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We note the possibility to perform a parametrically improved search for gauged baryon (B) and baryon minus
lepton (B — L) Dark Photon Dark Matter (DPDM) using auxiliary channel data from LISA Pathfinder. In particular
we use the measurement of the differential movement between the test masses (TMs) and the space craft (SC)
which is nearly as sensitive as the tracking between the two TMs. TMs and SC are made from different materials
and therefore have different charge-to-mass ratios for both B — L and B. Thus, the surrounding DPDM field

induces a relative acceleration of nearly constant frequency. For the case of B — L, we find that LISA Pathfinder
can constrain previously unexplored parameter space, providing the world leading limits in the mass range
4107 eV <m < 3-107"7 eV. This limit can easily be recast also for dark photons that arise from gauging other

global symmetries of the SM.

1. Introduction

The existence of Dark Matter (DM) is a well-established observa-
tional fact [1]. For a long time the WIMP paradigm has dominated the
quest for DM [2] but with null observations in the increasingly sensi-
tive direct detection (DD) experiments [3-5] there is increased interest
in alternative DM candidates. One particularly well-motivated class of
such particles are ultra-light and weakly coupled bosons (see, e.g., [6-8]
for reviews). These include, among others, the axion [9-12] or gen-
eral axion-like particles (ALPs) [13] as well as new vector bosons (cf.,
e.g., [14-19]), often referred to as dark photons (DPs).!

In this work, we will focus on ultra-light DPs as a DM candidate.
Small DP masses m can be generated either by the Stiickelberg [20,21]
or by the Higgs mechanism (where the latter often causes additional
constraints). For m < 30 eV the local DM halo behaves like a classi-
cal wave as the spacing between particles becomes smaller than the de
Broglie wave length [22]. We will stay agnostic about the details of the
production mechanism. While heavier DPs can be produced from the
thermal SM bath [23], very light DPs require a non-thermal mechanism
to ensure that the DM is cold. To this end, there are many gravitational
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or extended dark sector solutions that provide the correct relic density
[24-37]. Furthermore, we will assume that the DP is gauged under a
combination of baryon number (B) and lepton number (L), with a par-
ticular focus on the difference (B — L).

Astrophysical objects like the Sun can efficiently produce light DPs
which, in turn, results in impressive limits on the existence of DPs
without requiring them to be DM [38-42]. Additionally, lab experi-
ments testing the equivalence principle are perfect candidates to look
for this kind of new physics that induces long-range forces beyond
electromagnetism and gravity [43-46]. Planetary [47] and asteroidal
[48,49] orbits are sensitive to new long-range forces as well. Finally,
the gauge anomaly associated with baryon number leads to strong con-
straints from meson decays [17] for this specific gauge group.

If the DPs are also DM, new tests become available, e.g. with ac-
celerometers as proposed in Ref. [50] and realized in [51]. A particu-
larly interesting possibility is to search for these DM candidates directly
at gravitational wave observatories. This idea was first pointed out in
Ref. [52] for ultra-light scalar DM and later briefly discussed for DPDM
in Ref. [50]. Independently, Ref. [53] focused especially on GW interfer-
ometry and performed a more detailed analysis for several instruments
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based on the small inhomogeneity of the field. We will use this work
as a guideline for our own analysis as it also investigated new vector
bosons gauged under B and B — L, and discussed both ground-based
and space-based laser interferometers. However, it makes use of the dif-
ferential acceleration between the two equal test masses and is therefore
limited by the small ratio of arm length to the scale of inhomogeneity.
Here, we point out that the setup of LISA Pathfinder (LPF) also offers
the possibility to use the differential acceleration between a test mass
and the satellite carrying the interferometer itself. As we will argue this
type of search is not limited by the arm length, significantly increas-
ing the sensitivity in the relevant mass range compared to a previous
analysis [54]. That said, we want to point out that the use of auxiliary
channels was already proposed for KAGRA in Ref. [55].

We briefly discuss the signal prediction and analysis method in sec. 2
and point out the similarities and differences to previous DPDM inter-
ferometer limits. This is followed by an introduction to LPF including
a discussion of the sensitivity in sec. 3. Finally, we estimate the sensi-
tivity of this instrument to DPDM and discuss the necessary steps for a
refined analysis in sec. 4 before we conclude in sec. 5. Throughout this
letter we work in natural units 7=c = 1.

2. Calculation of the signal

Let us begin by introducing the DP Lagrangian [56,57,18]

2
o —iFI:VF’”V - GKTMF/:VF”" + ’%A;A’” —egeAl Tt [6))
which contains the renormalisable interactions of the DP field A; in full
generality. It takes into account both the kinetic mixing egy; between
the field strength tensors F, ,5’3 of the SM photon and the dark photon,
and an explicit coupling €, to a current J; associated with a gauge
group g. Note that we have rescaled the gauge coupling g, to the elec-
tromagnetic coupling e, i.e. g, = ¢,¢. From now on, we will assume the
kinetic mixing to be negligible and focus on the explicit couplings with
g = B or g = B— L unless mentioned otherwise. In sec. 4 we will discuss
how to generalize our analysis to arbitrary gauge groups.

Under the aforementioned assumptions, any piece of baryonic mat-
ter is directly charged under both gauge groups. Thus, in a background
field of DPDM these charges behave in full analogy to electric charges
in an electric field. Assuming the DM to be cold and have mass m, the
field will be nearly monochromatic with a linewidth suppressed by the
non-relativistic velocity v ~ 1073 of the halo [58]

A(t, x) = Apye /0o | 2

where @ = m + O(v?) denotes the non-relativistic particle energy, Apy
is the 3-vector of the DPDM field, and ¢(x) =i k - X + ¢, is a weakly
position dependent phase where k ~ mv denotes the momentum of the
wave and ¢, is a constant phase.? We can obtain the temporal compo-
nent of the 4-potential from the “Lorenz condition”

0,41 =0= A%(r) = - XAV
0]

rRV-AQ) < |A®@), 3
which has to be fulfilled for a massive vector boson as dictated by the
equations of motion. Due to the weak spatial dependence of eq. (2)
we have omitted the x in the argument of all vector components. We
observe that the temporal component is generically velocity suppressed
for non-relativistic DPDM.>

Within a coherence patch the signal can be treated as being
monochromatic. The coherence length is given by the wavelength
A, = 2x/(mv) and the coherence time is ¢, ~ 27 /(mv?). It is impor-
tant to realize that neither the amplitude nor the direction of the field

2 For our purposes, weakly dependent means that |k|L < 1 where L denotes
the size of the experiment.

3 Indeed, for transversely polarized DPs, i.e. k - Apy = 0, the component van-
ishes exactly.
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changes within a coherence patch. LISA Pathfinder (LPF) covers a fre-
quency range from a few Hz down to around 10~> Hz (see sec. 3).
Especially for the lowest frequencies this implies an extremely long
coherence time due to the non-relativistic velocities. In fact, even for
the highest frequencies in LPF’s sensitivity range the coherence time is
more than a week so that even long-term searches for monochromatic
signals suffer at most weakly from the decoherence of the signal, thus
enhancing the limits significantly without employing new technology.

For the sake of clarity, we will give a minimal description of LPF
here and use it as an example for the main idea behind our analysis but
the following arguments are equally valid for two generic objects made
from different materials. In LPF, two (almost) identical test masses
(TMs) are enclosed separately in a space craft (SC) and the relative
motion between the TMs themselves and between TMs and the SC is
tracked. A more detailed description will follow in sec. 3. The domi-
nant effect of the gauged DPDM on a charged object is analogous to the
electric component of the Lorentz force (see [50] for a similar calcula-
tion as we do in the following). Therefore, we need to determine the
“electric field”

E, = —0,A(t) = iwApye” P (4)

For our purposes, we can completely ignore the phase of the field ¢(x) ~
0 and consider it spatially constant over the size of the experiment.
Therefore, the field is oscillating at a single frequency as long as we
consider only coherent time scales.

This field then exerts a force on all objects charged under the given
gauge group. Therefore, we find the following acceleration

iwt

2ppm €4 €7, ®
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() £¢737 Aom

. q
= zegeM
for an object of mass M and charge g (under g). Furthermore, we used
the well-known relation between the average energy density and am-
plitude of wave-like DM

1
PpM = §w2|ADM|2 . (6)

Finally, €, is the unit vector in direction of the DPDM field within a
coherence patch.

To estimate the signal-to-noise ratio in LPF we need the amplitude
of the relative acceleration between the SC center of mass and the TMs
for the three SC axes i = x, y, z. For a monochromatic signal, we obtain
those values by taking the real part and dropping the harmonic behavior
of eq. (5)

Ag; =¢ e (A%) V2pppcosty ;- @

We note that a one-dimensional setup or even a typical planar inter-
ferometer can in principle be totally insensitive to this effect if the
polarization is orthogonal to the plane of the experiment. LPF offers
the advantage that it features a full 3D sensitivity of the SC motion
w.r.t. the TMs.

In general, there are two different polarization models in the liter-
ature. One of them assumes that the DPs have the same polarization
everywhere in space while the other one assumes that each coherence
patch has a different polarization which is distributed uniformly on the
unit sphere. From our discussion of the coherence time we conclude
that in the ultra-low mass regime we will not be able to tell the differ-
ence as all experiments with realistic lifetimes will only observe a single
coherence patch.* In contrast, for larger masses measuring at different
times corresponds to measuring different polarization of the DPs. Com-
bining this with the fact that LPF has a non-trivial orbit and orientation
will result in a very complex scheme required to perform a rigorous

4 At the higher end of the frequency range the situation might be more
promising if we allow for an observation time of several years. This can get
even better if the sensitivity can be extended to higher frequencies.
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analysis. Nevertheless, applying this information which in principle is
known might provide additional constraining power as demonstrated
in Ref. [59]. We will treat this issue in more detail in sec. 4. To con-
clude this discussion we emphasize that the position and orientation
of the SC will not change significantly on the time scales of the used
observations [60].

Let us quickly compare our result, using the auxiliary channels be-
tween SC and TMs, to the case where A% = 0 which corresponds to
two bodies made from the same material. To the best of our knowledge,
the TMs for the main interferometers in all GW searches including LPF
fulfill this criterion. Additionally, any elemental impurities that could
break this degeneracy are kept extremely small in order to improve the
performance of the interferometer. Therefore, in this case, we have to
look for subleading effects, e.g. from the phase in eq. (4) which intro-
duces both an arm-length and a velocity suppression. This is exactly
the approach following Ref. [53]. Only later it was re-discovered that
the finite light-traveling time of the laser [61] leads to an improve-
ment if the length scale associated with the DP mass 1/m coincides
with the arm length of the interferometer L as already pointed out in
Refs. [52,50].°> This “new” analysis method and the decoherence ef-
fect from the small inhomogeneity of the field will give an observable
relative acceleration even for strictly equal charge-to-mass ratios. Nev-
ertheless, this acceleration is suppressed by max {(a)L)z, qu}. For full
scale interferometers where the arm length is on the scale of 1/m ~ 1 /e
by construction this may not be big a problem. But, for LPF with its very
limited arm length of ~ 40 cm these effects will substantially suppress
all limits derived following the standard methods in the literature as
shown in Ref. [54]. Therefore, looking for auxiliary channels between
TMs and the SC that feature Aﬁ # 0 is promising. Indeed, for a dif-
ferent gravitational wave interferometer, KAGRA, this observation was
already utilized in Ref. [55], which enhanced the limits in the low fre-
quency region significantly.

With the prediction for the acceleration amplitude, it is straightfor-
ward to estimate the signal-to-noise ration (SNR) of an interferometer

with a given relative acceleration amplitude spectral density (ASD)
1/2

S, 7(f) via
Ag;

SNR = 77 Ve » (8)

S, ()

where T,¢ depends on observation time 7, and coherence time ¢, via
Tops Tops <t

Ty = obs obs < 9)

Topste » Tops > 1,

as outlined e.g. in the appendix of Ref. [64].°
3. LISA Pathfinder sensitivity

LPF [65] was a precursor mission to the planned space-borne grav-
itational wave interferometer LISA [66]. The mission’s objective was
to demonstrate that the technology developed for LISA will be able to
perform as predicted under realistic space conditions. For this purpose,
a SC containing two TMs was sent to the first Lagrange point of the
Sun-Earth system. These TMs are 2 kg Gold-Platinum alloy cubes with
a side length of ~5 cm and they were placed in two separate elec-
trode housings with an optical bench placed in between. The main aim
was to keep the noise in the relative acceleration between the two free

5 We thank the anonymous referee for pointing out the historically correct
version of how these limits were (re-)derived. At this point, it should be empha-
sized that this analysis method was already applied directly to LIGO/VIRGO
data [62,63].

6 Conventionally, results are quoted as ASDs for the relative displacement
instead of acceleration as used by us. The translation from our ASD to this so-
called strain sensitivity is fairly simple as it just requires a rescaling factor of
~w?/L.
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falling TMs at a level that would verify the applicability of this technol-
ogy for LISA. Indeed, the test was successful and performed even better
than expected [67,68]. Such a high-precision instrument requires more
scrutiny than just a single interferometer measuring the relative TM
displacement. Therefore, LPF contained a radiation monitor [69], addi-
tional interferometers [70] and capacitive sensing [71]. Several of these
auxiliary channels are used to avoid a collision between “TM1”, the ref-
erence test mass, and the SC. The choice of a preferred TM is required as
two TMs on their respective geodesics within a single SC cannot coex-
ist without a collision. Therefore, there are measures in place to correct
the trajectory of the second TM w.r.t. the reference TM.

The TMs are aligned on what the collaboration labeled the x-axis. On
this axis, there is the so called x;, interferometer which is the central
instrument on-board as it is used to measure the relative acceleration
between the TMs. For our purposes, we want to focus on another in-
strument, the x; interferometer, which controls the SC position w.r.t.
TM1. This auxiliary interferometer will be the best channel to search
for DPDM over a large mass/frequency range.

As we have pointed out in sec. 2 we require knowledge about the
charge-to-mass ratio and therefore the elemental composition of both
the TMs and the SC. Unfortunately, the SC itself is made up of a col-
lection of different materials and components but they are on average
expected to be at much lower atomic number than Au or Pt and thus
they will have different charge-to-mass ratios. This result is intuitive for
B — L as the total charge of an atom is given by the neutron number and
the neutron-to-proton ratio tends to increase with atomic number yield-
ing different charge-to-mass ratios for light and heavy elements. This
effect is more subtle for B. The difference mainly comes from the vari-
ation in binding energies and the small mass difference between proton
and neutron. This immediately provides us with an estimate for the sup-
pression of the charge-to-mass ratio w.r.t. the B — L result: both the
binding energies and the nucleon mass difference are of order MeV com-
pared to the total nucleon masses which are at the GeV scale. Naively,
this suggests a suppression factor ~ 10~3 which turns out to be quite
accurate, as we will see in Sec. 4.

In the composition of the SC, the second most important contribu-
tion after the technology package enclosing the TMs arises from the
structure of the SC which is made mostly from carbon and aluminum
[72]. Indeed, the SC contains many different sub-components of similar
mass and some of them will also contain elements with atomic num-
ber much larger than C or Al. A detailed analysis of the SC composition
is beyond the scope of this letter and thus we will simply use a lower
bound on the charge-to-mass ratio of the SC. To arrive at this conser-
vative estimate, we will assume that all components are made from the
same material as the TMs except for the SC structure which we assume
to be entirely made from carbon. Using this approximation and table 1
from Ref. [72], we conclude that the 450 kg SC has an 83 kg C compo-
nent and the remaining material will have a charge-to-mass ratio equal
to that of gold.

For a better understanding of the geometry we show an exploded
view of LPF in Fig. 1. An important factor in the sensitivity analysis
of the SC motion against the TMs is that not just the x-axis but also
the y- and z-axis are tracked where the z-axis points from the TMs to
the solar array. These axes are measured via capacitive sensing which
in general is less precise than the interferometers for most frequencies.
Nevertheless, we have the advantage of being able to analyze the rel-
ative acceleration ASDs for all SC axes [73] and we show these results
in Fig. 2. They represent the simulated, data-backed sensitivities to the
relative acceleration of the SC w.r.t. the TM(s) which is exactly what
we are interested in for eq. (8).” These results were obtained from a 6.5
day noise-only run in April 2016 [67]. The curves explicitly account for

7 In fact, the y- and z-direction is tracked w.r.t. the average of both TM
coordinates while for the x-axis only the relative motion w.r.t. TM1 is measured
via the additional interferometer.
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Solar array

Test mass
Optical bench
Electrode housing

LISA Technology Package
core assembly

Central cylinder

Science module

Propulsion module

Fig. 1. Exploded view of LPF showing the science module containing the test
masses in its center as well as the propulsion module. Image by ESA/ATG me-
dialab (with permission).
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Fig. 2. Sensitivity of the LPF SC acceleration w.r.t. the TM(s). Red shows the in-
terferometer sensitivity while green and orange are found from the capacitive
sensors in the housing averaged over both TMs; data from [73]. The dashed
black line shows the maximum sensitivity of the LPF TM-TM measurement
based on the same data set; taken from [67].

all known noise on SC and TMs and therefore they present the best es-
timate for the stability of the SC w.r.t. the TM(s). To derive limits, we
will set cuts at 1 Hz and 10~* Hz as a careful evaluation of the highest
and lowest frequencies is beyond the scope of this work. Nevertheless,
a detailed analysis of the data will most likely lead to interesting con-
straints in these extremal regimes.

Before we calculate the limits from these ASDs, let us briefly dis-
cuss their behavior. For higher frequencies down to ~ 10~ Hz, the
sensitivity is limited mostly by the so-called out-of-loop noise which
describes several external influences on the SC. The bump at the low

Physics Letters B 848 (2024) 138328

Table 1

Charge-to-mass ratios for Au, C, and the difference
between these two elements rescaled to our estimate
for the SC composition.

Material Au C SC-TM

(i ) inGev!  0.64 0.54 0018
MJp-L

(i) in Gev~! 10736 1.0737  1.8-107°
M /g

frequency part of the spectrum is due to the star-tracker noise which
comes from imperfections in the determination of the position of the
SC. Ref. [73] argues that this low-frequency noise will most likely be
mitigated in the LISA mission pointing out an interesting avenue for fu-
ture investigations of gauged DPDM. We will discuss this in more detail
in sec. 4. In the extreme low frequency region we observe additional
loss in sensitivity from the capacitive actuation noise experienced by
the TMs. In this regime, the simulation also predicts a significantly bet-
ter sensitivity than the data as shown in Ref. [73] further justifying the
cuts introduced above. At peak sensitivity, the x-axis almost reaches the
TM1-TM2 result, cf. the dashed black line in Fig. 2 taken from Ref. [67]
which is based on the same data sample.® At this point of best sensitiv-
ity the other axes perform comparably worse as the capacitive sensing
cannot compete with the interferometer on the x-axis.

4. Results

Now let us piece together our detailed knowledge of the LPF sensi-
tivity with our signal prediction. Table 1 shows the elemental charge-
to-mass ratios for carbon and gold [74]. We ignore the Pt contribution
to the TMs as its charge-to-mass ratio is close to the one of Au. We can
derive the simple relation for the SC-TM difference of charge-to-mass
ratio under the conservative assumptions about the SC composition of
sec. 3:

(37 e~ (31) a0
M /™ M J Au
(%)sczfc<%>c+(l_fc)<%);\u an
2G| =G~ Gl = 72| (7).~ ()
™ M /sc M J Au M/c
with fc ~ 83 kg/450 kg ~ 0.18. The last column of Table 1 shows the
corresponding absolute value of this difference.’ Finally, we observe
that our initial estimate of the suppression in the B charge-to-mass ratio
is in good agreement with the actual calculation.

Demanding that the SNR in eq. (8) is at most unity we get a good
estimate for the LPF sensitivity on the coupling strength of the DP to
the chosen gauge group. For the DM density, we assume ppy; ~ 0.4
GeV/em? [75].

As noted earlier, there is a rigorous way to combine the different
axes but it requires taking into account a proper convolution of SC po-
sition and orientation with all possible DP polarizations. Whereas this
procedure necessitates knowledge of the exact orbit of LPF it will pro-
vide even stronger limits if one follows the detailed guide provided in
Ref. [59]. LPF offers the advantageous feature that it is sensitive in
all three spatial dimensions which means that our results cannot suffer
from a “blindness” due to an unfortunate orientation of the polariza-
tion. We can always set a conservative estimate from taking the least
sensitive axis for every frequency according to Fig. 2.

In Fig. 3, we show our main result for B — L as solid lines for the
individual axes following the color-coding of Fig. 2. Here we assume

, (12)

8 Unfortunately, the full frequency range is not shown in that work.

9 It is an unfortunate coincidence that the baryon charge-to-mass ratio is so
similar for Au and C. Taking into account the true composition of the SC will
alleviate this suppression.
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for each axis separately that the polarization is exactly aligned with the
given axis, i.e. setting cosf,; = 1 in eq. (7). We see that we get rather
similar constraints from all axes except for the better peak sensitivity of
the x-axis. Following the above argument by taking the upper envelope,
i.e. to just consider the weakest limit for every mass, we can obtain a
conservative combination of the limits.

Keeping this in mind, we will nevertheless opt for a more optimistic
way to simplify the visualization of additional forecasts and later the
results for B. Following Ref. [53] we perform an average over all pos-
sible velocities and polarizations. While this is technically not the most
conservative assumption for these long coherence times, we adopt this
approach to facilitate comparison with previous LPF limits [54] and
LISA projections [53,61] (see also appendix A of Ref. [76] or Ref. [77]).
As our limits are independent of the velocity of the DPs, the resulting
“geometry factor” is 1/ \/5 as compared to the usual result of 1/3. Then,
instead of taking the upper envelope we will use the lower envelope, i.e.
the strongest limit for every mass, multiplied by this suppression factor.
We will refer to this as the envelope simplification.'°

Using this approach we also include an estimate of the improved
reach of LPF as a dashed blue line taking into account the whole data
set and using the improved understanding of the detector noise and
reduction of Brownian noise in the later stages of the mission [68].11 We
demonstrate the impact of the observation time by also including the
blue dotted line which assumes the same sensitivity as the solid lines but
we set the observation time to the coherence time for each frequency.
This explains why the high frequency sensitivity is similar to the “fixed
observation time” scenario: for the highest frequencies available, i.e.
around 1 Hz, the coherence time is about 10° s which is roughly on the
time scale of a week, coinciding with the real observation time used to
model the sensitivity curve. On the low frequency end of the spectrum,
the coherence times approach millennia scales making the dashed line
much stronger than the other limits.

To demonstrate the power of our approach we compare it to three
major results from the literature. We see that our analysis is able to
cover new parameter space beyond the otherwise dominant limits set
by the fifth-force search interpretation of the MICROSCOPE experiment
[46]. Furthermore, it is immediately clear that our analysis can easily
outperform previous LPF limits [54] just because there is no need to
rely on the decoherence of the field which is the dominant effect if
one only considers the two test masses. In fact, the improvement of our
limits over the naive results that can be obtained from the decoherence
method evaluated around our peak sensitivity at ~ 5 - 10~!'8 eV is given
by

AL
~ =" (moL)y™' ~3-102, (13)
€B—L.dec M

eB—L,sat

ignoring the small difference in sensitivity between the x|, and the
x, sensitivity at this mass. The first factor takes into account that our
method suffers from a mild charge-to-mass ratio suppression w.r.t. the
decoherence method whereas the second factor comes from smallness
of the decoherence on a length scale of 40 cm. We note that the limits
found in Ref. [54] are better than naively expected from our analysis
method, presumably because of their more sophisticated statistical anal-
ysis. This observation makes us confident in the potential reach of our
approach for future analyses using all the available data. The third lit-
erature result is a LISA forecast using the conventional analysis method
[61].

Before turning to the LISA projections let us discuss the results for
B shown in Fig. 4. We lose around 3 orders of magnitude in sen-

10 Most of the limits we show with this method are more optimistic projections
anyways. Only for the solid blue line of the B limits in Fig. 4 and the blue region
in Fig. 5 we should keep the shape of all three axes in mind.

11 For this we set the observation time to 1 month and assume an improvement
in noise-reduction by a factor 3.
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Fig. 3. Limits on the rescaled coupling to B — L, €z_;, of DPDM. In grey we
show the DM-independent limits from searches for violation of the Equivalence
Principle [46] and the dark red filled region shows the LPF limits derived from
decoherence in Ref. [54]. The dark red dotted line shows the forecast from LISA
[61]. In red, green and orange we show the main result of this paper. Forecasts
for similar analyses are shown in blue using the envelope simplification ex-
plained in the text.
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Fig. 4. Limits on the rescaled coupling to B, e, of DPDM. While most of the
limits in Fig. 3 are quite similar for baryon number, there are additional limits
from the anomalous nature of this gauge group [17] shown as a solid black line.

sitivity which can be explained by the stronger charge-to-mass ratio
suppression in eq. (13) for B. This becomes immediately clear in the
comparison of our results to the decoherence limits from LPF which do
not suffer from this issue as they scale with the total charge-to-mass
ratio. Nevertheless, the decrease in sensitivity of the Equivalence Prin-
ciple limits due to the same effect still allows to probe a small region of
new parameter space and makes an extended study of LPF (and LISA)
auxiliary channels very attractive as it will cover a significant amount
of new parameter space. Additionally, we added limits from the baryon
number anomaly [17] which are non-existent for B — L.

The limits shown as solid lines are rather robust and include conser-
vative estimates on several different levels. Now we will take a more
optimistic point of view and focus especially on the future LISA mis-
sion. As noted earlier in egs. (8) & (9), longer observation times up to
one coherence time are extremely efficient to enhance the limits. With
the peak sensitivity of LPF lying at around 103 Hz it would be ideal to
have data for around 30 years which of course is far beyond the actual
lifetime of the mission. Nevertheless, the LISA mission may take data
for up to 10 years [66] which means that it naively maximizes the ef-
ficiency for frequencies around ~ 3 - 10~ Hz. Together with a general
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Recipe to rescale the limits for more gauge groups. We give the type of coupling and the

corresponding rescaling factor.

Relative Acceleration

Decoherence/Light-traveling time (Au)

Limits Type of coupling

L-L, B-L 1
L,-L, B-L 1
B-3L, B-L 3
B-3L, B 1
B-3L, B 1

79/(197 = 79) = 0.67
79/(197 - 79) = 0.67
(3-79-197)/(197 - 79) = 0.34
1

1

decrease in the noise this will allow for probing the ultra-low frequency
parameter space complementary to the previous LISA forecasts.'?
Previous projections using the planned arm length of around 2.5-10°
km significantly cut into unexplored parameter space as shown in
Figs. 3 & 4. These limits are based on looking for TM-TM displacements
using the light-traveling time method and they are strongest around
masses of 10716 eV. However, decreasing the mass by just one order
of magnitude already introduces a decline of the limits by a factor of
at least 100. In contrast to that, our method is well-suited for the low-
est frequencies available because eq. (8) does not depend on the arm
length at all. Thus, there is no suppression of the constraints for low
frequencies, i.e. large coherence lengths, except for the intrinsic sensi-
tivity loss of the instrument. Indeed, the enhanced reach of our limits
at small masses agrees very well with the findings of Ref. [55] using
the KAGRA auxiliary channels. Even though these auxiliary channels
are at best as sensitive as the main interferometer they clearly outper-
form the conventional limits in the low mass region. In conclusion, the
LISA mission will provide us with a very powerful tool to constrain the
interactions of DPDM when combining the main channel analysis with
the auxiliary channel analysis. These limits, spanning several orders of
magnitude in mass, will reach deeply into unprobed parameter space.
As mentioned in sec. 2 our approach is not limited to B— L and B. In
fact, there is a plethora of additional gauge groups g that will have very
similar limits. These limits just require a proper rescaling procedure
depending on the type of coupling. As noted earlier, there are essen-
tially two types of couplings in our problem when it comes to analyzing
observations involving different elements. The first one (“B — L-like”)
is essentially sensitive to different neutron-to-proton ratios of the dif-
ferent elements while the second one (“B-like”) relies on the smaller
differences in binding energies for different nuclei. Limits that instead
depend on the total charge-to-mass ratio do not suffer from this “bind-
ing energy suppression” as can be seen from the small changes between
the LISA projections and the previous LPF limits in Fig. 3 to Fig. 4. For
arbitrary gauge groups with a given combination of baryon and lepton
number a B — fL we find that the charge-to-mass ratio can change from
element to element.'® Therefore, ignoring different isotopes and chang-
ing to nuclear physics notation we find for an element with atomic
number Z = L and mass number A = B
(L) LHAPZ_ L 24 (14)
M /aB-pL

Amp m, m,

where m, denotes the proton mass.
If instead we are interested in the difference between two elements

we find
al (ﬁ)s ’

p=0
A(%)aE—ﬁL: ﬂA(%) B

, (15)
, else

using our results for the total charge-to-mass ratios from before. This
makes the distinction between “B — L-like” and “B-like” immediately

12 Optimistically, we will assume a factor 10 improvement from the LPF sen-
sitivity in 2016 and mitigation of the star tracker noise for our projections.
13 For simplicity, we take L = L, here as L . and L, will give no contribution.

clear. Only a gauge group without coupling to electron number will
suffer from the binding energy suppression. The interesting observation
is that the calculation for g # 0 is already enough to rescale our limits to
all possible gauge groups fulfilling this criterion. We present a selection
of groups in Table 2. The second column shows the rescaling for the
relative charge-to-mass ratio and the third column shows the rescaling
for the total charge-to-mass ratio. We note that the decoherence/light-
traveling limit rescalings are technically only valid for Au and the f =0
are only valid for Au-C systems. Nevertheless, the rescalings for these
cases will still give solid approximations for the true rescaling factor to
arbitrary elements.

In sec. 2 we neglected any contribution from kinetic mixing. Let us
briefly discuss the main reasons why this is well justified. First of all,
in-medium effects lead to an effective suppression of the kinetic mixing
if the plasma mass @ p = \/4man/m, is larger than the DP mass [38], i.e.
€M eff X m?/ wi. m, denotes the electron mass and n ~ 5¢~ /cm? denotes
the electron density in the interplanetary medium close to Earth [78]
implying a plasma mass of ~ 10710 eV which is much larger than our
mass range of interest. Secondly, both the TMs and the SC are essentially
electrically neutral [79]. Finally, the SC acts like a Faraday cage for the
TMs [80]. Of course, the plasma will also interact with gauged DPs
[81] but if we consider the plasma mass of the DPs due to their direct
coupling to SM particles w w, we see that the effects are very
small.

Finally, let us put the constraints derived in this letter into larger
context for gauged B — L using the excellent collection of limits from
Ref. [82] shown in Fig. 5. Note that the y-axis shows the gauge cou-
pling gp_; = ep_re. In addition to the limits shown above, one can
also consider equivalence principle violation searches as direct detec-
tion experiments in a similar mass range [51]. These limits are quite
similar to our work as they also search for a monochromatic DPDM sig-
nal on a “B — L-dipole” test mass. Several additional projections are
shown in this plot coming from asteroids [76], atomic interferometry
[83], space-based quantum sensors [84], and future torsion balance ex-
periments [50]. We see that neither LPF nor LISA is expected to have
the best sensitivity in the long run but as LPF already has available data,
this makes it the leading limit over almost two orders of magnitude in
mass and at peak sensitivity it outperforms the current limits by more
than two orders of magnitude in the gauge coupling. Furthermore, we
have outlined why and how a detailed analysis of the LPF data can push
the sensitivity providing excellent motivation for further work.

~ €

P8 g

5. Conclusion

In this work we demonstrated how to improve existing DP limits
based on the LPF data. The novel idea is that there is the option to use
auxiliary measurements for the acceleration between the SC and the
TMs to constrain the coupling strength of gauged B — L and B DPDM
in analogy to the use of auxiliary arms in KAGRA [61]. The main ad-
vantage is the different atomic compositions of the test masses and the
space craft leading to a relative acceleration. Relying only on the mea-
surement between the two TMs will lead to extremely suppressed limits
as the TMs react identically to the DPDM field. The existing literature
focused on decoherence and light-traveling time effects which weakly
break this degeneracy at the cost of a massive suppression for low fre-
quencies where the arm length is much smaller than the wavelength.
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Fig. 5. Limits on the gauge coupling of B — L DPDM. These now include additional projections and limits as presented in [82].

While our new limits are also moderately suppressed by the similar
charge-to-mass ratios they are free from any arm length suppression
and can therefore rely on the auxiliary channels working at almost full
sensitivity. For LPF the auxiliary channels at their peak frequency are
not significantly more noisy than the main (x,) channel which is an
important advantage for our work. Furthermore, we can cover all three
spatial dimension with the auxiliary channels which will prevent a po-
tential blindness towards specific DP polarizations.

We showed that even conservative estimates of the LPF results are
already able to probe much new parameter space in the B — L case and
at least a small region for B considering masses around 5 - 10718 eV.
Our approach offers an enhancement of up to about 12 orders of mag-
nitude over the most naive analysis of B — L. It is therefore likely that
a detailed analysis of the whole data set of LPF will set even better and
thus world-leading limits over a considerable mass range. Additionally,
this work motivates a rigorous analysis of the reach of LISA using aux-
iliary channels as our approach might be highly complementary to the
previous forecasts.
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