in the presence
of a magnetic field with some component oriented trans-
versely to the photon propagation direction will mix with
ALPs [67].

Because of the coupling described in Eq. (2), an ALP-
photon beam will propagate as a mixing of three quantum
states: two corresponding to photon polarization, and
the third corresponding to the ALP [20]. For an initially
polarized photon beam of energy E propagating through
a single homogeneous magnetic field B (with component
Br that is transverse to photon propagation direction,
and parallel to the polarization state), the equations of
motion for an ALP-photon beam can be solved [see, e.g.,
67, 69, 78], and result in ALP-photon oscillations with
amplitude:

2 Using natural Lorentz-Heaviside units such that h=c =k = 1
throughout, and o = €2 /47w ~ 1/137.

for a beam that has traveled from zg to z. The oscillation
wave number is given by [79]

AOSC (E)
1/2

2
m?2 — w? 7 I

(4)
where wp is the plasma frequency wy, ~ 0.037/n neV,
with the electron density m. in units of cm™. x and
I',, give the terms for the dispersion and absorption for
the surrounding photon fields, respectively, and b is the
vacuum quantum electrodynamics (QED) term which de-

scribes dispersion of the magnetic field:

« BT 2
b= (B) , (5)

where « is the fine structure constant, and B,, is the criti-
cal magnetic field strength B, = m?2/|e| ~ 4.41 x 10** G
with m. the electron mass and e the fundamental electric
charge.

Assuming that the absorption is small, it is possible to
define a critical energy [69, 73, 79]

m2 - |
BR = ke 6
2gafyBT ( )

far above which the conversion probability is maximal
and independent of energy (the strong-mizing regime),
and below which the conversion probability is oscillatory,
and increasing, with energy. The strong-mixing regime
is bounded from above by

ga'yBT

Ehigh — .
cr %b +x

(7)

The energy-dependent oscillatory behavior near EXV is
of particular interest for this study, as these oscillations
have the potential to imprint features in the spectra of
astrophysical «-ray emitters.

A. Modeling the ALP Effect

The above is a simple and illustrative example of the
effects one can expect from ALP-photon mixing; how-
ever, for the purposes of this paper it is necessary to
consider the more complex scenario of an initially unpo-
larized ALP-photon beam traversing non-homogeneous



magnetic fields. This can be properly accounted for
by splitting magnetic regions into slices of homogeneous
field and by using the formalism of the density matrix
[60, 69, 70, 80, 81]. The assumption of an initially unpo-
larized beam is necessary because, although the beam will
likely have some degree of polarization, it is not known
a priori, nor do current-generation ~y-ray telescopes have
the ability to measure it [82]. Further, it is expected to
be small—O(a few %) [83].

We model the propagation of the ALP-photon beam as
it traverses three distinct environments. Since NGC 1275
is located at the center of the Perseus Galaxy cluster, the
first region the beam will encounter will be the ICMF
(see Section ITA1 for details). Provided the relatively
small domain traversed by the emission (considering that
NGC 1275 is a radio galaxy observed at large view-
ing angles with respect to the jet axis [2, 84]) and the
relative dominance of the cluster contribution to mix-
ing over the jet component [74], we are able to neglect
ALP-photon mixing in the AGN jet. We next include
EBL absorption for propagation through intergalactic
space, using the model of Dominguez et al. [85]. As
noted in Section I, current limits place the maximum
strength of the IGMF at ~ 107° G. Given the additional
constraint g,y < 6.6 x 107'* GeV~! [31], we find that
Ev < 3.5 TeV only for m, <3 x 1072 eV. This is be-
low the m, range considered for this analysis, so we only
consider the regime of m, where the EXV > 3.5 TeV,
which is roughly the upper bound of our instrument’s
sensitivity in this analysis. Together with the relatively
small redshift of NGC 1275, we do not expect strong ir-
regularities in the spectrum to be induced by mixing in
the IGMF, and therefore neglect its contribution as well.
Finally, we consider beam propagation and mixing in the
Milky Way’s magnetic field, following the model of Jans-
son and Farrar [86].

In order to compute the probability to observe at Earth
a v ray (of either polarization) from an initially unpolar-
ized beam at the source, known as the photon survival
probability P,., we use the gammaALPs? software package
[87]. The code numerically solves the equations of mo-
tion for the ALP-photon system using the transfer-matrix
formalism and incorporates all relevant mixing terms in
the mixing matrix, including dispersion from QED effects
and the cosmic microwave background (CMB).

1. Perseus Cluster Modeling

Following from Refs. [60, 70|, we expect the ICMF
of the Perseus cluster to be a turbulent field, with a
strength that traces the electron density n.(r) of the
ICM, B(r) = Bg[ne(r)/n.(r =0)]" [88]. The turbulent
component is modelled as a divergence-free homogeneous

3 https://github.com/me-manu/gammaALPs

isotropic field with Gaussian turbulence with a mean of
zero and variance og. We assume that the power spec-
trum of the turbulence follows a power law M (k) o k¢
in wave numbers k between the maximum and minimum
turbulence scales kz, = 27 /Apmax and kg = 27/ A, and
0 otherwise [70, 76]. We use an analytical approximation
for ne(r) derived from X-ray observations with XMM-
Newton (Eq. (4) in Churazov et al. [89]) within 500 kpc
of the cluster’s center (rmax), and conservatively assume
zero magnetic field beyond.* RMs determined from Very
Long Baseline Array (VLBA) observations of the inner-
most region (tens of pc) around NGC 1275 suggest a cen-
tral magnetic field for the cluster of 25 uG [51]. Consider-
ing this, alongside an independently derived lower limit
on By 2 2—13 uG for 0.3 <n <0.7 from the MAGIC
observatory [90], we make the assumptions o = 10 uG
and n = 0.5, which are consistent with measurements of
similar cool-core clusters Hydra A [91] and A2199 [92].
In the absence of detailed RMs outside of the central-
most region of the Perseus cluster, we assume values from
A2199, which has a comparable number of member galax-
ies. A summary of the fiducial parameters used to model
the magnetic field structure of the Perseus cluster can be
found in Table I of Ajello et al. [60].

III. DATA ANALYSIS

Data for this study were recorded by VERITAS, a
ground-based ~y-ray observatory comprising an array of
four IACTs located in southern Arizona at 31°40°30"N
110°57°07"W, 1.3 km a.s.l. and capable of detecting
v rays from 85 GeV to >30 TeV [93]. VERITAS, sim-
ilar to other current ground-based ~v-ray observatories,
offers moderate energy resolution (~15% at 1 TeV) lim-
ited by the air shower fluctuations associated with the
air Cherenkov technique [e.g., 94].

For this study, we used VERITAS observations of
NGC 1275 in a flaring state on January 2°¢, 2017 with an
exposure of 2.2 hr after data quality selection. Spectral
analysis for these data was performed using the gammapy
software package [95]. VERITAS data were pre-processed
using the EventDisplay VERITAS analysis pipeline [96]
with a reflected region background model [97] and were
provided to gammapy at the event level, a data level 3
(DL3) product [see 98]. From the DL3 data, a full region-
based on-off spectral analysis was performed.

Two different intrinsic models for the data were exam-
ined for the null hypothesis case, an exponential cutoff
power law (ECPL) and a log parabola (LP), neither of
which was significantly preferred over the other. In an
ongoing study using the same VERITAS data that over-
laps with the integrated Fermi-LAT data for January 274

4 For ALP parameters and photon energies relevant to IACTs, a
typical ALP-photon oscillation length for the Perseus Cluster is
O(10 kpc) [20].
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[66], a Bayesian information criterion (BIC) was utilized
to find that a LP fit was preferred to an exponentially
cutoff power law. Therefore, we have chosen the LP as
the base intrinsic model for our analysis:

E ) —a—flog(E/Ey)

(I)int(E) = NO (Eo

: (8)
where @i, (F) is the intrinsic differential photon flux at
photon energy E, Ny the spectral normalization, Fy the
reference energy, o the spectral index, and 8 the curva-
ture. The null hypothesis model is then given by

Do(E,2) = e T EAd (E), (9)

where 7(E, z) is the optical depth due to the EBL, from
Dominguez et al. [85]. For the alternative hypothesis, the
photon survival probability P, (E, z; Ma, gay, B), which
includes both EBL attenuation and the ALP effect (dic-
tated by m4, guy, and the magnetic field environment
traversed by the beam B), will be used instead, yielding

(I)ALP(Ea 25 Ma, Garys B) = P’y'y(Ev 235 Ma, Jarys B)(I)mt((E))

10
Py (E,z;mq, gavy, B) is calculated with the gammaALPs
[87] software package.

The models given by Egs. (9) and (10) can be used
to compute their respective likelihood given the observed
data. The likelihood, across all energy bins i, can be
written as

C(/”L(mmga’w B7 0)7 le) = H»Ci(/ii(ma,ga'y, Bv 0)7 bZ|Dl)a

(1)
where p; is the expected number of counts in the i-th
energy bin, computed by forward folding the detector re-
sponse into the model given by Eq. (9) or (10). This
number depends on mg, ga~, the realization of the mag-
netic field B, and the spectral energy distribution (SED)
nuisance parameters which define Eq. (8): 8 = (Ny, «, ).
The parameter b; is the number of background counts ex-
pected in the source region, and D; the counts measured
by the instrument in its source and background estima-
tion regions, also for the i-th energy bin.

As suggested above, there are two cases under consid-
eration: the no-ALP case (the null hypothesis), corre-
sponding to the case where ALPs do not couple to pho-
tons (gay = 0), and the ALP case (the alternative hy-
pothesis). Following from Eq. (11), the likelihood of the
alternative hypothesis can be written as

»CALP(N(maaga'vaae)vb|D)v (12)

and the likelihood of the null hypothesis can be written
simply as

Lo(u(6),0 D). (13)

For the fixed parameters (mg, ga), the nuisance pa-
rameters can be “profiled out” using the profile likelihood

method of Rolke et al. [99]. This profile approach is em-
ployed by the WStat fit statistic used in gammapy [100].
Profiling is done for the expected background counts b;
by replacing them with the value l;i that analytically
maximizes the likelihood, where l;,- is effectively a back-
ground estimator. This technique is known to underes-
timate the predicted background counts, particularly in
the higher-energy regime for IACTSs, where the number
of background counts will likely drop to zero [101]. This
has been addressed by adaptively rebinning the data, en-
suring that each energy bin contains > 0 background
counts. Although this does not eliminate bias in the
predicted counts, the relative scale of the bias is sig-
nificantly reduced and, when tested on fits of simulated
null-hypothesis data, was shown to adequately recover
the injected model. The SED nuisance parameters 0 are
profiled for a fixed (mq, gqvy) by performing an iMinuit
[102, 103] minimization® of gammapy’s WStat fit statistic
with the expected background counts profiled, yielding
6.

To treat the magnetic field structure of Perseus sta-
tistically, for each (mg, ¢ay) we perform fits over
Np = 100 random realizations of the turbulent mag-
netic field Bj, j = 1,...,Np, where each individ-
ual fit yields, following the profiling described above,
EALp(u(ma,gawBj,é),13|D). However, it is highly un-
likely that the magnetic field that is realized in nature
is included in the simulated magnetic-field realizations.
Therefore, instead of profiling over the magnetic-field re-
alizations, we sort them by their Larp, choosing the
realization j associated with the 95% most likely fit,
following from Refs. [2, 60, 79]. For Np = 100 re-
alizations, this corresponds to j = 95, or the quan-
tile Qg = 0.955 The selected magnetic field realiza-
tion can be denoted Bgs, taking particular care to note
that Bgs may be different for different ALP parame-
ters, such that Bgs = Bgs(ma, gay). The maximum
likelihood for a fixed (mg, gay) Wwill then be given by
Lavp(1(ma, gavy, Bos, 0),bD).

Since gammapy forward folds the model spectrum with
the detector response to yield the predicted counts from
the source, bin-by-bin correlations are self-consistently
accounted for. As a result, it is possible to bin the
VERITAS data below the level of the instrument’s energy
resolution—small enough to resolve ALP-photon spectral
features—albeit, of course, with diminishing returns [60].
We have chosen 30 bins per decade (~ 15 — 25% of the
VERITAS energy resolution [93]) for this analysis, as a
compromise between resolution and computational over-
head. The SED for the flaring data is shown in Fig. 1,
where it is fit by the null hypothesis (no-ALP) case mod-
eled by Eq. (9). The overall best-fit model for the alter-
native hypothesis (Eq. (10)) is also shown.

5 The WStat fit statistic implemented in gammapy follows —21n L.
6 Note that this is the 0.05 quantile of —21In Lar1,p.
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FIG. 1. SED for the January 2°¢, 2017 observations of

the NGC 1275 flare. The best fit model of the joint likeli-
hood without ALPs (with an ALP of m, = 1.61 x 1078 eV
and gay = 3.16 x 107" GeV™!) is shown as a solid (dashed)
black line for one realization of the ICMF.

IV. STATISTICAL METHODS

The goal of this section is to describe the process to-
wards yielding statistics which can:

e Describe the likelihood of the existence of ALPs

e Exclude regions of ALP parameter space

In order to yield both of these results, it will be nec-
essary to scan (Mg, gay)-space in the regime where we
expect VERITAS to provide the greatest sensitivity. Fol-
lowing from Eq. (6), a reasonable choice is to cover
mq € (3,700 neV  and g4y € [0.1,10] x 107 GeV L.
This range will allow Ei‘r);’z to fall in the energy range
where VERITAS is most sensitive [93]. Note that this
parameter space is consistent and complementary with
previous studies done with Fermi-LAT on this source
[60, 104]. We choose to scan a 14 x 9 logarithmically
spaced grid in (mg, gey)-space to perform this study,
with the goal of balancing computational overhead with
resolution in the results.

A. ALP Likelihood

The first question we can address is whether our results
indicate evidence for the existence of ALPs. We will seek
to compare the likelihood of the most likely ALP case, i.e.
the set of ALP parameters (7, §q) Which best represent
the observed data, with the maximum likelihood of the
no-ALP model (the null hypothesis).

This information is encapsulated in the test statistic:

TS = —2111( EO(”(O)’Z)JD) — ) . (14)
‘CALP(M(maaga'yzBQSve)ab|D)

a special case” of the profile log-likelihood ratio test
[99], which specifically measures the data’s incompat-
ibility with the null hypothesis as compared to the
test hypothesis [2]. Lo(u(8),b|D) is the maximum
likelihood for the no-ALP model, with profiled ex-
pected background b and parameters of best-fit 8, and

Larp (1(fa, Jay, Bos,0),b|D) is the maximum likeli-
hood over the entire ALP grid (indicated by the addi-
tional hats). If we find the likelihood of the ALP case to
be higher than that of the no-ALP case, then this would
be a potential indicator of the existence of the ALP case.

However, it is not a trivial exercise to quantify the
significance of this TS. Due to the nonlinearity in the
relationship between the spectral oscillations and ALP
parameters, as well as the degeneracy between g,, and
magnetic field strength in Egs. (3) and (4), one can not
simply convert TS value into a significance following the
usual Wilks’s Theorem [105]. As such, the null distri-
bution is a priori unknown, and must be derived from
Monte Carlo (MC) simulations.

We perform MC simulations of the data assuming the
no-ALP case, and examine the TS distribution to estab-
lish the confidence levels at which one could reject the
no-ALP hypothesis. Simulations were generated starting
from the best-fit null hypothesis model to the data. To
do so, we convolve the null hypothesis model best fit to
the observed data with the instrument response functions
(IRFs) to make predictions for the number of counts.
Then Poisson random numbers are generated, based on
the expected number of events, to yield simulated counts.
In a similar vein to the discussion in Section III, the lack
of observed background counts in the highest-energy bins
will bias the high-energy bins of simulations produced us-
ing the observed data. To account for this, we model the
background counts above Fipreshbkg = 1 TeV as a power
law with index 3, chosen to closely match the background
data at lower energies with higher statistics. The power
law is normalized such that, integrated above Eipresh,bkes
it yields the total number of measured background counts
above Ethresh,bkg [106] .8

A total of 500 simulations are generated, each of which
is re-analyzed following the exact procedure described
before, yielding a TS distribution from the fits to the
simulations, shown in Fig. 2. Following from Abdalla
et al. [2], we fit the TS distribution with a modified T’
distribution, from which we can extract the threshold
values at 95% confidence. From the best fit modified T’
distribution, a T'S > 4.75 is required to reject the no-ALP
hypothesis with 95% confidence.

7 This is Eq. (15) for the case in which (maq, gay) = O.
8 Note that this procedure is only applied to the data which is used
to produce the simulations, not the simulations themselves.
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FIG. 2. Cumulative distribution function (CDF) for the TS
values calculated from 500 simulations produced assuming the
no-ALP case. The CDF is fitted with a modified I" distribu-
tion. Black vertical lines show the 68% and 95% TS thresh-
olds, and the red dotted line shows the TS value of the data,
with its associated confidence level shown in the legend.

B. Exclusion Regions of ALP Parameter Space

Regardless of whether any indication of ALPs is
present, it is possible to exclude regions of the (mq, gory)
parameter space which are inconsistent with the observa-
tions. This has historically been done with the general-
ized profile log-likelihood ratio test [99], see, e.g., Ref. [2]:

Bgs, 6),b|D
)\(m(hga’y) — 9n <£ALP<M(mavga7; A9570:)7lz| )) 7
Lare(p(ha, §avy, Bes, 8),b|D)

(15)
which compares the best fit at each (mq,gq,) point in
the grid with the overall best fit among the test points.
Larger values of A will indicate that the best fit at the
point under consideration is less representative of the
data than the best fit overall.

A key component of the likelihood ratio test is that
it is dependent on an unrestricted maximization (over
the entire parameter space) [107]. In the presence of any
systematic uncertainties (for example, in energy resolu-
tion, instrument response functions, modeling) that are
unaccounted for in the maximum likelihood estimation
(MLE), and especially in the generation of simulations,
this unrestricted maximization may encounter (marginal)
false positives, also known as Type I errors. Since the
exclusion regions will be tied, by the denominator of
Eq. (15), to the strongest signal found in the parameter
space, such anomalous results would consequently result
in artificially inflated exclusion confidence levels, which
may extend exclusion regions to large parts of the unre-
stricted parameter space, including in regimes where the
search ostensibly has no sensitivity [108]. In the case of a
true (marginal) positive signal, this is the desired behav-
ior; however, as the truth case is unknown, the possibility
for this inflationary effect motivates a more conservative

approach.

The so-called CLg method is a well-established tool for
searches in high-energy experiments, which normalizes
the test statistic used for exclusion with respect to the
null hypothesis, rather than the supremum of the space as
in Eq. (15), and has an additional renormalization which
reduces the risk of constraining regimes where a search
has no sensitivity [17, 108, 109]. In light of these advan-
tages, we opt to utilize the CLgs method instead. Recent
articles pursuing this type of study have also adopted the
CLs method for the same reasons [110, 111].

To do so, we can generalize the test statistic in Eq. (14)
to:

Qs gor) = —21n ( Lo(u(6), 5|D) > |

Lavp(1(Ma, gar, Bos, 0),b| D)

(16)
where again the numerator is the maximum likelihood
under the null hypothesis, with profiled expected back-
ground b and parameters of best-fit 8. The denomina-
tor now, however, is no longer profiled over the unre-
stricted parameter space, and is rather the maximum
likelihood under the alternative hypothesis for a given
fixed (mq, gav). We can thus systematically scan the pa-
rameter space, finding a Qops(1Ma, gay) for the observed
data at each test point, which can then be used to assess
the strength of exclusion at that point.

For some example point (mg, gay), We seek to under-
stand Qobs(Ma; gay) in the context of the underlying
distribution of Q(mg,gay) in the cases where the null
hypothesis is true and where the alternative hypothe-
sis is true, respectively. From Section IV A, 500 simu-
lations representing the null hypothesis truth case have
already been produced. Each of these simulations was
analyzed as described in Section III, the results from
which were passed through Eq. (16), yielding a distri-
bution {Q(ma, gavy)}o for each (mq, gay) pair tested that
can again be fitted with a modified " distribution. Ad-
ditionally, we now also simulate the injected ALP signal
at each point in the parameter space to represent the
alternative hypothesis truth case, with 500 simulations
produced at each point. Following the same analysis, we
find a distribution {Q(mq, gay)}arp. Two example dis-
tributions of {Q(Mmq, gavy)}to and {Q(ma, gay) }arp along
with the corresponding Qobs (M, gary) are shown in Ap-
pendix A.

The CLg wvalue is colloquially defined as
CLs =p,/(1 —pp) [17], where p and b refer to the
signal and background-only models respectively. Ap-
plied in this context, with the alternative hypothesis
Haypp and null hypothesis Hy, we define the CLg value
as:

PALP

CLs(maaga’y) ] o

P(reject Harp|Harp = TRUE)
P(accept Hyo|Hy = TRUE)

(17)

Thus, the CLg value can be interpreted as a p-value that



has been normalized to the acceptance probability for
Hy. As a result, this means that the less separation
that exists between the distributions {Q(ma, gay)}arLp
and {Q(Mmq, gay)}o (i.e. the less sensitive we are in our
search), the more severely penalized our CLg value will
be. This is seen in that papp is the strict lower bound
of the CLg value. When the CLg value is smaller than
some number «, say for example a = 0.05, the test point
is considered incompatible with the observed data at the
1 — a confidence level; in our example, this would cor-
respond to an exclusion at 95% confidence. Both the
numerator and denominator of Eq. (17) are computed
simply as the cumulative distribution functions (CDFs)
of the {Q(mq, gay) }arp and {Q(mq, gay)}o distributions
respectively, evaluated at Qobs(Mq, gay). Denoting the
CDF from the simulation with an injected ALP signal at
(Mas Jary) With Fr, g, (Q(Ma, gay)) and without an ALP
signal with Fo(Q(mq, ga~y)), the CLg therefore becomes

o -/_'.ma,ga,Y (Qobs(mavga’y))
CLs(ma>ga’Y) - ‘/—"O(Qobs(mavga'y)) . (18)

V. RESULTS AND DISCUSSION

We find in our results no evidence for the existence
of ALPs. Subsequently, we exclude portions of the ALP
mass and coupling parameter space at up to the 80%
confidence level.

The test statistic for the observed data was
measured as TS = 1.97, found at the test point
(mg = 1.61 x 1078 eV, Gary = 3.16 x 10711 GeV ).
This result is shown as the red dotted line which has
been included in Fig. 2, which indicates a data T'S which
lies just below the 50% quantile of the modified T-
distribution fit to the distribution. This confidence level
can be converted to the one-tailed Gaussian equivalent
standard deviation o through the inverse of the com-
plementary error function [17]: ¢ = —v/2erfc™!(2- CL),
corresponding to a rejection significance of the null
hypothesis of —0.1¢.° This indicates no evidence for a
rejection of the null hypothesis in favor of the alternative
hypothesis.

From the CLg values, we can still examine the abil-
ity of our search to constrain the region of ALP pa-
rameter space tested. This is done as described in Sec-
tion IV B, and is shown in Fig. 3. We note that Fig. 3
has been upsampled by a factor of three and smoothed
with linear interpolation for visualization purposes. As
can be seen, the region of the tested space excluded with

9 The equivalent significance of the two-tailed Gaussian, which
has been presented in other related works, is given by
o =+/2erf71(CL), where erf ! is the inverse of the error func-
tion. It yields a two-tailed equivalent Gaussian significance of
0.610, which remains consistent with the conclusions drawn from
the one-tailed Gaussian significance.

the highest confidence is where g,, > 3 x 10711 GeV~!
in the range 2 x 1077 eV <m, <4 x 1077 eV, peaking
at ~ 80% confidence exclusion. As our constraints do
not anywhere reach the 95% confidence level, our re-
sults with the CLg method are not considered constrain-
ing. Nonetheless, our results show no inconsistencies
with exclusion regions found in previous studies [e.g.,
65, 79, 112].

As a cross-check, we also conducted the analysis us-
ing the profile likelihood method described at the start
of Section IV B. This method yielded an exclusion map
characterized by the same overall trend, with constraints
not exceeding the 95% confidence level anywhere in the
parameter space. However, all of the strongest con-
straints were found to be tighter in the profile likeli-
hood case, emphasizing the less conservative nature of
this approach (see Appendix B). Marked differences be-
tween the two methods do appear near the most likely
ALP test point in the parameter space (corresponding
to TS = 1.97), highlighting one of the key differences
between the two approaches—the regime nearest to the
most likely ALP point will always be minimally con-
strained in the profile likelihood approach, whereas the
constraints set by the CLs method will be insensitive to
this feature.

Our results are considerably less constraining than
those shown in the analysis of the same source, dur-
ing the same flare, with MAGIC in Abe et al. [65]. We
note as a potential interpretation for this discrepancy
the differences in datasets, instruments, and methodol-
ogy. MAGIC observed the target’s flaring state a day
before VERITAS, recording a flux ~ 3x higher than
that measured by VERITAS the following day, yielding
a more robust signal-to-noise ratio. Additionally, post-
flare and quiescent state data were included in that work.
We also note the presence of two points in the space ex-
amined by the MAGIC analysis, (m, = 1.00 x 1077 eV,
Gary = 2.71 x 1071 GeV~!) and (m, =2.15x 1078 eV,
Jary = 3.81 x 10712 GeV™!), which reject the null hy-
pothesis at 2 95% confidence in favor of the alternative
hypothesis. Both points lie in regimes that have been
previously excluded at or above 95% confidence by other
searches [31, 113]. As the profile likelihood was utilized in
this case, it is likely that the presence of these marginally
significant points contributed to the depth and extent of
their exclusion regions, as discussed in Section IV B.

In considering future applications for this analysis, the
advent of the Cherenkov Telescope Array Observatory
(CTAQ) offers improved prospects for constraining the
ALP parameter space. Notably, CTAO’s exceptional en-
ergy resolution means an increased sensitivity to the pre-
dicted small-scale spectral irregularities induced by ALP
oscillations in the presence of external magnetic fields.
Further, the two-array design of CTAO will continue
to provide the nearly full-sky VHE coverage offered by
existing TACT arrays, meaning uninterrupted access to
a plethora of potential sources residing in galaxy clus-
ters that could be probed. A preliminary look at the
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CTAO capabilities was investigated on the same source,
NGC 1275, in Abdalla et al. [2|, which underscores the
importance of using flaring data, as well as the value
of improved energy resolution in next-generation instru-
ments. The study also highlights the impact of sys-
tematic uncertainties in model assumptions and detector
response. For the model assumptions, of particular fo-
cus were magnetic field strength, the index of magnetic
field turbulence, the minimum turbulence scale, and the
power law index 7 relating electron density with magnetic
field strength. It shows that limits would be expected to
weaken as any one of these parameters decreases (with
the exception of 7, which would yield weaker limits as
it increases). When systematic uncertainties in the in-
strument responses were included, limits were also found
to degrade. These findings apply to our study as well,
and are therefore an important caveat to consider when
appraising our results.

VI. CONCLUSION

Although they may not solve the strong C'P problem
like the axion, ALPs are still a compelling target for
experimental searches for a number of reasons. Prin-
cipal among these is that ALPs are theoretically well-
motivated, emerging naturally from a number of string

theories and other extensions to the SM. The large pa-
rameter space implied by the relaxation of the mg/gay
relationship in going from axions to ALPs allows for a
diverse set of experimental approaches that may be em-
ployed to provide ALP constraints. In particular, X-
and ~-ray observations of astrophysical objects, espe-
cially those embedded in strong magnetic fields over large
spatial scales, have proven to be a useful tool in con-
straining the region of ALP parameter space for masses
me < 100 neV [e.g., 20, 58-60, 65, 75, 79, 114, 115].
VERITAS, with its VHE observations of dramatic AGN
flares, is well positioned to contribute in this regime in
accordance with Eq. (6).

Motivated by these prospects, we have used the
VERITAS spectrum of the radio galaxy NGC 1275 dur-
ing a major flare to search for the imprint of ALPs.
In particular, we exploit the turbulent magnetic field of
the Perseus cluster, in which NGC 1275 is embedded,
as the main mixing region for the ALP-photon beam.
The large spatial scale of the cluster, along with its con-
siderable O(10 uG) magnetic field strength, makes it a
particularly promising target for this technique. In con-
sidering some of the pitfalls associated with the com-
monly used profile likelihood method, we adopted the
CLs method. This is a more conservative approach
to determining the confidence of exclusion regions, and
our work is the first time it has been used to set con-



straints with the Perseus cluster. With this approach,
our analysis yielded conservative constraints, peaking at
an 80% confidence exclusion at (m, = 3.03 x 1077 eV,
Jay = 1.00 X 10710 GeV~1!), and did not contradict ear-
lier measurements. In future studies of this type, we
advocate for the continued adoption of the CLg method
considering the limitations of the profile likelihood ap-
proach.

The next-generation CTAO, with its improved energy
resolution and extensive energy sensitivity, is expected to
further the capabilities of IACTSs to contribute meaning-
ful constraints in these types of analyses, bringing this
technique into a new era of y-ray astronomy and astro-
physics.
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Appendix A: Test statistic distributions from the
CLs method

To illustrate the performance of the CLg method, Fig. 4
shows example distributions of the test statistic (Q)
under both the null and ALP hypotheses at two test
points (mg=2x10"7 eV, g4 =1 x 1071 GeV™1)
and (mg =3 x 1077 eV, gsy =1 x 10712 GeV™1). At
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each test point, including the test points not shown in
Fig. 4, a test statistic distribution for the null hypothesis
({Q}o) is calculated with the 500 null simulations as de-
scribed in Sec. IV A (shown in blue in Fig. 4). Similarly,
a test statistic distribution for the alternative hypothe-
sis ({@}aLp) is calculated using the 500 simulations with
the injected ALP signal at each test point as described
in Sec. IVB (shown in orange in Fig. 4).

When an instrument lacks sensitivity to an ALP sig-
nature in a certain region of the mass and coupling
strength parameter space (e.g., Fig. 4 bottom panel;
(mq =3%x107"7 eV, goy =1 x 10712 GeV~!)), the null
and alternative distributions are similar, leading to a CLg
close to 1 (see Eq. 17). A CL; value of nearly 1 indicates
low confidence in excluding the ALP hypothesis with the
given parameters. Hence, the CLs; method does not ex-
clude parameter space where the instrument has low sen-
sitivity to the signal being searched for.

At the other test point (Fig. 4 top panel;
(mq =2%x10"" eV, goy =1 x 10711 GeV~!)), the null
and alternative distributions are clearly different, trans-
lating into a relatively low CLg value (parp/(1 — po) =~
0.6) and some confidence to exclude the specific mass and
coupling strength values.

Appendix B: Exclusion regions using the profile
likelihood method

Although the CLg method is chosen as the analysis
method of this work, we include in this appendix the
exclusion regions obtained using the profile likelihood
method described in Sec. IV B. The confidence level of
excluding a given combination of the ALP mass and cou-
pling strength is derived from the profile likelihood A, as
defined in Eq. 15.

The region excluded at 68% and 75% confidence levels
using the profile likelihood method is consistent with sim-
ilar previous studies. The exclusion region also matches
the expectation for where VERITAS would be most sen-
sitive to ALP/photon oscillation effects. However, the
confidence of the exclusion is much higher compared to
the CLg method, since the exclusion confidence is derived
relative to the overall best fit (771,, §oy) among the test
points.

Appendix C: Map of ALP parameter CLs values
without upsampling

Fig. 3 is shown with an upsampling by a factor of three
with linear interpolation for visualization purposes. For
completeness, we show the raw map of ALP parameter
CLg values without any smoothing in Fig. 6.

[1] The CTA Consortium, Science with the Cherenkov Tele-

scope Array (World Scientific, 2019).
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