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ABSTRACT: Dark (hidden) photons are widely recognised as well motivated candidates for
physics beyond the standard model, and have been invoked for the solution of several
outstanding problems, including to account for the dark matter in the universe. In this
paper, we consider a simple model for dark photons, which is coupled to ordinary matter only
through kinetic mixing with ordinary photons. Within this framework, we calculate the flux
of solar dark photons on Earth and revise the potential to detect it with the next generation
of axion helioscopes, particularly with the International AXion Observatory (IAXO). This
paper extends on previous theoretical analyses in two main ways. Firstly, it includes a
more complete analysis of the possible sources of dark photons from the sun, including the
contribution of the solar magnetic field and of nuclear processes, and secondly it includes
predictions on the parameter space accessible in the gas-filled phase of IAXO.
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1 Introduction

The dark photon (DP) — also know as the “paraphoton” or “hidden photon” — is a
hypothetical particle identified as the massive gauge boson associated with a new local U(1)
symmetry beyond the standard model (SM) gauge group [1]. The simplest version of this
extension involves assuming all SM particles uncharged with respect to this new symmetry,
so that the DP interacts with the SM only through a kinetic mixing term, parameterised
by the parameter x, as shown in the Lagrangian below

1 . 1 v 1 1 v
L = _ZAPWA#V — AMJM - EB#VBM + imQBILB’u - §XA.U'VBM ’ (11)

where A* is the SM photon field, A" its field strength tensor, j* is the electromagnetic (EM)
4-current, B* is the DP field with B*” its field strength tensor, and m is the mass of the
DP [2, 3]. We have assumed here a fixed mass arising from the Stuekelberg mechanism [4].!
The addition of the DP field to the SM leads to a rich phenomenology (see, e.g., refs. [7-9]

for recent reviews). First of all, the DP is a viable dark matter candidate, which could be

! Another possibility is that the DP gets its mass dynamically through the spontaneous breaking of the
U(1) symmetry and the addition of a dark Higgs mechanism [5]. The results for a DP of this type would differ
from those found in this paper. However, since this model is already strongly constrained by isocurvature
perturbations [6], at least for the case of DP dark matter, here we will only consider the Stuekelberg case and
leave the discussion of the Higgsed case to a future work.
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Figure 1. Plot of the current best limits on the dark photon kinetic mixing parameter () and mass
(m) by various experiments. Plot generated from ref. [12]. Reproduced with permission from [12].

produced in the early universe non-thermally through the misalignment mechanism [10, 11].
More generally, the DP could play the role of a vector portal into a dark sector, containing
hidden fields. There have been a number of studies constraining the DP parameters by
inferences from cosmology, astrophysical observations and direct experiments (see, e.g., ref. [§]
for a recent review). These constraints are summarised in figure 1.

In this work, we consider, for the first time, the DP detection potential of the International
AXion Observatory (IAXO), a next generation axion helioscope [13, 14]. Though designed
principally to detect solar axions, IAXO will also be sensitive to other hypothetical particles,
including the DP. It will consist of a long chamber containing a number of bores inside
a strong magnetic field on a movable platform such that it is pointed towards the sun
approximately 50% of the time. At the end of the bores are optics that will focus X-rays
onto a low-background micromegas detector [13]. Notice that the magnetic field, essential
for the conversion of axions into photons, has no effect on the detection of DPs. The first
TAXO iteration will consist of a reduced version, with respect to the original design, called
BabyIAXO [14]. The possibility of upgrading to a more powerful setup, called IAXO+,
which would greatly enhance the detection possibility, is also contemplated by the TAXO
collaboration [13]. The results from the analysis presented in this work will be applied to all
3 scenarios. In all cases, the IAXO collaboration plans a first run with a vacuum in the bores,
followed by others with the bores filled with “He up to a pressure of ~ 1 bar [15], which
would allow resonant conversion of DPs. In this work, we study the helioscope sensitivity
in both configurations.

The paper is organised as follows. We begin, in section 2, by recapping the derivation
of the solar DP flux, following refs. [2, 3, 16, 17], and apply this to the IAXO vacuum run
in section 3. In section 4, we extend the analysis to the IAXO run using a buffer gas. In



section 5, we calculate the contribution of the additional DP flux from the solar magnetic
fields, while in section 6 we consider the contributions from nuclear processes. A discussion
of the detection of longitudinal DPs is found in section 7. Finally, in section 8 we present
our discussion and conclusions. Some technical aspects are left to the appendices. The code
used to obtain the results shown in this paper can be found at ref. [18].

2 Thermal dark photon production

In this section, we provide a brief overview of the thermal production of DPs in the solar
plasma. For more details, the reader is referred to refs. [2, 16, 17]. Our notation follows
closely that of ref. [2].

The Lagrangian in eq. (1.1) shows explicitly that the A* and the B* fields are non-
orthogonal because of the kinetic mixing, parameterised by the coupling x. This parameter is
limited to xy < 1 by phenomenological considerations and experimental constraints, as shown
in figure 1. In fact, it will be shown below that y < 107! in the region of interest of this
analysis. Following ref. [2], we conveniently remove the kinetic mixing term by introducing
the sterile state S*, orthogonal to the photon field

SH = B + xA*. (2.1)
The Lagrangian in eq. (1.1) can then be rewritten in terms of S*

1 1
== (=X AW A + 88" ) = Apd? + 5m* (S — XA —xA"),  (22)

and by the field redefinitions

1
Y/ (2.3)
1—x2
X = /1= X%, (2.3b)
TP = /1 — y2JH, (2.3¢)

where the redefinition of J# is equivalent to redefining the electric charge e — /1 — x2e,
we can express eq. (2.2) as

L= (A AP+ SuS™) = AT+ (S, — xA)(S" —xAY), (24)

1
4
and we get equations of motion (EoM) in the Lorenz gauge 9,A" = 0,

((1 —xX*m?)K2gh — %(H’“’ + H”“)) A, + xm?SH =0, (2.5)

(K2 - m2) SH 4+ xm2AF =0, (2.6)

2Note that the Lorentz gauge for the hidden photon field 9, B* = 0 has been assumed from the start since
eq. (1.1) is gauge fixed in such a way that the Stuekelberg scalar does not appear. The condition 9,5 =
follows from the gauge fixing of the A* and B* fields.



where K* = (w, k) is the 4-momentum of the particle, g* is the metric,® and II*” is the
polarisation tensor in the plasma, defined according to A,J* = —%A#H‘“’ A, [19]. Tt is clear
from eq. (2.5) that the antisymmetric component of II*” cancels out. In an isotropic medium
II#¥ is entirely symmetric so we see %(H‘“’ + II#) = II*. Since x < 1, the x? terms can
be safely ignored and eq. (2.5) simplifies to

(K2g" — 1) A, + xm?S" = 0. (2.7)
We will continue to keep only the lowest order terms in x in the rest of this paper. Without

loss of generality, we assume that the wave propagates along the z-axis. In this reference
frame, we can define a set of orthonormal polarisation vectors as

[ 1
67 = m(k,0,0,W) s (283)

e = (0,1,0,0), (2.8b)
ey, = (0,0,1,0), (2.8¢)
where k = |k|. These vectors satisfy the conditions efey ,, = —d4p and e K, = 0. Furthermore,

the conservation of current and gauge invariance require that K, II" = II" K, = 0 (see,
e.g., ref. [20]). As the vectors e/ together with K* form a complete basis and the condition
el K, = 0 is satisfied, the most general II"” can be constructed as II" = -, —mapel ey
However, assuming azimuthal symmetry around the k-direction in the solar plasma, the only
non-zero terms are those containing ete! and thus the polarisation tensor reduces to

T = 3" —roelel (2.9)
a

where we have defined 7, = m,,. Inserting eq. (2.9) into eq. (2.7), contracting eq. (2.7) and
eq. (2.6) with e

#, and defining A, = e/ A, and S, = efS), returns

(K2 — 7ra> Ay +xm?S, =0 (2.10a)

(K2 = m?) Sy +xm?4, =0, (2.10b)

Notice that the EoM of different polarisations are all independent. Because of isotropy, the
x and y polarised plasmons can be treated equivalently and will henceforth commonly be
labeled transverse or T-plasmons, as opposed to longitudinal or L-plasmons.

The information about the dynamics is contained in the photon self-energy. In particular,
the real part gives the effective mass of each polarisation, while the imaginary part is related

3In this paper we assume the convention g** = n** = diag(1, —1, —1, —1) for the flat space (Minkowski)
metric, and use natural units defined as A = ¢ = kp = 1, such that the angular frequency w corresponds to the
energy and the wavenumber k to the momentum.



to the production and absorption in the medium [16, 17, 21]

Re(m,) = % Re(m) = m?, (2.11a)
w?

Im(m) = 7o) Im(m) = —wl, (2.11b)

L = (e¥/T —1)rProd = (1 — e=/T)pabs | (2.11c)

where T is the temperature. Here P4 and I'*PS are the rates for production and absorption
respectively.

In the non-relativistic, non-degenerate limit, the effective photon mass mg, given by
the plasma frequency w,, is approximated as

dmamn
2 2
ms = ws & -~ = (2.12)

where « is the fine structure constant, n. is the electron number density and m. is the electron
mass. The photon absorption at high energies is dominated by inverse bremsstrahlung (free-
free absorption) and Thomson scattering. At low energies, bound-free and bound-bound
processes become important. As we will consider DP energies down to ~ 1eV, it will be
necessary to include all of these processes. Refer to appendix A for more details.

Egs. (2.10) imply the oscillations between the SM photon field A, and the sterile DP
field S, for a given polarisation a. In order to calculate the flux of transverse DPs, we need
to identify the propagation states A, and S, that diagonalise the EoM

e XaTl

A, = A, p—— S, (2.13a)
~ X m2

Sy=8,+24——A (2.13b)

a
Ty —m2

where x; = x and x; = x to account for the renormalisation of x required in the L-plasmon
case [16]. We note that the interactions of the plasma produce pure photon states A,, which
are a combination of photon-like states A, and sterile-like states S,. Both are absorbed by the
medium by virtue of their photonic component, but in the small-mixing angle case considered
here the photon-like component is absorbed on one photonic mean-free-path, A ~ I'"!, while
the sterile-like component has a much longer absorption length o< x~2I'"!. Thus, we find the
conversion probability from the initial photon state to the propagating sterile state

2,4
xX'm
P, g = T T (2.14a)
2,2, .2
X e (2.14b)

P 5 = .
A1—S) (m?Y —w?)2 4 (wI')?

The value of the photon-sterile photon mixing angle changes with the properties of
the plasma as the DP propagates outwards but the sterile-like DPs follows an effectively
adiabatic exit without changing much its amplitude as long as the mixing angle is always
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Figure 2. The differential flux spectra (d®/dw) /m? for various thermal dark photon production,
normalised to the maximum of the m = 10V line, (d®/dw) /(x?*m?) = 1.01 x 103¢ cm~2 s~teV 3.

small. Naturally, the sterile-like propagation eigenstate at zero-density (II,, = 0), i.e. upon
exiting the Sun, is the original B state.

Multiplying the conversion probabilities in eq. (2.14) by the rate of plasmon creation and
integrating over the solar interior, we obtain the flux of S, DPs on Earth [17]:

d® Ro r2d 2 —m?2 r
"= X2m4/ T2 g 2w w2 2 = 2 _w/T 7 (2.15)
dw 0o wdg (m?—m2)? + (wl)? ew/T -1
and
do, 5 o o [Ho ridr wVw? — m? r
oo Xmw / 2 ()2 2)2 2 ow/T ’ (2.16)
dw 0 2m2d% (w? —m2)? 4 (w2 ew/T — 1

where dg is the mean earth-sun distance and R is the solar radius. Notice that the T-DP
flux is suppressed by a factor of m?/w? with respect to the L-DP flux and has a resonance
at m? ~ wg whereas the L-DP is resonantly produced at w ~ wy,, and that the T-DP flux
has been multiplied by 2 to account for the 2 polarisations. These differences and their
implications are discussed further in section 5 and 7. The differential flux spectra % as a
function of w for both L- and T- DPs are presented in figure 2 for various values of m.

3 Detection by TAXO

In this section we estimate the IAXO sensitivity to the DP solar flux presented above. Since
only transverse modes can convert into regular photons in a vacuum and TAXO will initially
operate with vacuum in its bores, in this section we will ignore the longitudinal mode and
focus only on the flux in eq. (2.15). In this case, the propagating mode is the S, state, which
is a superposition of regular and sterile photon states as shown in eq. (2.13b). However, upon



interaction with the TAXO shielding, the photon component A; will be absorbed leaving only
the pure sterile state S;. Thus, to estimate the IAXO sensitivity we need to calculate the
probability of S; — A; in the IAXO bores and integrate over the range of energies detectable
by TAXO. The conversion probability over the length L can be calculated starting from the
propagation equations (2.10) and the definition of the propagation states eq. (2.13), following
a general strategy outlined, e.g., in refs. [2, 16]. We find, for T-DPs

X2m4

m2 —m?)? + (wI')?

Psioae = | (1+ e =27 2 cos(q, L)), (3.1)
where m., and I' refer to the effective photon mass and absorption length in the IAXO
bores. Assuming the interior of the IAXO bores is a vacuum, m, = I' = 0, eq. (3.1) for
T-plasmons reduces to

Ps, 4, = 4x*sin? <%2L) , (3.2)
where ¢; = |/w? —m2 — Vw? —m?. The length L is defined as the distance between the
shielding and the optics.

Multiplying the differential flux (2.15) by the conversion probability (3.2) and integrating
over the range of detectable energies gives the flux of T-DPs detected by IAXO. The detector
parameters have been taken from ref. [13]. We have also assumed that the whole sun is visible
to the optics with a uniform optics efficiency ¢, as defined in [13], and a uniform detector
efficiency €4 over the energy range considered. The implementation of specific detector and
optical technologies is deferred to a future work.

Notice that the detector’s lower energy threshold has a significant impact on the detection
sensitivity. The spectra in figure 2 make it clear that most of the solar DPs have w < 1keV
so a detector that is not sensitive to these energies would miss the majority of the DP flux.
The cross-hatched region marked ‘T’ in figure 3 shows how the detected flux is affected by
the energy threshold, with the lower line showing the flux for a threshold of 1keV and the
upper for 1eV. It is evident from the figure that for m < 100eV, the DP flux visible to
TAXO is greatly increased by lowering the threshold.

In figure 4, we show the 95% confidence level (CL) limits IAXO would set in case of
no signal events. In deriving these bounds, we used the maximum likelihood method of
ref. [22], described in appendix C. Comparing our results to the limits shown in figure 1
reveals that IAXO would improve substantially over CAST and may surpass solar energy
loss bounds. However, the IAXO limits would be less stringent than the limits set by the
XENON experiment [23].

4 Resonant conversion using ‘He

As mentioned before, the IAXO bores can be filled with “*He to stimulate the resonant
conversion of DPs into SM photons. As the energies considered are far greater than the
excitation energies of the gas, we can assume that photons travel as in a plasma and define a
plasma frequency for the buffer gas as in eq. (2.12) [2]. Due to its design, TAXO can support
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Figure 3. Comparison of the total back-converted photon flux arriving at the BabylAXO detector as
a function of the dark photon mass for the various dark photon production and conversion mechanisms
discussed in this paper. The ‘T’ lines represent the flux from standard thermal production, with
the thick lines corresponding to the vacuum run and thin lines to the gas run. The cross hatched
section shows the potential range of fluxes depending on the lower threshold of detectable photon
energies, with the lower line representing a threshold of 1keV and the upper of 1eV. For the gas run
a threshold of 30€V is assumed. The ‘L’ lines show the flux of T-DPs emitted from L-plasmons (see
section 5), again with the thick line corresponding to the BabyIAXO vacuum run with an energy
threshold of 1€V, and the thin line corresponding to the gas run with a threshold of 30eV. All of these
assume an upper detection energy of 10keV. The shaded region between the ‘I’ vacuum run lines
shows the effect of the uncertainty on the solar magnetic field strength (see section 5 for details). The
same band would be present under the gas run curve but is omitted for readability. The non-thermal
contributions — ‘pp’ for the 5.49 MeV DPs, ‘ee’ for e+ e- annihilation, and ‘Fe’ for the 5"Fe gamma
transition — are all emitted with distinct peak energies so it is assumed that BabylAXO is sensitive
to the relevant energies in each case. The flux is normalised to the peak value of the ‘T’ vacuum run
curve, ®/x* = 3.07 x 103 cm=2 s~ 1.

pressures that give m, < 1eV [13]. Resonant conversion of T-DPs occurs at m~ = m which
implies Ap = 0 and I # 0, so that eq. (3.1) reduces to

2, .4

m _ _
Ps, s, = ELT)? (1 feTL 9 FL/Q) : (4.1)

In the limit I'yL — 0, this can be approximated as

X2m4L2

= (4.2)

PSt—)At ~

The absorption length T for photons in the “He buffer gas can be calculated following the
strategy outlined in ref. [22] and in appendix B.

Replacing eq. (3.2) with eq. (4.1) in the integral, one can calculate the flux of back-
converted photons detected by IAXO in the presence of a buffer gas. As mentioned in
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section 3, the range of detectable energies affects the flux seen by TAXO. However the
approximations we have used for the photon absorption and effective mass are invalid for
photon energies below the ionisation energy of *He where atomic structure becomes relevant.
For this reason we have assumed a threshold of 30eV for the buffer gas run.

The detected flux from the gas run is plotted as the thin ‘T’ line in figure 3, where it
has been assumed that the gas pressure has been increased in steps to a maximum of 10 bar
to give resonant conversion for a range of DP masses, with 5 days of data taking on each
pressure step and the statistics from appendix C. The limits calculated here and in section 3
are shown along with the stellar and XENON bounds in figure 4.

5 Contribution of solar magnetic fields

So far we have assumed the solar plasma to be isotropic. However the sun houses large
magnetic fields, including potentially very large fields in its core, that cause plasma anisotropies.
This anisotropy implies that the plasmon propagation states are superpositions of L and
T polarisiation states, and thus introduces a non-vanishing probability of an L-plasmon
oscillating into a T-plasmon. Such oscillations provide a potentially quite interesting T-
plasmon production channel. In fact, the production of L-plasmons is enhanced by a factor
of w?/m? with respect to T-plasmons, a factor which could be quite large at low masses.
Furthermore, the L, modes are resonantly produced throughout the whole sun, rather than in a
specific shell, as detailed in section 3. Helioscopes, at least in their basic configuration, cannot
detect L-plasmons. Thus, the possibility that a fraction of the more efficiently produced
L-modes might convert into T-modes in the anisotropic plasma is worth considering.



In an anisotropic plasma the polarisation tensor cannot be reduced to the diagonal form
given in eq. (2.9) but must be kept in a general form. The resulting EoM are

<K2 - 7ra) A, — Z TapAp + xm2Se =0 (5.1)
a#b
and so the L, x and y plasmons are all coupled.
The plasmon mixing term 7y, can be expressed in terms of the dielectric tensor € in

a magnetised plasma using the following relation (cf. ref. [19])
T = W% (e — §). (5.2)

The components of the dielectric tensor can be found in ref. [24] assuming an ideal, non-

4

relativistic plasma.® Then, the components of the polarisation tensor arising from the

anisotropy can be put in the form

- 1 0 —g*sinf cosf
I = -} 0 1 0 (5.3)
—g*sinfcosf 0 1
where
wpB
= — 5.4
9= (5.4)

with wp = eB/m, the electron cyclotron frequency, and 6 the angle between the direction of
propagation of the wave and the magnetic field. Note that according to ref. [24] there is a
purely imaginary antisymmetric component to Hg at O(g), but as discussed in section 2, this
component does not play a role in the equations of motion and we are left with the lowest
order symmetric term in eq. (5.3). The above result is valid in the limit wp < w, a limit
which is justified in our analysis since wp < 1€V even for the largest values of B, and we are
interested in energies w 2 1eV. Propagation states can be defined similarly to what done
in section 2. In the limits wp < w and m < w we can find the probability of an L-plasmon
created in the sun being emitted as a T-DP from the sun’s surface

2

XMW
P = |—F= 5.5
A;— St ‘ﬂ_t (7Tt . w2) ( )
where
m
T = ngg— sin € cos 6. (5.6)
w

From the point of view of our analysis, this non-vanishing probability of converting an L into
a T mode is the most remarkable effect of the magnetic field. However, eq. (5.6) shows that
the enhanced conversion probability of L-plasmons compared to T-plasmons by a factor of
w?/m? is suppressed by exactly the same factor in the mixing term |m;|?. Assuming that
the contribution from Hg is small compared to that from eq. (A.13a) and eq. (A.13b), we
can use the same forms for m, 7 as in section 2 to find

><2m4g4'mfly sin?(0) cos?(#)

Py, s, = (md + (WI)2)((w? — m2)? + (wI)2)’

(5.7)

“Note that in ref. [24], B is along the z-axis, so it must be rotated to give the form used here where k is
along the z-axis and B lies in the = — 2z plane.
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Following again the procedure of section 2, and averaging over 6 such that sin?(#) cos?(6) —
1/8, we obtain an expression for the flux of DPs produced in such a way arriving on Earth

o 4/R® r2dr wvVw? —m?mig* r
mxm
0 16m2d% (md + (wI)?)((w? —m2)? + (wI)?) ew/T —

dw
The mixed DP production has a kind of resonance at both w = m, and m = m, as

(5.8)

is seen in eq. (5.8). “Resonant” production can be studied by only considering DPs with
w = m, somewhere in the sun. Using the result from ref. [16]

w?l T
W= m%)2 (W) ~ 55(w — M) (5.9)

which is valid for the weak damping condition I' < m.,, eq. (5.8) at resonance reduces to

Ro p2dr wh 1
2 4 wp
¢~ xTm / 32md% md emy/T — 1" (5.10)

where we have also assumed m. > m. Note that the same form for eq. (5.10) is obtained
by a thermal field theory treatment similar to that outlined in ref. [16].

The solar magnetic field model used in our analysis was taken from ref. [25] and assumes
3 distinct sections of quadripolar solar magnetic fields all of the form

B(r,0) = 3a(r) cos(0) sin(0) ey (5.11)

where a(r) is a function defined for each solar magnetic field region.
In the radiative zone, which was defined as the region 0 < r < rg with rg = 0.712Rs),
the function a(r) was defined as

a(r) = K (:{))2 <1 - (7:))2>A (5.12)

where Ky = (1 +A)(1 + A"D)*By and A = 10(rg/Re) + 1. By is the maximum value of
the magnetic field. The exact value of By is unknown. The range adopted in this work is
By € [200,3000]T (see refs. [25, 26]). This corresponds to the values used also in the recent
analyses of the axion production in the solar magnetic field [26-29].

For the tachocline and outer layer magnetic fields, a(r) takes the form

a(r) = (1 — (T _dm)Q) By (5.13)

for the region |r — ro| < d. The values used were 79 = 0.732R, d = 0.02R, for the tachocline
magnetic field, and ro = 0.96 R, d = 0.035 R, for the outer layers. The range of values for By
in these regions was taken to be By € [4,50]T for the tachocline, and By € [3,4]T for the outer
solar layers [26]. The magnetic field strength as a function of solar radius is shown in figure 5.

The fluxes of back-converted photons detected by TAXO from this source are shown in
the ‘L’ lines for the vacuum and gas run in figure 3. The back-conversion probabilities from
section 3 and section 4 and the AGSS09 solar model [30] were used. Key parameters of the
solar model are shown in figure 5. We see that even using the upper limits for the solar
magnetic fields, the flux of DPs from this production method is insignificant compared to
the thermal production of T-DPs as described in section 2.
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Figure 5. Key solar parameters used in the analysis as a function of the radius, given in units of
the solar radius Ry. The solar parameters are normalised to their maximum values of wy, = 291 eV,
T = 1335eV, nyrre = 2.75 x 104 m~=3, B = By, where By € [200,3000]T [25] as discussed in the text.

6 Dark photon flux from nuclear sources

Aside from the thermal processes considered so far, solar DPs can also be produced in
nuclear processes. Here, we consider DP production in the pp chain and in a number of
nuclear de-excitation processes from low energy exited states, in a similar fashion to what
done for BabyIAXO in ref. [31].

We begin with the solar proton-deuterium fusion process p + D —3He+~, which has
been extensively studied as a source of axions [32-35] as well as of DPs [36]. The 5.49 MeV
energy produced in the reaction is carried by a photon, which is quickly reabsorbed in the
medium. However, assuming a non-zero kinetic mixing parameter y, the emitted photon is a
superposition of photon-like and sterile-like propagation states as described in section 2. The
photon-like state is quickly absorbed but the sterile-like state can escape from the sun without
thermalising. As a result, one should expect a nearly monochromatic flux of transversely

polarised DPs on Earth (cf. ref. [36])
N b (w2 . m2)g X2m4
" dnd?, w3 (m? —m2)? + (wI')?

(6.1)

where ¢ ~ 1.7 x 1038 s~ is the rate of the fusion process and w = 5.49 MeV. Here, the photon
energy is high enough that I' is dominated by Compton scattering, given by [2, 37]

2 2a
~ wp y
3Me

r

(6.2)

which is just the I'pag term in (A.2). Note that there is also a flux of L-DPs from this process,
but as their production is suppressed compared to that of T-DPs [36] and they are invisible
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to IAXO they are not considered here. The spectrum is assumed to be Gaussian with a
sharp peak at w = 5.49 MeV and a width of ~ 1keV due to the thermal motion of the proton.
Assuming the solar parameters given by AGSS09 for the centre of the sun and using the
back-conversion probability given by eq. (3.2), the flux of back-converted photons in TAXO
is shown by the line ‘pp’ in figure 3. As can be seen, the flux is very low compared to the
thermal DP flux, but it is centered in a much higher mass region. Thus, a detector sensitive
to MeV energies could allow the detection of the DP flux from the pp-chain and greatly
increase the range of masses accessible to IAXO.?

Another source of non-thermal solar DP is from the fusion reaction p+p — D +e™ + v,
which represents the first step of the pp-chain. The positron created in this process annihilates
very rapidly with an electron in the solar plasma, emitting 2 photons. In a similar fashion
to what discussed before, a non-vanishing photon-DP mixing opens up the possibility that
one of the emitted photons converts into a DP and escapes the sun. The cross section of the
p + p process, which is governed by the weak interaction, is far lower than that of the p + D
process, which occurs almost immediately once a deuterium nucleus has been produced. This
means the rate of p + D —3He+ is limited by the rate of p+p — D + et + v, and we can
assume that ¢ ~ 1.7 x 103 s™! is the same for both. This gives a very similar total flux to
the above case, albeit with a different spectrum. Straightforward kinematics considerations
on the p+p — D + e + v, process, assuming D to be produced at rest, show that the
positron emerges with a 96 keV kinetic energy, in the solar reference frame. This causes the
shift and broadening of the spectrum of emitted photons. Consequently, the DP is produced
with a peak energy of w = 559eV and a width of around 100eV. With this in mind, the flux
of DPs coming from e*e™ annihilation is also given by equation (6.1), where the only change
is that w = 559keV. The total flux is shown in figure 3, with the line labeled ‘ee’.

Besides nuclear fusion, gamma transitions in nuclear deexcitation can also produce DPs
with monochromatic energies. The most well known candidate considered in the past, for the
axion case, was the M1 nuclear transition of 5“Fe from its first excited state, at 14.4keV, to
the ground state [31, 38, 39]. This transition is particularly intersting for a set of reasons.
First, ®"Fe is relatively abundant in the sun. Moreover, the 14.4keV excitation level is at an
energy sufficiently low to be excited in the solar core, where T ~ keV, and it has a short decay
time. Finally, the fact that this is an M1 transition plays a crucial role for axions which,
being pseudoscalar, cannot be produced in electric transitions [40]. In the DP case we are
not restriced to magnetic transitions. However, the other criteria still select this transition
as the most efficient nuclear deexitation process in the production of a DP flux (cf. table 1
in appendix D). The probability for a nucleus to be excited to a given energy level by the
solar plasma is given by the Boltzmann distribution (cf. ref. [39])

~ 6.3
P o1 (6.3)

where J; and Jy are the total angular momentum quantum number for the first excited state
and the ground state respectively, w is the energy of the transition and T is the temperature

5Notice, however, that this region of the parameter space is already constrained by the XENON experiment
(at lower masses) and by cosmological considerations and collider bounds (at higher masses), as shown in
figure 1.
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of the solar plasma. The rate of photon emission ¢ is then given by

dp = P g3, (6.4)
Ty
where nj is the number density of the isotope in question. The lifetime of the exited state
to decay by gamma emission is 7, = 7(1 4+ «4c) where 7 is the total lifetime of the state
and «j. is the internal conversion coefficient. The flux of DPs from this source arriving
to Earth is given by

B x2m* 21 + 1 (w? — m?)3/? /RG nyridr /T (6.5)
Ao . )

P =~
Tyd% 2Jy + 1 w3 2 —-m?)? + (wF)2e

The flux of 14.4keV DPs coming from the %_ — %_ transition of ®Fe [41] is shown in the
curve labeled ‘Fe’ in figure 3. Although only the 5“Fe flux is shown, a number of potential
isotopes were considered with "Fe providing the highest flux. A comparison of various
isotopes is shown in appendix D.

7 Contribution from longitudinal dark photons

Filling the IAXO bores with a gas, for example “He, makes it possible for longitudinal
oscillations to be excited by L-DPs, which could lead to their direct detection. We remark
that both the flux and the conversion probability would be enhanced by a factor w?/m? in the
case of L-DPs, with respect to the T-DP case. Thus, this possibility should be considered in a
full assessment of the IAXO potential to detect solar DPs. In the standard IAXO setup, there
is no conversion of L-DPs. This is clear from eq. (5.3), where the mixing terms are proportional
to sin(f) cos(f), so for the magnetic field orientated perpendicular to the k direction there is
no mixing. Assuming a different orientation the flux of back-converted photons from L-DPs
can be calculated, but this is found to be negligible compared to the flux from T-DPs.

It is worth considering the more general case of the helioscope detection of L-DPs that
are not reliant on mixing through the magnetic field. This could be achieved for example
with the use of anisotropic crystals rather than a buffer gas, or by a change in the detection
method to directly detect the electric field produced by L-DPs. The dominance at low m of
directly detected L-DPs makes them an interesting potential target for future experiments. In
figure 6, we show the parameter space that would be accessible to IAXO assuming longitudinal
oscillations produced resonantly in the detector medium and detected with 100% efficiency,
with conversion probability

2,2

Poya, = 2y (14 e = 2e7TE2) (7.1)

The plot assumes that the energy range 30eV — 300eV has been probed with 5 days on each
value of m,, and that all other detector parameters are the same as IAXO. Notice that this
line should not be considered as indicative of the parameter space that IAXO will be able to
probe, but rather a speculative sketch of the region that could be accessed by the helioscope
detection of L-DPs, either by a method mentioned above or by some other technique. Further
considerations which could lead to the exploration of this are left for future works.
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8 Conclusions

In this paper we have presented a detailed analysis of the thermal production of DP in the
sun, including both the transverse and the longitudinal mode, and considering contributions
from both free and bound electrons and ions. We have included, for the first time, plasma
anisotropic effects generated by the macroscopic magnetic field hosted in the sun. The
anisotropic plasma allows for conversion of longitudinal DP into transverse modes, which
can then be detected with a helioscope set up.

Non-thermal production channels were also considered, specifically the flux originating
from nuclear fusion, eTe™ annihilation during the pp-chain, and nuclear de-excitations. As
the dominant fusion process in the sun, the pp-chain was analysed both as a direct source of
X-ray photons and as a positron source. Among the nuclear de-excitation processes, °"Fe was
also found to be the dominant solar source of gamma radiation. In more massive stars, the
CNO cycle dominates over the pp-chain and the different compositions and temperatures
may facilitate the excitation of different nuclei, possibly providing additional DP sources.
The study of this is left for future works.

When looking at the detection potential, we found that an IAXO run in its basic
configuration, using a vacuum in the bores, would improve substantially on the previous
CAST bounds, but would not be competitive with the previous limits set by the XENON
experiment. Somewhat surprisingly, the sensitivity for m < 0.1V is less in the IAXO gas
run than for the vacuum run. The reason is that the photon absorption in the *He gas
surpasses the enhancement due to the resonance effect from the effective photon mass in
the buffer gas. The gas run sensitivity would be far greater than that of the vacuum run
for m > 1eV. However, the required gas pressures are unattainable in IAXO. It was also
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found that the detection potential is strongly affected by the lower threshold of detectable
energies, and that lowering the threshold from 1keV to 1eV would increase the vacuum
run sensitivity greatly for dark photon masses less than 1keV. In terms of increasing the
TAXO sensitivity, lowering the energy threshold is more effective than adding a buffer gas
for m < 0.1eV. However, even with a threshold of 1eV the IAXO sensitivity falls within
the parameter space excluded by the XENON experiment.

In a similar way to the anisotropic effects from the solar plasma, the back-conversion of
L-DPs into photons in IAXO was considered assuming the bores are filled with a buffer gas
and the magnet is active. The photon flux at the detector from this process was found to
be zero in the normal IAXO magnetic configuration, and much lower than that from T-DPs
even with a modification to allow this conversion. However, since the flux of solar L-DPs is
much greater than that of T-DPs, for m < 1€V, a modification to the helioscope design to
somehow facilitate the detection of L-DPs would be of great interest.

To conclude, we remark that the contents of this paper are currently being implemented
in the REST framework [42], which when complete will allow the calculation of a more
accurate limit through ray tracing.

A Solar refraction and absorption

In this appendix we detail the various contributions to the real and imaginary parts of the
polarisation tensor in the sun as detailed in section 2. We follow very closely the notation of
ref. [17], to which the reader is referred for more information. In this appendix all symbols
retain their definitions from the main paper unless otherwise specified. As briefly mentioned
in section 2, at photon energies well above the ionisation energies of the atoms that make up
the solar plasma, 7 is dominated by free electron effects as all electrons can be treated as free.
This is also true of the hottest parts of the solar core, where the atoms are almost completely
ionised so only free electrons and ions remain. However we have considered energies down to
1eV, so bound-free and bound-bound transitions play an important role in the refraction and
absorption of photons at low energies. We present here 7 decomposed into 4 components

Tt = Tplas + T + Tt + Tbb (A.1)

where 55 is the contribution from the plasma frequency and Thomson scattering, mg is
the free-free contribution, mp¢ is the bound-free contribution and mpy is the bound-bound
contribution.

The plasma component is given by

2c
— 2 ;
Tplas = Wp, (1 - W3me> (A.2)
with wg defined in eq. (2.12). The contribution to the photon mass here is just the plasma
frequency, and the contribution to the absorption comes from Thomson scattering.

The free-free contribution mg comes from electron-ion scattering processes. The real
part turns out to be negligible [17], but the leading contribution to photon absorption near
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the solar core comes from electron-proton scattering in the process v +e~ +p™ — e~ +p™.
This contribution can be written as

647202 [me w
L _ —w/T
T = Zw*?)mgwii T (1 e ¥ )F (T> NeNyp (A.3)

where n,, is the proton number density. F(w/T) is the thermally-averaged Gaunt factor to
correct the classical results. We take the Born-Elwert approximation [43] used in ref. [17]

o 1 —exp (—%a\/m%v) Viltu-a 43
Fw)= [* e Vv e / Ld (A
0

B 2 1 —exp (—277@ UL ) VaTtu—z (B2 +y?)?

2T 22

We have defined y = kp/v/2m.T with Debye screening scale k2, = 4ra'y"; Q?n; /T summing
over all charged particles, which we have restricted to electrons and protons.

For atoms that are not fully ionised, the photoelectric effect for outer shell electrons
v+H* — e~ +pT, or bound-free interaction, has a contribution to both the real and imaginary
parts of the polarisation tensor. The contribution to I' can be expressed as

. 87’['777,6045 —w/T 1 —w/T
Tur =5 g (L) 2o 2 5 PO — B (1= e oo, (A5)
and by the Kramers-Kronig relations the real part can be found
8Tmea’ 1 [ w? E;
2 _ e —w/T n
— 2 em (11— Z — | — —1 _ . A6
m%bf 3\/§w2 ( e )nHOZn: nn5 (E% n(‘E%_w2|>> ( )

Here ngo refers to the number density of neutral hydrogen and ny- to that of the negatively

charged hydrogen ion. n is the principal quantum number and the ionisation energy is

E, = Ry /n?. Fy is the thermally-averaged Gaunt factor for this process which can be

ignored since Fi¢ ~ 1 for the interactions of interest here. oy- is the cross section for the
interaction v + H™ — H+e™ (cf. ref. [44])

vk —18 . 2

oy- = -6.8475 x 10" *° cm A7

T A=+ k) 0

where v = 0.2355883, \ = 2.646 and k. is the wavenumber of the ejected electron in Hartree

atomic units (that is, in units of 2 Ry=27.2eV). Z,, is the probability of finding the atom

in state n using the Hummer-Mihalas partition function [45]

9 2 n E,/T
Z, = % (A.8a)
Z= ZQanneEn/T. (A.8Db)
n

wy, are the occupation probabilities which account for the perturbations of the atomic energy
levels due to the electric fields of the plasma ions. Using a Holtsmark distribution for the
magnitude of the electric fields, the occupation probabilities can be expressed as

K2 [ 3 \3
Wnp, :Q( 402 <47T7’Lp> ) ) (Ag)
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where

o 1602 (n+ 1)

3(n+1)2 <n2 Tt %) (A.10)

and Q(p) is the cumulative distribution function for the Holtsmark distribution, which can
be expressed as the sum (cf. ref. [46])

QB = 63 b (A1)
n=0

3 T(in+2)

b
" 2n+3T(2n+2) "’

(=)™ (A.11b)
where T'(z) is the Gamma function.

Finally, we need to consider bound-bound contributions arising from the excitation and
deexcitation of bound electrons. For neutral hydrogen this is given by

2

Tph = 47TiO[”HOE:Z ann Ca w—)w _(ij;g) ) (A.12)

where w, = E,, — E,/ are the resonant frequencies, v, = 2aww, /(3m,.) are the widths, and
fans are the oscillator strengths, which can be found at ref. [47]. Here we only consider the
contribution from neutral hydrogen as the most relevant contribution [17].

From these contributions we can build a model for m?Y and I' in the sun. For the refractive
part there are plasma, bound-free and bound-bound components, and for the absorption
there are plasma, free-free, bound-free and bound-bound. As mentioned, we restrict ourselves

to hydrogen for the bound-free and bound-bound cases. Overall we find

m% = m%las + mef + m%b y (A13a)

I'=Tpas + T + Tip + Dby - (A.13b)

B Buffer gas absorption

As for the solar plasma, for the *He buffer gas in the IAXO bores the 2 most important features

for this analysis are the effective photon mass in the bores and the absorption of the photons

by the gas. For the effective mass, we assume that if the photon energy is well above the

ionisation energies of *He then the photon interacts with bound electrons and nuclei as if they

were free, and the effective photon mass is given by the effective ‘plasma frequency’ of the gas
9 9 4dmane

m w ot (B.1)

where here n. is the number density of bound electrons in the gas. As the photon energy
decreases there comes a point where the refractive index of the gas becomes greater than 1
and an effective mass can no longer be defined meaning no resonant conversion can occur.
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Figure 7. A plot of the IAXO buffer gas absorption length as a function of effective photon mass
based on eq. (B.1).

The photon absorption length I' as a function of photon energy and gas pressure can easily
measured in a lab. Ref. [22] used a fit formula using data from the NIST database [48] to
describe the absorption in CAST, and we have adjusted this to define the following for IAXO

logyo I'(w, p) = 0.0141og8y(w) 4 0.166 log3y (w) + 0.464 logiy(w) + 0.473 1log3y(w)

17
— 0.266log?y(w) — 3.241log;o(w) — 0.760 + logyo(p) — logy, T , (B.2)

where photon energy w is in keV, gas pressure p is in mbar and absorption length I' is in
m~'. The CAST temperature Tcast = 1.8 K and the IAXO temperature Tiaxo = 300 K
are assumed. A plot of the absorption length against the effective photon mass is shown
in figure 7 for relevant photon energies.

C Maximum likelihood method

To get the 95% CL limit on the DP parameter space that can be placed by IAXO assuming
no signal events, a maximum likelihood method is used, which we explain in this appendix.
We will closely follow the notation of ref. [22] and all detector parameters are taken from
ref. [13] unless specified.

We assume a Poisson distribution for background photons arriving at the detector with
a mean value IV}, given by

Nipg = aeit P (C.1)

where a is the sensitive area of the detector, ¢ is the total detection time, ¢; is the detection
time efficiency (the proportion of the time ¢ in which IAXO is positioned towards the sun),
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and @y, is the background flux. The background flux was assumed to be uniformly distributed
over our energy range with a flux equal to the targets set in ref. [13]. This was used to
simulate the number of events recorded assuming no signal, and a sample of 1000 runs was
created and averaged over.

Starting from these premises, the TAXO sensitivity can be estimated using a likelihood
analysis similar to that found in ref. [22]. Assuming a Poisson process with few events, the
log of the likelihood function is given by

In(£) =n(n(p) +1—1In(n)) —p (C.2)

where n is the number of recorded events simulated as described above, and p = Nypg +
Ngig(m, x). Here, Ngig(m, x) is the expected number of back-converted photons (signal events)
as a function of the DP parameters as calculated in the main paper. The 95% CL upper
limit, x1im, can be calculated for each value of m by performing the integral

Jom L(m, x) dx
Jo° L(m, x) dx

to give the limit on the parameter space accessible by IAXO, or the 95% CL exclusion of

95% = (C.3)

DP parameter space assuming no signal events in the real IAXO run.

D Solar isotope table

In this appendix we provide the parameters for the DP flux from the de-excitation of low
energy excited nuclear states. In all cases, combining all the relevant factors, we find a DP
flux considerably smaller than the 14.4keV flux from the de-excitation of 5"Fe.
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