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If the dark sector exists and communicates with Standard Model through the U(1) mixing, it is possible
that electromagnetism would have influence on matter fields in dark sector, so-called millicharged
particles (mCPs). Furthermore, the lightest mCPs could be dark matter particles. Recently, it has been
shown that the mCPs would be slowed down and captured by the earth. As a result, the number density
of accumulated mCPs underground is enhanced by several orders of magnitude as compared to that

of dark matter in our solar system. In this study, we propose to use the Mach-Zehnder (MZ) laser
interferometer to detect earth bound mCPs through the detection of phase shifts of photons. We show
that, for mass of mCPs larger than 1 GeV, the sensitivity of probing the mixing parameter € could reach
as low as 10! if number density is larger than 1 cm—3.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

One of the undisputed departures from the standard model
(SM) of particle physics is the existence of enigmatic matter alias
dark matter (DM). Based on several observations, ranging from
galactic rotation curve to gravitational lensing, one infers that it
gravitationally interacts with ordinary matter. Thus, it is widely
believed that DM should be electromagnetically neutral or charge-
less. On the theoretical side, however, the unobserved magnetic
monopole allows the violation of charge quantization pointing to-
ward new particles with non-quantized charges. Moreover, there
exist several studies which assert that these millicharged parti-
cles (mCPs) are viable DM candidates that account for some or
all of the observed DM abundance despite of their minuscule
charge [1-5].

There have been a number of attempts to explore the exis-
tence of mCPs. In laboratory frontier, the SLAC millicharge ex-
periment [6], neutrino experiment [7], BEBC beam-dump experi-
ment [8], milliQan pathfinder experiment at the LHC [9] as well as
the ArgoNeuT experiment [10] have placed stringent constraints
on mCPs mass in MeV to TeV regime. On the other hand, the
null results from anomalous emission in stellar environments put
strong limits on mCPs mass in less than MeV range [11,12]. In ad-
dition, there are several novel strategies to probe mCPs [13-19].
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Furthermore, mCPs also escape the conventional direct detection
experiments such as XENON1T [20].

Due to its electromagnetic (EM) interaction with ordinary mat-
ter, the mCPs could have a large transfer cross section leading to
the loss of its virial kinetic energy, and further, be thermalized
with the environment. As a result, when mCPs arrive at the de-
tector of direct search experiment, they deposit insufficient energy
to the detector. Since these mCPs have lost their energy, they will
be trapped thanks to the earth’s gravity. This mechanism leads to
the terrestrial mCPs accumulation taking place during the earth’s
existence. Furthermore, for mCPs with masses larger than 1 GeV,
they are sunk to the earth’s core leading to significant mCPs num-
ber density underground [21,22].

Since mCPs interact with the photon, laser interferometer ex-
periments offer a suitable venue for terrestrial mCPs search. When
mCPs interact with the laser in one arm of the interferometer, it
would induce a phase shift on the laser to be detected at the out-
put port. However, the existing DM search proposals utilizing the
laser interferometer employed at Gravitational Wave (GW) exper-
iments [23-40] are not suitable for mCPs search. In the typical
interferometer at GW experiment, both of the interferometer arms
are located at the same depth underground. Consequently, there is
the same amount of mCPs in both arms leading to zero phase shift
in the photon path. We propose a phase measurement scheme
based on the optical laser experiment using Mach-Zehnder (MZ)
interferometer to explore these mCPs. One arm of the MZ interfer-
ometer is located underground while keeping another arm on the
earth surface. We demonstrate that our proposal is more sensitive
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than the current constraints on heavy mCPs mass regime given by
collider experiments and the recent ion trap proposal [41].

The paper is organized as follows: In section 2, we give a brief
discussion of terrestrial mCPs accumulation. We proceed to exam-
ine how mCPs interact with photons in Section 3. We introduce a
phase measurement based on MZ interferometer in Section 4 and
further present the projected sensitivities of our proposal in sec-
tion 5. Our summary is presented in Section 6.

2. A brief review of Earth bound millicharged dark matter

The introduction of mCPs can be naturally realized in vari-
ous ways. One possibility is through the mixing between a U (1)’
Abelian gauge field in dark sector and the SM hypercharge field. As
the matter fields in dark sector are charged under the U (1) [42],
these particles would have interactions with the photons with a
coupling strength proportional to the mixing parameter and their
charges under U(1)’. Phenomenologically, one can parametrize the
electromagnetic coupling of mCPs to be €e, where e is the electric
charge of electron. As a charged particle passes through the earth,
it will be slowed down due to the scattering with ordinary mat-
ters through its EM interaction, and even be stopped inside the
earth. Recently, Ref. [22] shows that if it constitutes a partial or
the total amount of dark matter, then the number density of mCPs
could be several orders of magnitude higher than that of the dark
matter around our solar system. We summarize the relevant con-
clusions to our study in this section, and refer readers to [22] for
more details and other cases.

For the mass of mCPs we are interested in, namely mq 2> 1 GeV,
the average number density of mCPs on the earth is given as

N Cop f te GeV) /3 x 101
< > >~ _ _ e
¢ Q @\ 1019 year ) \ mq cm3

(2.1)

where fq is the fraction of mCPs in total local DM density and
te is the age of earth, since the evaporation can be neglected. For
number density underground, one needs to estimate the transfer
cross section o7 between mCPs and terrestrial medium. Moreover,
due to the gravitational pull, mCPs would reach the terminal ve-
locity which has been estimated as

3mogT
Vierm = — ¢ 3 for mq > Mygck (2.2)
mrocknrOCk <or Vth >
m v
_ M8 <—th> for mq < Myock, (2.3)
3npockT \ OT

where mpo and npee are the mass and number density of ter-
restrial medium atom, respectively, and vy, is the thermal velocity
of mCPs after their thermalization in the atmosphere. Since the
terminal velocity is slower than v that is the average velocity
of galactic mCPs, a so-called traffic jam effect causes an enhanced
number density ny given by

Vvir

Ny = Nyir (2.4)
Vterm
where nyj; is the number density of galactic mCPs. Finally, the

number density of mCPs underground can be estimated as

Mioc = Max (Mjeans, Min(ng, (nq))) . (2.5)

where njeans refers to the number density governed by the Jean’s
equation for a static, steady-state distribution of mCPs [21].

Following [41], we assume that all mCPs considered here are
free of binding and spreading everywhere. We focus on the case
of heavy mCPs (mq 2> 1 GeV) and take benchmark values for accu-
mulated number density nj,c = 1 cm™3, 10®> cm~3, and 10% cm—3
in our numerical study.
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3. mCPs and photon interaction

To probe the millicharged dark matter in a laser experiment,
we start with the Hamiltonian describing the interaction between
non-relativistic charged particles and the photon

H=Hp+Hr+Hj. (3.1)

Here Hp, Hg, and H; denote the free charged particles, the free
radiation field, and the interaction between charged particles and
the radiation, respectively. They are given by [43]

52

ps
Hp = + Vcoulomb (3.2)
; st Coulom

AT n 1

Hg = Zflwi <(1—l!-(1i + 5) (33)
1

Hy=Hp+Hp (3.4)

Qs = = -
Hp==Y —*ps-AG) (3.5)

s Ms
G [T
_ s 2

Ho =35 [A6)] (36)

where ps, ms, and g, stand for the momentum, the mass, and
the electric charge of the s-th charged particle, respectively. The
operator a; (&}L) describes the annihilation (creation) operator of
the photon field for the i-th mode that satisfies the commutation
relation [ﬁi,&;] = §jj. We use the following photon field expres-
sion [43]

L il V2e oo L s
A0=3[sqmp) [Eet +dact]. 62

i

We quantize the photon_field ;\(?) in a box of volume L3 with a
normalization condition k- L = 27. Note that the wave number and
the angular frequency of the photon are related via w = |k| c.

When the photon passes through the millicharged particles, it
experiences the phase shift §. This depends on how strong the
probe photon interacts with the millicharged particles. In other
words, the relevant part of the Hamiltonian responsible for the
phase shift is Hy = Hj; + Hyy. The first term Hj; is suppressed
by the millicharge velocity. Moreover, it is proportional to (@ + a')
which induces the energy transition in a bound system. However,
for a free particle system, there is no such transition otherwise the
energy conservation would be violated. Thus, we can neglect this
term for free mCPs system under consideration.

The second term Hj, is proportional to (ad + aa' + a'a + ata™
which induces two photons transition. Both of the first and the last
term violate photon number and energy conservation for free par-
ticle system. Therefore, only the second and the third term remain
and we have

Hy = f; :E:qg L PY A
PTTNT Laom | 260l 2
2,2 2
€“e hw 1
_ ATA
— | |(a'a+ =) No, 3.8
[16n3eoc3:|< +2> Q (38)

where we have assumed all mCPs have the same charge g; =€e
and the same mass ms = mq such that the sum over mCPs is
proportional to the total number of mCPs Nqo. We only consider
a single photon mode which is well approximated by laser rel-
evant for our proposal. We would like to detect the phase shift

~ mq
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Fig. 1. The phase shift § on the optical field a changes the photon state from |¥) to
|¥’) due to photon-mCPs interaction.
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Fig. 2. Mach-Zehnder interferometer with a phase shift § in one of its arm. [45].

induced by the mCPs-photon interaction using the phase measure-
ment scheme illustrated in Fig. 1. The change of the photon state
from |W¥) to |¥') occurs via the unitary operator Us [44,45]

W) = O |W) = e7 Hint/M @) — =175 g (3.9)

where fi = dd is the photon number operator which has the aver-
age value n = (a%a) > 1.

However, due to the quantum nature of the light, there is a
limitation that prevents us to probe the phase shift as accurate
as possible. To demonstrate this, consider a simple interferometer
shown in Fig. 2. The interferometer is adjusted in such a way that
if there is no phase shift the output intensity would be zero [45]

lout = Iin (1 — cosé8)/2. (3.10)

For a well defined input intensity [j,, the change in the output
intensity Alyy: comes solely from the phase change AS
I.
Algyt = é“ A8sins. (311)
The sensitivity to detect this change is maximized when § = 7 /2.
Since the intensity can be written in term of the photon number,
one has
Nin

AN = — AS§,

out = (3.12)

where Nj, is the total photon number in the input and ANyt
stands for the change in output photon number. In quantum me-
chanics, the lowest possible ANgy: is one. Thus, the minimum
detectable phase is given by the Heisenberg limit [46,47]

As> - (313)
N

where N = Nj,/2 is the total number of photon in one of the in-

terferometer arms that encounters the phase shift. Typically, the

number of photon in laser interferometer is of the order of 10%°

or larger allowing us to detect a very tiny phase shift in the labo-

ratory experiment.

4. Phase measurement scheme

In practice, there are several interferometers that achieve the
Heisenberg limit [48-50]. One of them is the Mach-Zehnder inter-
ferometer shown in Fig. 3. We propose to use this interferometer
to measure the change of the photon phase due to its interaction
with mCPs.

The Mach-Zehnder (MZ) interferometer under consideration has
two input ports. One of the ports is injected by a squeezed vacuum
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state |—r) while another port is fed by using a squeezed coherent
state |—r, —ia) [48], see Fig. 3. Here, the squeezed vacuum state is
defined by

Iy =" @ =7210) = §(1)|0), (41)

where $(r) is the squeezing operator with a real positive value of
squeezing parameter r [45]. In the photon number basis |n), the
coherent state |«) can be written as

—olal?2 S = D(a)|0 42
lo) =e Z%JEM) (@)]0), (4.2)

where D(@) = e -a"d s the displacement operator. Both of the
squeezing operator as well as the displacement operator have the
following effects when acting on the annihilation operator a and
the creation operator a'

§T(r)aS(r) =acoshr +d' sinhr, (4.3)
$T(rya" $(r) = a' coshr +asinhr, (4.4)
Diyab)=a+a, (4.5)
DY) d" D) =d" + a*. (4.6)

Using these operators, one can construct the squeezed coherent
state |r, )

Ir,a) = S@r) D) |0). (4.7)

In MZ interferometer, two input fields enter the first 50:50 beam
splitter which divides the photon path associated with two field
operators A and B. Next, the operator A transforms into A’ due
to its interaction with mCPs while another operator B becomes
B’ because of the interferometer adjustment. The later is set such
that in the absence of mCPs-photon interaction, the dark fringe
output located at a,,r would read the squeezed coherent state in-
put |—r, —ia). The input annihilation operator d;, acts on the state
|—r) while Bin operates on |—r, —ic). Furthermore, the operators
A, B, A, B', Gour, and boyr appearing in Fig. 3 are

A _ (ain + Bin) . B _ (_ain + Bin) . (4.8)
NG 72

A'=Ae®, B =Be, (4.9)
. (A/ _ B/) R (A/ + é/)
Qdout = 7\/5 , boue = 7\/5 . (4.10)
We set 6 =t such that the dark fringe output becomes
A . PO B 1)
Goye = ie/2 (am sin - — ibin cos 5) : (4.11)

We measure the quadrature amplitude Xg = oy +ﬁzut at the out-
put by homodyne detection (HD) and have

X, = —sin g Ya, (—8/2) + cos g Xp,, (—8/2) . (412)
Here, we have defined f/am(—S/Z) and f(bin(—S/Z) as

Y, (8/2) = =i (a2 =l e772) (413)
Ko (=8/2) = (Bin 2 + B, 192} . (414)

To determine the signal to noise ratio (SNR) of our phase measure-
ment, one needs the expectation value of the quadrature amplitude
Xq as well as its fluctuation A%X,
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Fig. 3. Mach-Zehnder interferometer used in [48] with squeezed coherent state and squeezed vacuum in its input. The phase shift § induced by mCPs-photon interaction is

measured at the output port by homodyne detection (HD) via local oscillator (LO).

Xg)=0a (4 v)sing (4.15)
(%)

(A28%e) = (-2, (4.16)
with @ = coshr and v = sinhr. The signal to noise ratio (SNR) for
the observable X, reads [45]

~ \2
(Xa> 2 2 in2
SNR= ) @ (A v)sinTd (417)
(Azxa>

(n—v)?

The phase sensing photon number is defined as Nps = <ATA> =

v2 + a?(u + v)?/2. We keep Nps constant and take v > 1 such
that u —v =1/(u +v) = 1/2v. Thus, the SNR becomes
SNR =8 (Nps — v*) v?sin®§ <2 N3 sin® s, (418)
reaching the maximum value when v? = Nps/2. In the limit § < 1
and SNR ~ 1, the minimum detectable phase shift is dpin ~ 1/Nps
or the Heisenberg limit. From here on, we take the maximum SNR
value in Eq. (4.18).

5. Results and discussion

To claim a discovery, the required SNR value must be larger
than one. We take three benchmark values of millicharged mCPs
density ng: 1ecm~3, 103cm—3, and 106 cm™3 to compare with the
projected sensitivities set by ion trap proposal [41]. Looking at
Eq (3.8) and (3.9), the phase shift is given by

2,2 2
€‘e w
1= e | Mat.

—_— 5.1
mq 1673 ¢€pc3 (5D

Since the probed photon only interacts with mCPs along its
path ¢, the total mCPs number Nq can be obtained by integrat-
ing the number of mCPs per unit length with respect to the total
length traversed by the photon

L
No :/dz fig . (5.2)
0

where L is the interferometer arm length and fig = ngl/ > denotes

the number of mCPs per unit length in cm~!. In this case, the
number of mCPs per unit length for three different mCPs densities
considered here are 1cm~!, 10cm~!, and 100cm™!, respectively.
The time parameter t in Eq. (5.1) describes the mCPs-photon inter-
action time which is simply L/c.

The sensitivity of MZ interferometer is shown in Fig. 4. For
ng=1 cm~3 (the upper left panel), the excluded region from col-
lider search is also given by the gray area in the upper-left corner.

Moreover, the parameter regime of projected sensitivity from ion
trap proposal is shown by the light blue region. The light red
region corresponds to the SNR > 1 of our phase measurement
scheme. We see that our proposal is several orders of magnitude
more sensitive compared to the existing limits. For higher mCPs
number density, ion trap results cover several regions of parame-
ter space in case of ng = 103 cm—3 depending on the ion employed
in the trap (see the upper-right panel of Fig. 4). As the number of
mCPs density gets higher, the ion trap proposal covers large area
in the parameter space of coupling € and mCPs mass mq. Still,
for these two cases, our proposal is taking a lead on sensitivity
as can be seen from the light red area for mCPs density equals
to 103 cm—3 and 108cm—3 (the upper-right and lower panel), re-
spectively. This shows that the MZ interferometer can be utilized
as mCPs detector in higher mCPs mass, especially the earth bound
mCPs.

6. Summary

The existence of mCPs can be naturally realized if the dark
sector communicates with the SM via a U(1) mixing. It is pos-
sible that the mCPs constitute a part of the dark matter and are
stopped and accumulated inside the earth. As a result, the number
density of mCPs inside the earth can be several orders of magni-
tude higher than that of the local DM. In this paper, we propose
that the mCPs bound in earth can be probed by using the Mach-
Zehnder interferometer (MZ interferometer) though a phase shift
of laser beam when photons interact with mCPs, and we focus on
the case of heavy mCPs of mass mqg > 1 GeV. Notice that, for the
mass of mCPs to be larger than 1 GeV, the number density un-
derground will be much higher than that on the surface of the
earth due to gravitational pull and traffic jam effects [22]. Hence,
one arm of the MZ interferometer should be implemented under-
ground (e.g. the lower horizontal beam with A’ in Fig. 3) while
the other arm on the earth surface (e.g. the upper horizontal beam
with B’ in Fig. 3). The difference of the number densities of mCPs
in the locations of two arms of MZ interferometer could be signif-
icant.

Given the number density of mCPs underground, we estimate
the signal to noise ratio for the phase shift, and found that the
U(1) mixing parameter € can be probed as low as the order of
101" (10~13) if the number density underground is about 1 cm—3
(108 cm—3) for mass of mCPs around 1 GeV. As compared with
the current bound by LHC, where € is of order 10~3 ~ 102, the
sensitivity of our proposal is about 10'° higher for the mass of
mCPs mqg up to 100 GeV. One should also notice that for mq > 1
GeV, astrophysical observations and beam-dump experiments have
no sensitivity. Even compared with the novel detection approach
using ion trap recently proposed by [41], MZ interferometer can
cover larger parameter space.
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Fig. 4. The projected sensitivity of MZ interferometer with arm length L = 1 km and 1.17 eV laser for different mCPs densities ng: 1cm—3 (top-left), 10> cm™3 (top-right),
and 106 cm™3 (bottom). We take the phase sensing photon number Nps = 1023 [51-54].
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