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ABSTRACT: Optical searches assisted by the field of a laser pulse might allow for ex-
ploring a variety of not yet detected dark matter candidates such as hidden-photons and
scalar minicharged particles. These hypothetical degrees of freedom may be understood
as a natural consequence of extensions of the Standard Model incorporating a hidden
U(1)-gauge sector. In this paper, we study the effects induced by both candidates on the
propagation of a probe electromagnetic wave in the vacuum polarized by a long laser pulse
of moderate intensity, this way complementing our previous study [JHEP 06 (2015) 177].
We describe how the absence of a spin in the scalar charged carriers modifies the photon-
paraphoton oscillations as compared with a fermionic minicharge model. In particular, we
find that the regime close to their lowest threshold mass might provide the most stringent
upper limit for minicharged scalars. The pure-laser based experiment investigated here
could allow for excluding a sector in the parameter space of the particles which has not
been experimentally ruled out by setups driven by dipole magnets. We explain how the
sign of the ellipticity and rotation of the polarization plane acquired by a probe photon
— in combination with their dependencies on the pulse parameters — can be exploited to
elucidate the quantum statistics of the charge carriers.
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1 Introduction

Identifying the dark matter in the Universe and consistently incorporating it into the Stan-
dard Model (SM) constitute challenging problems in today’s particle physics. Cosmological
as well as astrophysical observations provide substantial evidence that only a small fraction
4,5% of matter is made out of the elementary building blocks of the SM but there is not yet
a clear idea about the origin and nature of the dark matter [1-4]. This fact evidences why
the SM is currently accepted as an effective theory which must be embedded into a more
general framework at higher energy scales. Such an enlarged theory is expected to offer us
a comprehensive theoretical understanding about a variety of central problems including
the charge quantization, which presently lacks an experimentally verifiable explanation.
While some extensions of the SM provide mechanisms for enforcing charge quantization,
other scenarios including carriers of small unquantized charge are not discarded. Indeed,
effective theories containing an extra U(1) gauge field [5-8] kinematically mixed with the
electromagnetic sector [9-12], introduce this sort of Mini-Charged Particles (MCPs) [13—
15] in a natural way. The fact that at low energies these carriers are not observed might
be considered as an evidence indicating that the sector to which they belong interacts only
very weakly with the well established SM branch. It is, in addition, reasonable to assume
that a hypothetical existence of MCPs induces nonlinear interactions in the electromag-
netic field provided they are very light sub-eV particles minimally coupled to the “visible”
U(1) sector [16, 17]. Slight discrepancies are expected then as compared with the inherent
phenomenology of Quantum Electrodynamics (QED). Indeed, motivated by this possibil-
ity, various experimental collaborations have imposed constraints and ruled out sectors in
the parameter space of these hypothetical degrees freedom.



The phenomena of interest which have been exploited in this research area so far are
summarized in several reviews [18-21]. These searches fall into two categories depending
upon the scenario under consideration. On the one side, there are searches relying on
astro-cosmological observations. They provide the most stringent constraints at present.
Indeed, arguments related to energy loss which is not observed in Horizontal Branch stars,
limit the relative charge in MCPs to ¢ < 107! for masses below a few keV [22]. How-
ever, further investigations in this direction have provided arguments indicating the extent
to which this bound is sensitive to the inclusion of macroscopic and microscopic parame-
ters of the star, as well as to certain processes that might attenuate it significantly and,
simultaneously, elude it from our perception [23-26]. The described vulnerability in the
astro-cosmological constraints is a strong motivation for considering, on the other side,
well-controlled laboratory-based searches as a complementary approach. Generally, these
have been conducted through high precision experiments looking for the birefringence and
dichroism of the vacuum! [30-34], modifications in Coulomb’s law [35, 36] or through the
regeneration of photons from a hidden photon field in “Light Shining Through a Wall”
setups [37-42]. For details, variants and prospects of this kind of experiment we refer also
to refs. [43-48]. Most of these experiments require the presence of a static external mag-
netic field to induce vacuum polarization mediated by virtual pairs of MCPs. As a general
rule, the relevant observables depend on the field strength as well as its spatial extend and,
usually, such dependencies allow for finding more stringent bounds as both parameters in-
crease. However, today our technical capability in laboratories are quite limited, allowing
us to achieve constant magnetic fields no higher than ~ 105 G along effective distances of
the order of ~ 1 km.

Focused laser pulses of few micrometer extension can produce much stronger magnetic
fields but they are inhomogeneously distributed [49]. For instance, the highest peak in-
tensity achieved so far 2 x 10?2 W/cm? [50] corresponds to a magnetic field strength of
9x 10° G. Besides, peak magnetic fields exceeding ~ 10! G are likely to be reached by the
ongoing ELI and XCELS projects [51, 52], in which intensities greater than 1025 W /cm?
are envisaged. In view of these perspectives, high-intensity laser pulses are potential tools
with which nonlinear phenomena in strong field QED [53-56] can be observed for the first
time. Obviously, this would also provide an opportunity for detecting the birefringence of
the vacuum [57].2 Indeed, motivated by this idea, the HIBEF consortium has proposed a
laser-based experiment which combines a Petawatt optical laser with a x-ray free electron
laser [60]. Similarly to setups driven by static magnetic fields, polarimetric experiments
assisted by an external laser-wave might also constitute a sensitive probe for searching
weakly interacting particles. Although studies of this nature have been put forward for the
case of axion-like particles [17, 61-65], the estimate of the exclusion limits for MCPs and
hidden photon fields from laser-based polarimetric searches is much less developed.

A first study on MCPs has been given by the authors in ref. [66]. Later, in part I of
this series [67], a further step was performed by investigating the optical effects resulting

'Recent theoretical studies on the birefringence and dichroism of the vacuum in an external magnetic
field can be found in [27-29)].
2See [58, 59, 66, 67] for new insights on the vacuum refractive indices in plane-wave fields.



from an extended model containing fermionic MCPs and a hidden photon field. There
we revealed that, at moderate intensities < 10'® W/cm? as provided by the nanosecond
frontends of the PHELIX laser [71] and LULI system [72], high-precision polarimetric mea-
surements could improve the existing laboratory upper bounds for the coupling constant
of MCPs by an order of magnitude for masses of the order of m. ~ eV. However, charge
carriers with unquantized electric charges might be realized in nature not only as fermions
but also as scalar particles [73]. Hence, a complete study of this subject requires in addi-
tion the insights coming from the polarization tensor [68-70] that results from the Green’s
function of scalar MCPs and in which the field of the wave is incorporated in full glory.
For a monochromatic plane-wave background, corresponding expressions in a pure QED
context have been obtained previously [68, 74]. In this paper, we study the effects resulting
from scalar minicharges and paraphotons in a plausible polarimetric setup assisted by a
long laser pulse of moderate intensity. We show how the absence of spin in the scalar
charge carriers modifies the photon-paraphoton oscillations as compared with a fermionic
minicharges model. In particular, we explain how the sign of the ellipticity and rotation of
the polarization plane acquired by a probe photon beam — in combination with their de-
pendencies on the pulse parameters — can be exploited to elucidate the quantum statistics
of MCPs.

2 Theoretical aspects

2.1 Photon Green’s function and vacuum polarization

It is a long-standing prediction of QED that the optical properties of its vacuum are
modified in the presence of an external electromagnetic field due to the nontrivial interplay
between photons and the fluctuations of virtual electron-positron pairs polarized by an
external field. Indeed, compelling theoretical studies provide evidences for self-coupling of
photons, rendering QED a nonlinear theory which allows for birefringence and absorption
of photons traveling through the polarized region of the vacuum. However, the source of
fluctuations inducing nonlinear self-interactions of the electromagnetic field is not restricted
to virtual electrons and positrons. Although at the energy scale of QED, the structure of
the quantum vacuum is mainly determined by these virtual entities, actually any quantum
degree of freedom that couples to photons modifies the structure of the effective vertices
which result from the generating functional of the one-particle irreducible Feynman graphs.
The lowest one, i.e., the one containing two amputated legs:?

_ 1 1
Dy (K, K') = - (kg — kpko) Sk g + 2 v (F, K, (2.1)

defines the vacuum polarization tensor II,, (k, k") through the Green’s function of MCPs
as well as the bare and dressed vertices, as it occurs in a pure QED context. Here g, =
diag(+1, -1, —1, —1) denotes the flat metric tensor, whereas the shorthand notation 6 1 =
(27m)*5*(k — k') has been introduced.

3From now on “natural” and Gaussian units with ¢ = h = 4wep = 1 are used.



In the one-loop approximation, and in the field of a circularly polarized monochromatic
plane-wave of the form

M (x) = af cos(sx) + df sin(sex)

2.2
w= (%), xa=0, x*=0 and af=al=ad’ 22)

the polarization tensor splits into elastic and inelastic terms:
I (K, k') = Ok w5 (k') + O g 25 1T (K') 4 O g2, T4 (K,

(k) = — Y m(K)AY (KA (K), TIY(K) = 2mo(K)AL (K)AL(K)  (23)
i==,||

out of which the elastic contribution IIj” (k) is diagonalizable. Its eigenvalues m;, as well
as the form factor mg, are functions which have been evaluated thoroughly for the case of
spinor and scalar QED in [68]. In contrast to II§”(k’), the other two terms in eq. (2.3)
describe inelastic processes characterized by the emission or absorption of photons of the
high-intensity laser wave. The involved eigenvectors Ay (k'), A_(k") and Ay (k') are trans-
verse k' - Aj(k") = 0, orthogonal to each other — A/(k") - Aj(k') = —0d;5, and fulfill the
completeness relation

g — RERY > AE )AL (K. (2.4)

Particularly, we have that A4+ turn out to be eigenstates of opposite helicities with A% = A+.

In its simple version, a scenario involving MCPs characterized by a mass m. and a
tiny fraction of the electron charge g. = €|e| is reminiscent of QED; the phenomenologi-
cal consequences associated with their existence would not differ qualitatively from those
emerging in a pure QED context. As such, one can investigate the related processes from
already known QED expressions, with the electron parameters (e, m) replaced by the re-
spective quantities associated with a MCP (g, m,). So, in the following, we evaluate the
extent to which MCPs might influence the propagation of a probe photon in the field of
the strong laser wave [eq. (2.2)] through the dispersion laws that result from the poles of
the photon Green’s function %, (k,k’). The latter can be obtained by inversion of the
two-point irreducible function [eq. (2.1)], since

d4k” —1 " pv (1 1.0 v
W.@HP (k’,kﬁ ).@ (kﬁ ,k‘ ) == _5M5k7k/'

Indeed, by inserting the decomposition of the polarization tensor we find that — up to an
inessential longitudinal contribution — the photon Green function in the field of the wave
[eq. (2.2)] is given by

@‘uy(k, k/) = 5k,k’ Z @;IA;LA;/* + Z 5k7k/_2j%@]i,nA§{A]1{

== =+
el ki—ﬂ';‘:(ki)
7 T ) (k3 — 7 (ke)] — dmo(k)mo(ks)’ (2:5)
_@el = _é @in - 27T()(k‘:|:)
I k2 —m (k) TF (k2 — 7 (k)] [K3 — g (k)] — 4mo(K)mo(ks )



where ky = k £ 25 and k = (w, k). We remark that, in deriving the Green’s function the
completeness relation [eq. (2.4)] has been taken into account.

Hereafter we consider the limiting case in which the polarization effects due to MCPs
are tiny corrections to the free photon dispersion equation [k? ~ 0]. In this approximation,
the pole associated with the ||-mode does not correspond to photon type excitations, since
— independently of the m-structure — the corresponding eigenvector A becomes purely
longitudinal at k> = 0 [more details can be found in page 7 of part I of this series].
Conversely, the dispersion equations resulting from the poles associated with the transverse
modes A4 coincide with those found previously in refs. [66-68]:

(k* — ma(k)) [T — mg(ke)] = dmo(k)mo (k). (2.6)

The corresponding vacuum refractive indices n2 (w, k) = k?/w? = 1—k?/w? turn out to be
k 4dmo(k k+2

w2 (w k) =1 =8 mo(k)mo(k £ 25) (2.7)

w? w?((k + 25)% — mx(k £ 25)]
The last term in the right-hand side of eq. (2.7) is responsible for inelastic transitions

between states with different helicities. In the limit of interest [k* ~ 0] this formula

reduces to
_ ma(k) _ mo(k)mo(ky)

k)~1
e (k) 2(,0,3 2w,%k:%

9 (2.8)

where wp = |k| denotes the energy of the probe photons. Hereafter, we restrict ny (k) to
an accuracy up to terms ~ 74/ w,% so that the effects resulting from the last contribution
in eq. (2.8) are no longer considered. Note that this approximation is valid as long as the
condition

molks) mo(k) < 1 —cos() (2.9)

WEpxy T :t(k)
is satisfied; otherwise the use of our perturbative treatment would not be justified. We
remark that, in this expression, 6 denotes the collision angle between the probe and the
strong laser wave. For the particular situation to be studied later on, i.e., counterprop-
agating geometry [0 = 7] with wg ~ 3¢9 ~ 1 eV, the above condition would imply that
mo(k+)mo(k)/m+(k) < 2 eV? which can be satisfied easily since the left-hand side is propor-
tional to the square of the — presumably very tiny — coupling constant ~ e2e2. Besides,
we will deal with laser waves whose intensity parameters €2 = —e?a?/m? [with m and e
the electron mass and charge, respectively] are smaller than unity.

2.2 Optical observables: including the paraphoton interplay

The IIf"-eigenvalues contain real and imaginary contributions 7+ = Re 7y + ¢ Im my.
The respective refractive indices — eq. (2.8) limited to the first two terms in the right-
hand side — must also be complex quantities, i.e., ne = ng + ipr. While the real part
n4 describes the pure dispersive phenomenon, the imaginary contribution provides the
absorption coefficient k1+ = @wg for mode-+ photons. Accordingly, we find in the limit
under consideration that

Re 74 Im 7t
5 and Ky = — .
2wk 2= 2wk |j2=0

ne=1- (2.10)



Since the analytic properties of Re m+ and Re 7_ are different, the vacuum behaves like
a chiral birefringent medium. It is such a property which promotes the search of MCPs
through the corresponding experimental measurements. Because of this, we propose a
setup in which an intense circularly polarized laser pulse collides head-on with an incoming
linearly polarized probe beam. With this geometry it is guaranteed that the probe beam
experiences the vacuum polarization effects efficiently during the interaction time. We re-
mark that the vacuum polarized by the strong field of the wave does not share the symmetry
properties of the empty vacuum [69, 75]. Hence, as soon as the interaction takes place, the
probe decomposes accordingly into its right and left circular-polarized eigenmodes and each
of them propagates with different dispersion laws as can be deduced from the respective
refractive indices [wy = |k|/nt]. As a consequence of this effect, the polarization of the
outgoing probe is rotated by a tiny angle with respect to the incoming one:

1
|9(e,me)| =~ 3 |(ny — no)wgT| < 1, (2.11)

where 7 is the temporal pulse length. Besides, in the field of the laser wave the vacuum is
predicted to be dichroic. This effect induces a tiny ellipticity (e, m¢) in the polarization
of the probe beam which is determined by the nontrivial difference between the absorption
coeflicients

lema)| ~ 5 | — )7l < 1. (2.12)

The difference between k4 and x_ manifests by itself that the photo-production rate of
a MCPs pair associated with a IIj”-eigenwave differs from the rate resulting from the re-
maining mode. This statement is somewhat expected because the optical theorem dictates
that the creation rate of a pair from a probe photon with polarization vector AL is given
by R+ = Al” AYIm gy /w = 2k4. We recall that the energy-momentum balance of
this process k + nx — ¢ + ¢ allows us to establish the threshold condition n > n.,
where n, = 2m2(1 + £2)/(ks) depends on the parameter ¢2 = —c2e2a?/m?2. In term of
the MCP mass m., the previous relation translates into m. < m,,, with m,, refering to the
threshold mass

1
my, = \/an:% — e2m?2¢2. (2.13)

It is worth pointing out that — as generating mechanisms of the rotation and ellipticity
— the roles of the dispersion and absorption of probe photons in the field of a circularly
polarized wave are exchanged with respect to the situation where a static magnetic field
drives the vacuum polarization. This fact is also attributable to the different symmetries
that remain in each external field configuration. For example, the symmetry group down
to which the Poincaré group is broken due to the presence of an external magnetic field
B is the direct product of two groups: one isomorphic to the Euclidean group ISO(2)
and one isomorphic to the pseudo-Euclidean group ISO(1,1) [29]. Because of this — in a
magnetized vacuum — the probe beam turns out to be characterized by two propagating
modes with mutually orthogonal linear polarization. Such polarization states lie on the
transverse and pseudoparallel planes with respect to B, i.e., where the groups ISO(2)
and ISO(1,1) act, respectively. In such a background, a difference between the respective



absorption coeflicients leads to a rotated polarization direction. In contrast, the vacuum
symmetry group in a circularly polarized monochromatic plane wave [eq. (2.2)] is defined
from certain transformations which decompose into rotations in the plane perpendicular
to the propagation and translations which compensate the rotation of the field [69, 75].
Certainly, in this case the invariance properties of the vacuum differ from the previous case
and, in correspondence, the physical modes do not have to be linearly polarized. Rather,
as we already argued, these turn out to be circularly polarized and if one of two circularly
polarized probe modes is less heavily damped than the other, the resulting outgoing probe
field attains a tiny ellipticity which remains from this stronger mode. These two situations
resemble the two known cases of birefringence and dichroism occurring in crystals [for
details see [76] and references therein].

The model described so far relies on a hypothetical existence of MCPs only. Their oc-
currence is nevertheless naturally realized in scenarios involving hidden sectors containing
an extra U(1) gauge group. The corresponding hidden-photon field w,(x) is massive with
mass m, and couples to the visible electromagnetic sector via a kinetic mixing charac-
terized by an unknown parameter x. The diagonalization of this mixing term induces an
effective interaction between the hidden-current j'(z) and the total electromagnetic field
ay(z) + o (x):

L = —xent (@) {a,(@) + (@)}, (2.14)

where e, refers to the hidden gauge coupling. In addition, a mass m, = xm., for the
visible electromagnetic field a, () results. Furthermore, as a consequence of eq. (2.14), the
relation ee = —yey, is established and the two-point irreducible function in the one-loop
approximation becomes

1 [ (K = X*m3)gudip — W (B K) x2S + 1 (K, K)

47 Xm%’glw&ﬁk' + iﬂuy(k, k;’) (k2 _ m%/)ﬂuvﬁk,k’ — éﬂm,(k, k/)

Dk, k)=

Theoretical studies, as well as the experimental evidence indicate that the mixing param-
eter is much smaller than unity [y < 1] so that a perturbative treatment in x is well
suited. With such an approximation, the mass term of the electromagnetic field can be
ignored, leading to describe the probe photon beam by two transverse polarization states
Ay, whereas the Aj—mode remains longitudinal and unphysical.*

Observe that the off-diagonal terms in D~!(k,k’) allow for the photon-paraphoton
oscillation, a process driven by both: the massive terms Xm?y, GOk 1 and those involving
the vacuum polarization tensor iHW(k‘, k"). However, hereafter we will suppose that the
energy scale provided by the loop is much greater than the scale associated with the
paraphoton mass [szg < 74| which only leaves room for oscillations mediated by virtual

4This fact contrasts with the phenomenology occurring in a plasma, where the polarization tensor
provides a longitudinal mode due to the nontrivial interplay with the medium. Indeed, if the plasma is
nonrelativistic, a photon behaves like a particle with a mass determined by the plasma frequency. Under such
a condition, the oscillation rate between longitudinal modes is predicted to be larger than the corresponding
one between transversal modes. The relevance of this fact in deriving constraints from solar luminosity
arguments has been put foward in ref. [78].
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Figure 1. Pictorial representation of the one-loop photon-paraphoton vertex. The double lines
represent the propagator of MCPs including the full interaction with the external field. A single
wavy line denotes the amputated leg corresponding to a small-amplitude electromagnetic wave.
Conversely, a double wavy line refers to the amputated leg associated with a hidden-photon field.

pairs of MCPs [see figure 1]. As a consequence of this hypothetical phenomenon, the
polarization plane of a linearly-polarized probe beam should be rotated by an angle

1 . (ng—1 1
10(e, me, X)| = = |(ny — n_)wpT + x%sin < +X2 wk7'> exp <—X2H+T>

2
n_—1 1
— x’sin ( 2z wkT) exp (—XQ/@_T>‘ < 1. (2.15)

Observe that the first contribution coincides with the outcome resulting from a pure MCPs
model [eq. (2.11)]. Hence, those terms that depend on the unknown parameter y are
connected to the photon-paraphoton oscillations.

The scenario including the hidden-photon field manifests vacuum dichroism as well,
since the decay rates for the two “visible” IIj”-eigenmodes, via the production of a MCPs
pair and its conversion into a hidden-photon, differ from each other. The predicted elliptic-
ity is determined by the difference between the attenuation coefficients of the propagating
modes. Explicitly,

1 1 1
Y(e,me, X)| = = (ke — Ky )T + X2 cos e wET | exp | ——< k4T
2 X2 X2

9 n_—1 1
— X CcOos 72(,0[‘;7' exXp —72141_7'
X X

Note that in the absence of the kinetic mixing [x — 0] this expression reduces to eq. (2.12).

< 1. (2.16)

Throughout our investigation, comparisons between the pure MCPs model and the scenario
including the paraphotons will be presented.

2.3 Absorption coefficients and refractive indices at & < 1

In contrast to part I of this series, here we analyse the effects resulting from a model in
which MCPs are scalar bosons. In the first place, the absence of a spin in these hypothetical
degrees of freedom is manifest in the eigenvalues:

. 1 4 2 .
T+ (ns, &) = %mz /1 dv/o ?in exp{—(1 +£§)p8 —7) [1 +2A§62]}. (2.17)

In this expression, o, = €?e? = €2/137 refers to the fine structure constant relative to

the MCPs [with e being the potentially small coupling strength in units of the absolute



value of the electron charge |e|]. The expression above depends on the threshold parameter
for the photo-production of a pair of MCPs n, = 2m?2(1 + £2)/(ks<) [see discussion above
eq. (2.13)]. Here, the functions Q4 and A read

.
Q. = €2 [sin®(p) & 2ipAo] + + [1 - exp(i)]. A=;[1—$i¥ﬂ,

A — 1 [sinQ(p) B sin(2p)] O An&PpA
T2l T | Ty

(2.18)

2

When integrating out v, a compact representation of eq. (2.17) is obtained. However, the
resulting integrand involves unwieldy complex functions depending on the Hankel functions
of second kind H(VQ)(Z) = Zexp[imv] [° dt exp[—iz cosh(t)] cosh(vt). Explicitly, we find

1 *d ,
Tt (ng, &) = 2aem§/0 ?pTi exp (—in), (2.19)

1 ) . .
Te=—35n [Hff) (n) + 0P (n)} {1 +2¢2sin®(p) + 4i¢2p Ao }

1 2 11(2 2i€2 pn, A
where the parameter 1 = n.p(1 — A) with A = 1% 52) has been introduced.

As in I, our attention will be focused on the limit £ < 1. Particularly, on the simple
cases in which one or two photons from the strong wave [n = 1,2] are absorbed. We will
consider these two situations only because — for £ < 1 — the chiral birefringence and
dichroism properties of the vacuum are predicted to be considerably more pronounced near
the lowest thresholds than in the cases asymptotically far from it [n, — oo and n, — 0],
where the vacuum behaves like a nonabsorbing isotropic medium [66]. Note that in the
region of interest [ < 1], the parameter A is much smaller than unity. So, we may Taylor
expand the integrands in egs. (2.19) — (2.20) up to second order in A and integrate out
the p—variable. The real parts of the resulting expressions allow us to write the absorption
coefficients [eq. (2.10)] in the following form:

Kt > K41+ Ki2- (2.21)

Here k41 and k4 2 turn out to be discontinuous contributions at the threshold point n, =1
and n, = 2, respectively. Particularly, we find

2¢2 2 4
aemzE: 11— 9 1—1o 14+ 7 9
= 11—y — 1 © 2.22

2¢2 2 4
QemzEs 11— 9 1—7 14+ 9 9
=2 2+ — |1 —of + 1 ) 2.23
-l 8w {Ul < 1+&2 g 21+ &2) "1z 7 [, (2:23)

where O[z] denotes the unit step function and v; = (1—n.,)"/? determines the relative speed

between the final particles |#,c| = 221 when only one photon of the intense laser wave is ab-
sorbed. We emphasize that egs. (2.22)—(2.23) provide nonvanishing contributions whenever
the MCP mass m, is smaller or equal to the first threshold mass m; = (k:%/ 2 — e2m2§2) 1/ 2



corresponding to n, < 1. Conversely, the contributions resulting from the absorption of
two photons of the laser wave is valid for masses m, < mgy = (k:%— 62m2§2)1/ T hey
amount to

2

1+ &2

am? 4
K/:I:,Q — 67656 fl(yg) +2

dop(1 1 €2) Fa(v2) £ F3(w) | O[3], (2.24)

where % = (1 — n,/2)"? and the functions %(») with i = 1,2, 3 are given by

Fi(m)=w (1+5) — (1- v22)2arctanh(vg), (2.25)
1 1

Folw) = 75 (1505 — 403 — 3) + 70+ v3 + 3v5 — 595) arctanh(w), (2.26)
1 1

F(w) = 1% (1+303) — 1 (14 304) arctanh(w). (2.27)

Some comments are in order. Firstly, eqs. (2.24)—(2.27) were determinated by restrict-
ing the threshold parameter to 1 < n, < 2, so that the next-to-leading order con-
tribution [~ ¢2] to the two-photon reaction is not considered. We remark that, when
the scalar MCPs are created in the center-of-mass frame almost at rest [zn ~ 0 cor-
responding to n, — 2|, the functions %;(w) are dominated by the cubic dependences
on 7. As a consequence, the absorption coefficients for the scalar theory approach to
Kio ~ aem?E203 (8 F 1) /[12wk(1 + £2)]. Conversely, when n, — 1, i.e., [y — 1/v2], we find
the asymptotes r4 2 &~ acm2£2(0.4 F 0.1)/[4wg], provided the condition & < 1 holds. The
corresponding expression for k4 1 was derived previously in ref. [66].

In contrast to Re 74, the imaginary parts of m4 are continuous functions. Hence, we
only need to consider the refractive indices [eq. (2.10)] resulting from the leading term in
the A-expansion of the respective integrands [see egs. (2.19)—(2.20)] in order to investigate
the dispersion effects in the region encompassed by egs. (2.21)—(2.27), i.e., 0 < n, < 2.
After some manipulations, we end up with an integral representation for n4 — 1, suitable
to carry out the forthcoming numerical analysis

2¢2 pl /o
aemiE; 20 140
— 1~ d 1+ 1
" qE4m,%/o {[ 1+§z]“<u—g\

2
$[1:I:29+12+Q€E2]ln<\/|1’£1792|>}. (2.28)

In this expression, o = o(v,n4) = n4(1—v%)~! is a function of both the integration variable

v and the threshold parameter n,.

3 Experimental prospects

3.1 Estimating the exclusion limits

Let us estimate the projected bounds resulting from a plausible experiment in which the
rotation of the polarization plane [eqs. (2.15)] and the ellipticity of the outgoing probe
beam [eq. (2.16)] are probed but none of them detected. In practice, the absence of these
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signals is understood within certain confidence levels ¥cr,9, Ycre, which we take hereafter
as ~ 10719 rad. We emphasize that this choice of sensitivity agrees with the experimen-
tal accuracies with which — in the optical regime — both observables can nowadays be
measured [77]. Thus, in the following we present the numeric outcomes resulting from the
inequalities

10710 rad > |1p(e,me, x)| and 10710 rad > |9(e, me, x)|. (3.1)
Some comments are in order. Firstly, the sensitivity limits found from these relations will be
close to reality as the parameters of the external field [eq. (2.2)] will be chosen appropriately
to the monochromatic plane-wave model. In an actual experimental setup this restriction
can be met by using a long pulse of duration 7 >> s ! whose waist size wg is much greater
than its wavelength [wy > Ao with A\g = 27m¢ 1. In this way, a negligible contribution
coming from the finite bandwidth is guaranteed. Based on the previous remarks, we find
it suitable to consider the benchmark parameters associated with the nanosecond frontend
of the Petawatt High-Energy Laser for heavy Ion eXperiments (PHELIX) [71], [T ~ 20 ns,
wo ~ 100 — 150pm, s ~ 1.17 eV, I ~ 100 W/cm?, ¢ ~ 6.4 x 1072]. We also investigate
the results coming from the parameters associated with the nanosecond facility of the
LULI(2000) system [72], [r ~ 1.5 ns, wg ~ 100 um, sq ~ 1.17 eV, I ~ 6 x 104 W/cm?,
€ ~ 2 x 1072]. Clearly, with this second analysis we seek to evaluate the extent to which
the projected bounds depend on the parameters of the external field. We note that the
square of the intensity parameters associated with the described laser systems are much
smaller than unity €2 < 1. In such a circumstance, the corrections to the vacuum refractive
indices are dominated by a quadratic dependence on &, i.e., ny — 1 o &2. Likewise, the
terms relevant for the absorption coefficients turn out to be k41 o €% and K42 OC 54.
Hence, the observables associated with the simplest MCP scenario [egs. (2.11) and (2.12)]
acquire the dependence |9], [¢)| oc m2&27 /wy. This fact indicates that — for wg ~ 1 eV
— large sensitivities can be achieved provided the pulses lengths 7 are long enough as to
compensate for the relative smallness of £&. This idea motivates the use of the nanosecond
frontends of PHELIX and LULI(2000).

Now, a suitable experimental development requires a high level of synchronization be-
tween the colliding laser waves. To guarantee this important aspect, it appears convenient
to use a probe obtained from the intense wave. So, we will assume a probe beam with
doubled frequency [wg = 23¢9 = 2.34 €V] and an intensity much smaller than the one of the
strong laser field. Finally, to maximize the polarimetric effects, we will suppose that the
collision between the probe and strong wave is head-on [k - 32 = —wg ).

The projected exclusion regions are summarized in figure 2. They are shaded in purple
and red for PHELIX and in blue and green for LULI. These should be trustworthy as long
as the limits lie below the white and black dashed lines corresponding to & = emé/m, =1
for LULI and PHELIX, respectively. In this figure, the left panel shows the discovery
potential associated with the pure MCP model, whereas the projected bounds including
the hidden-photon effects are displayed in the right panel. The results shown in the latter
were obtained by setting x = €, so that the hidden coupling constant coincides with the

5

natural value e, = e [see below eq. (2.14)].> This assumption allows us to compare the

5From now on it must be understood that the symbol e refers to the absolute value of the electron charge.
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Figure 2. Estimates of constraints for MCPs of mass m. and relative coupling constant e derived
from the absence of signals in a plausible polarimetric setup assisted by a circularly polarized
laser field of moderate intensity. While the left panel provides the results associated purely with
MCPs, the right one shows the outcomes of the model including a hidden-photon field (v'). In both
panels, the white (LULI) and black (PHELIX) dashed lines correspond to the expression & = 1.
The left panel includes, in addition, the exclusion regions stemming from various experimental
collaborations searching for rotation and ellipticity in constant magnetic fields such as BFRT [30],
PVLAS [31, 32] and Q & A [33]. The shaded areas in the upper left corner in the right panel result
from experimental collaborations dealing with the Light Shining Through a Wall mechanism. The
respective 95% confidence levels needed to recreate these results are summarized in ref. [12].

respective outcomes with the pure MCP model. Notice that the left panel incorporates
some constraints established from other polarimetric searches [30-33]. The upper bounds
which result from these experiments do not represent sensitive probes of the parameter
space associated with the model containing the hidden-photon field [11]. Because of this
fact, they are not displayed in the right panel. To compensate it and still put our results
into perspective, we include here the limits resulting from various collaborations which deal
with Light Shining Through a Wall setups [30, 37, 38, 41]. Similar to the fermion MCPs
model, we observe that the most stringent sensitivity limits appear in the vicinity of the
first threshold mass my ~ 1.64 ¢V. This outcome follows from a search of the rotation
angle. In such a situation, the projected bound turns out to be € < 2.3 x 10~% for PHELIX
and € < 7.5 x 1076 for LULL. When comparing these results with the previously obtained
for the model driven by fermionic MCPs [e < 1.9 x 1075 for PHELIX and € < 6.5 x 107¢ for
LULI], we note that the absence of spin degrees of freedom slightly relaxes the projected
sensitivity. Another interesting aspect to be highlighted in figure 2 is the curve shapes
of the upper limits, which deviate from those coming out from the fermion MCPs model
[cp. figure 2 in I].

Observe that, independently on whether the model includes paraphotons or not, the
absence of signals for PHELIX parameters leads to similar constraints. This fact manifests
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Figure 3. Parameter space to be ruled out for MCPs in a model with paraphotons (y’). The
expected exclusion limits have been obtained by assuming the absence of signals in a polarimetric
setup assisted by a circularly polarized wave associated with the nanosecond frontend of the PHELIX
laser. Here, the projected sensitivities on the kinetic mixing parameter for various values of the
hidden coupling constant are displayed by contour lines [see legend].

the dominance of the first contributions to the observables in egs. (2.15) and (2.16) for the
given set of parameters. We infer that, in the region of interest within the (e, m.)—plane,
the characteristic times involved in the respective damping factors X2n£11 turn out to be
much smaller than the pulse lengths 7 > X2/<c;11. However, the behavior is different when
the LULI parameters are used. For masses in the range m; < me < mo the respective
upper bounds are characterized by an oscillatory pattern whose occurence is a direct con-
sequence of the photon-paraphoton oscillations. This implies that, in such a regime, the
characteristic times XQ/@;l for LULI are much larger than the used pulse lengths 7; the
former being mainly determined by contributions coming from the second threshold point
K+ ™ K+ 9 [see eq. (2.24)].

We continue our investigation by studying the dependence of the sensitivity limits on
the hidden gauge coupling e. Figure 3 displays how the constraints for PHELIX might
vary as ej changes by an order of magnitude around e. Taking the central panel [e, = €]
as a reference, we note that the differences between this one and the one evaluated at
ep, = 10e [right panel] are almost imperceptible. In contrast, a notable distortion can be
observed at e, = 0.1le [left panel]. Generally speaking, both trends resemble the results
found for a spinor MCPs model. However, when directly comparing the present outcomes
with those corresponding to the latter model [see figure 3 in part I of this series|, we see
that, at e, = 0.1e, the absence of spin degrees of freedom strongly modifies the qualitative
behavior of the projected limits. This is not the case at e, = 10e, where the difference
between the scalar and fermion models is mainly quantitative.

Perhaps the most important conclusion that one can draw from our results is that,
the sensitivity limits expected for experiments driven by long laser pulses of moderate
intensities would allow to discard a region of the parameter space which has not been
excluded so far by other laboratory-based collaborations. Astrophysical and cosmological
constraints are stronger [18-21], though, but they must be considered with some care. As
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we already mentioned in the introduction, the limits resulting from these scenarios strongly
depend on models associated with certain phenomena which are not observed, such as star
cooling in the first place. The vulnerability of these models has been addressed in various
investigations and justifies the laboratory-based searches for these weakly interacting sub-
eV particles [23-26]. Uncertainties introduced by parameters such as temperature, density
and microscopic energy-momentum transfer are so notable that a reconciliation between the
astro-cosmological constraints and those resulting from the laboratory-based experiments
is achievable. To put this statement into context, let us recall that for MCPs, a study
of the helium-burning phase of Horizontal-Branch (HB) stars establishes ¢ < 2 x 10714
for me < keV. However, the lack of control on the physics occurring in such stellar
objects might lead to the omission of suppression channels in the production of MCPs and
paraphotons whose incorporation would attenuate the previous limitation. This issue has
been analyzed carefully within the RM-model [24], a scenario in which two paraphotons —
one massless and one massive (mass m,/) — are minimally coupled to dark fermions with
opposite hidden charges. Owing to the incorporation of two types of paraphotons, this
model turns out to be more complex than the simplest MCP scenario. We should mention
however, that they can be inserted in such a way that no additional charge labeling the
elementary particles is needed and leads to € < 4 x 1078([eV]/m./)?. Accordingly, less
severe bounds appear when the paraphoton mass m. is getting smaller. This fact fits very
well with our approach since it relies on the fulfillment of the condition m., < (74 /x)"?
[see discussion above eq. (2.15)]. Note that, at the first threshold m, = m; resulting from
PHELIX parameters, y < 2.3 x 1075, So, the loop dominance in the photon-paraphoton
oscillations is well justified as long as m., < 0[0.1—1]ueV, for which the constraints coming
from the HB stars become much less stringent than the projected sensitivity estimated here.
In part I of this series we explained that there are even certain sectors in m., in which our
projected upper bounds for y turn out to be currently the best model-independent results.
Similar conclusions can be drawn from a study of a hypothetical solar emission of hidden
massive photons for which the constraint x < 4 x 1071%(eV/m./) for m,» < 3 eV has been
established [79].

3.2 Characteristic of the signals in the scalar MCPs model

Suppose that the outgoing probe beam acquires an ellipticity and rotation which do not
coincide with the QED prediction [cp. discussion in section 3.1 of I]. If their origin can
be attributed to MCPs,% the next questions of interest are: do the signals come from the
existence of scalar or spinor MCPs; and do they manifest the effects intrinsically associated
with hidden-photons? The answers to these questions can be obtained by investigating the
dependencies of the observables on the laser parameters. In this subsection, we provide
arguments which might help to discern the phenomenological differences that result from
the various MCP models of interest. Our discussion will be based on the outcomes derived
from the benchmark parameters of the nanosecond frontend of PHELIX [standard values

SIn first instance, these signals might not only result from the existence of MCPs and paraphotons but
also from other light dark matter candidates such as axion-like particles.
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Figure 4. Dependence of the absolute value of the ellipticity |¢| [upper panels] and rotation
angle |¢| [lower panels] on the intensity parameter £ [left panel], pulse length 7 [central panel] and
wavelength of the probe A = \g/2 [right panel]. As a benchmark point we assume a massless
hidden photon field with kinetic mixing parameter x = 5 x 10”7 and hidden coupling e, = e.
In each plot the remaining external parameters are kept at ¢ = 6.4 x 1072, 7 = 20 ns, § = T,
and Ao = 1053 nm the wavelength of the intense laser field. Here the outcomes resulting from a
pure MCP model at m. = 0.1 eV are shown in red, whereas the respective patterns at the first
threshold mass m; ~ (ks/2)"/? = 1.64 eV are in blue. The curves in green and dotted black were
obtained by including the paraphoton field. They also correspond to the case in which the mass
of the minicharges are m¢ = my and m. = 0.1 eV, respectively. Observe that the blue curves —
corresponding to the pure MCPs model at m; = 1.64 eV — do not appear in the upper panel. This
is because, at the first threshold mass, the ellipticity becomes extremely tiny being determined by
the next-to-leading order term in the absorption coefficient [egs. (2.24)—(2.27)].

€ =6.4x10"2 7 =20 ns, \g = 1053 nm] and by considering a probe beam with A\ = \q/2
which collides head-on with the intense laser wave. To facilitate the comparisons between
the scalar and fermion models, each figure in this subsection will encompass the same scales
as used in part I of this series.

The behavior of the signals with respect to the laser intensity parameter £, the temporal
length 7 and the wave length of the probe beam A = 2w~ are displayed in figure 4. These
results have been obtained at the first threshold mass m. = m; ~ (k»/2)"/*> ~ 1.64 eV
and at me = 0.1 eV. While the outcomes associated with the pure MCP scenario are
shown in blue and red, the results including the paraphoton effects are shown in green and
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black dotted curves. To facilitate our discussion, we will first focus on the behavior of the
absolute value of the ellipticity [i(e, me, x)|. Out of the threshold, i.e. at m. = 0.1 eV,
this observable [upper panels| grows with the increase of the three laser parameters. The
curves associated with the model including a paraphoton field [black dotted lines in the
upper panel] manifest pronounced oscillatory behaviors around the paths followed by the
pure MCPs framework [in red]. This fluctuating patterns were also revealed in the fermion
case, although in a tiny — almost imperceptible — degree only. The occurrence of this
trend at me = 0.1 eV is closely related to the photon-paraphoton oscillation, which seems
to benefit from the absence of the spin degrees of freedom. The behavior of [i)(e, me, X)|
at the first threshold mass [m. = m;]| is different. Here the curves in green [upper panel]
can be exploited to elucidate the nature of the charged carriers. To do this, we note
that the oscillatory patterns in the ellipticity spread considerably as compared with those
corresponding to the fermion MCPs model [see upper panel in figure 5]. As such, the
displayed curves for scalar MCPs do not show oscillations within the investigated intervals
for &, 7 and A. This fact constitutes a remarkable property because it implies that a
slight variation of the intensity could not lead to change the signal sign for the scalar
MCPs model, but it might change v (e, m., x) substantially if it is induced by the fermion
model. Clearly, this analysis is also applicable to the remaining parameters of the external
laser wave.

The reason why the ellipticity curves for scalar MCPs do not change the sign can
be understood as follows: at m. = myq, the charge carriers tend to be produced at rest
[1 — 0], so that the leading order terms in the absorption coefficients [eq. (2.21)] tend to
vanish. As a consequence, the characteristic times ~ X2/<c;12 increase and can reach values
much larger than the corresponding pulse length 7. Accordingly, the exponential damping
factors in eq. (2.16) can approach unity. Besides, by quoting the refractive indices from
ref. [66]: (n; — 1)|n.—0 & —aem3&?/(5mwi)d_; with i = +, — we find that the asymptotic
expression for the ellipticity is determined by the oscillation probabilities between a photon

and a paraphoton with negative helicities 2, _,./ .7

1

~ -P
4

T-—7L

_—1
(e, mi, X) with Py = 4y? sin? (n

y e wkT> . (3.2)

Manifestly, in figure 5, the green curves resemble the sin?-shape obtained above. We remark
that, in contrast to the fermion model, the remaining oscillation probability in the scalar
scenario tends to vanish identically [2, L 0].%

A similar study allows us to find the asymptote for the absolute value of the rotation
angle ¥(e, me, x) at the first threshold point [m. = my]. In this case,

1 _—1
I(e,mi, x) & —=x>[s + sin(s)] s=2 Z Wk T. (3.3)

2

Observe that, since the refractive index n_ —1 < 0, we have s < 0 and the involved function
s +sin(s) < 0. As a consequence, the rotation angle does not change the sign either, a

derived [see eq. (2.38) in IJ: Py, (1) ~ x* 31 +exp —%nir —2exp —él{i’r) cos ("i;lwkT .

"A general expression for the oscillation probability between photon and paraphoton has alreadS been

SAS T < )(25;1 and ny — 1 ~ 0, it results ?wﬁﬁ (1) = 0.
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Figure 5. Behavior of the the ellipticity (e, m.) [upper panels] and rotation angle ¥(e, m.) [lower
panels] on the intensity parameter ¢ [left panel], pulse length 7 [central panel] and wavelength of
the probe X [right panel] in models including fermion versus scalar MCPs. The same parameter
values and notation as in figure 4 are used, but the plots are in linear scales.

fact which is manifest in figure 4 [lower panel]. We note that, at the first threshold mass
[m1 ~ 1.64 eV], no manifestation of oscillations appears within the range of interest in
the external field parameters. However, at m. = mq, the patterns found in the fermionic
model with a hidden photon field fluctuate about the curves which result from the pure
MCPs scenario. At this point we shall recall that — in contrast to the ellipticity — such
oscillations for ¥(e, me, x) do not change the sign [see I for details]. Therefore, if on variating
&, 17 and ), the signal does not oscillate as described previously, then one could associate
the measurements with the scalar model. Still, this way of elucidating the nature of the
involved charge carriers may be considered more difficult than the approach associated
with the ellipticity since no change of sign arises.

Regarding the behavior of the rotation angle at m. = 0.1 eV, the occurrence of highly
oscillating patterns in the model with paraphotons is notable [black dotted curves in fig-
ures 4 and 5, lower panels|. The corresponding trend associated with the fermion model
turns out to be much less pronounced. While in this last scenario there is no change of
sign, in the scalar case the signal might change. This is because, for the present benchmark
parameters, the characteristic time associated with the negative helicity mode ~ x2x-! be-
comes much smaller than the pulse length [7 = 20 ns], leading to an exponential suppression

17 -



10.00}

5.00f
=
S 1.00f
o
= o050}
s

0.10} .

0.05} i\ i R

H t
y &MCP @m.=1.64eV

10.00 ,

0.00 y &MCP @m=0.1 eV

5.00F MCP @ m.=1.64eV

MCP @m =0.1eV

=
S Loof
= os0f
= o

0.10} /

0.05} :

i i
5% .4 ‘ ‘ ‘ ‘ i AL ‘ AR T ‘
5.x1077 1.x10°¢ 1.5%x10°° 0.5 1.0 1.5 2.0 0.2 0.5 1.0 2.0 5.0 10.0
X=€ meV] e /e

Figure 6. Dependence of the absolute value of the ellipticity |¢| [upper panels] and rotation angle
|9 [lower panels] on the kinetic mixing parameter x [left panel], mass m. [central panel] and the
relative hidden coupling ey, /e [right panel]. The same benchmark values and notation as in figure 4
are used.

of the last term in eq. (2.15). Conversely, the characteristic time related to the positive
helicity mode is inll > 7. In such a situation, the remaining damping factor in eq. (2.15)
can be approached by unity and

1 . (nyg—1
|9 (e, me, x)| ~ B (ny — n_)weT + X% sin < +X2 wkT) ‘ . (3.4)

Thus, as in the case of the ellipticity, one might — by changing the external field parameters
— use a change of sign to elucidate whether scalar MCPs are realized or not in nature.
Although eq. (3.4) looks similar to eq. (3.3) it differs from the latter in the important
respect that it involves the refractive index n4 — 1 which — in the current regime of mass
— does not vanish identically.

Finally, in figure 6, the dependencies of the ellipticity and rotation of the polarization
plane with respect to some unknown parameters are shown. The vertical central panel of
this figure displays how the signals might change with the mass m, of this hypothetical
charge carriers. As in the fermion model, the ellipticity resulting from the scenario without
paraphotons reveals a discontinuity at the first threshold mass [red curve], discussed in sec-
tion 2.3, which is smoothed as soon as a hidden photon field is taken into account [dotted
black curve]. As a side remark, we point out that at the first threshold, the ellipticity is con-
stant in both models. Note that the blue curves — corresponding to the pure MCPs model
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at my = 1.64 eV — do not appear in the upper panels neither in figure 4 nor in figure 6.
This is because, at the first threshold mass, the ellipticity becomes extremely tiny being
determined by the next-to-leading order term in the absorption coefficient [eqs. (2.24)—
(2.27)]. We note that, in contrast to the ellipticity, the dependence of |¥(e, m, x)| with
respect to the mass m, follows a continuous paths in both models. Regarding the left and
right vertical panels, they illustrate how both observables depend on the mixing parameter
x and the relative hidden coupling e;/e. In both panels the fluctuating patterns for the
ellipticity [egs. (3.2)] and rotation of the polarization plane [eq. (3.4)], at the respective
masses m; = 1.64 eV and me = 0.1 €V can be seen. Particularly, the outcomes associated
with the latter observable in the lower left panel manifest that the curve including a hidden-
photon field is modulated around the pure MCPs contribution [first term in the right-hand
side of [eq. (3.4)]. Both panels show a fast decrease of the observables for small values of ,
a trend which is also manifest with respect to ej/e [black dotted curve]. We remark that,
in the right panel, the outcomes resulting from the pure MCP scenario [horizontal red and
blue lines| are not sensitive to variations of the relative hidden coupling because the latter
only emerges within the framework of a hidden-photon field.

4 Conclusions and outlook

Experiments designed to detect the QED vacuum birefringence in laser pulses might provide
insights about light dark matter candidates such as MCPs and paraphotons. Throughout
this investigation, we have paid special attention to the capability which long laser pulses
[T ~ ns] of moderate intensities [{ < 1] offer for the exploration of new domains of particle
physics. Particularly, we have pointed out that their long durations compensate the small
intensities associated with them and the combination of this feature with the fact that they
are also characterized by a well-defined frequency manifests the realization of thresholds in
which the projected sensitivities can be higher than those achieved in experiments driven
by dipole magnets. We have noted that — depending on the external parameters — the
absence of spin can facilitate or counteract the photon-paraphoton oscillations, as compared
with the fermion MCPs model. This intrinsic property might manifest through the probe
photon beam and, can be exploited to discern the quantum statistics of these particle
candidates. A special emphasis has been laid on a plausible change in the ellipticity sign
that the probe photon can undergo, depending upon the MCPs nature.

Finally, we emphasize that the treatment used in this investigation is valid only for
& < 1. It would be interesting to extend the present research to the case in which & > 1.
We remark that, the estimated upper bounds [¢ ~ 1076 — 1075 for m, ~ 0.1 — 1 eV]
can lead to an intensity parameter greater than unity [{ = Z<& > 1], provided & > 1.
Corresponding laser sources exist. Indeed, intensities as large as ~ 10?2 W/cm? have
already been achieved by the HERCULES petawatt system [50] and a substantial intensity
upgrade is foreseen at ELI and XCELS [51, 52]. In connection with these high-intensity
petawatt sources, the HIBEF consortium [60] has proposed an experiment to measure
vacuum birefringence for the first time by combining a very intense optical pulse with & > 1
and a probe x-ray free electron laser [57]. Certainly, these measurements will provide a
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genuine opportunity to search for axion-like particles, MCPs and paraphotons. However, in
constrast to our treatment, a theoretical description of a polarimetric experiment assisted
by such pulses is complicated by the fact that — as a result of the focusing — their typical
spatial extensions d ~ pum are comparable with their wavelengths. As a consequence, the
monochromatic model for the external field [eq. (2.2)] is no longer valid and the pulse profile
becomes relevant for the establishment of the exclusion limits. For axion-like particles a
study of this nature has already been carried out [64], but it remains intriguing to see
how the wave profile can influence the upper bounds associated with MCPs and hidden
photon fields.
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