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Zhaoshan long-baseline atom interferometer gravitation antenna (ZAIGA) is a proposed
underground long-baseline atom interferometer (AI) facility, aiming for experimental
research on gravitation and related problems. In this paper, we study the possibility of
detecting the ultralight scalar dark matter (DM) with ZAIGA. According to a popular
scalar DM model, the DM field contains a background oscillation term and a local
exponential fluctuation term. In order to calculate the proposed constraints on DM
coupling parameters, we need to first compute the DM signals in ZAIGA. For the case of
two Als vertically separated by 300 m, the DM-induced differential phase consists of three
contributions, coming from the DM-induced changes in atomic internal energy levels,
atomic masses and the gravitational acceleration. For the case of two Als horizontally
separated by several kilometers, the signal comes from the DM-induced changes in atomic
internal energy levels. With the current and future technical parameters of ZAIGA, we
then obtain the proposed constraints on five DM coupling parameters. It turns out that
our proposed constraints could be several orders of magnitude better than the ones set
by the MICROSCOPE space mission.

Keywords: Dark matter; atom interferometers; long-baseline.

1. Introduction

Dark matter (DM) is one of the most challenging problems of modern physics and
cosmology. A variety of astrophysical and cosmological observations indicate the
existence of DMTE Current data suggest that 80% of all matters in the universe
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is DM4 Up to now, we only observe the gravitational effect of DM, while its other
properties are still unknown. Weakly interacting massive particles are the major
DM candidate but no signals have been found 5 Recently, the ultralight DM
candidate has attracted a lot of attention. There are various proposals to search for
the ultralight DM with precision tools, such as atom interferometers (AIS)7 atomic
clocks #12 gccelerometers B35 optical cavities ™19 and laser interferometers 20H28

Als rely on coherently manipulating atomic matter waves. Details could be
found in Ref. 29. Als have been widely applied to test the weak equivalence
principle with accuracy of 10~ '2-level®? and measure the fine structure constant
with a~! = 137.035999206(11) 5% More applications could be found in Ref.
Recently, several long-baseline atomic sensor schemes have been put forward, such
as AIONB3 MAGIS-10024 MIGABS ELGARSY and Zhaoshan long-baseline Al
gravitation antenna (ZAIGA).IZZI One important goal of these schemes is to search
for the ultralight DM.

According to the popular ultralight scalar DM model 2839 DM may interact
with standard model matters and change the mass of fermions, the electromagnetic
fine structure constant as well as the quantum chromodynamics (QCD) energy
scale. Consequently, the masses of atoms and the Earth will be modified by the
DM. These modifications will go into the phase shift of Als. We have given a
complete result for the DM-induced phase shift for a single AI in Ref. In this
paper, we will first compute the DM signals in ZAIGA, namely for the case of two
vertically separated Als, and the case of two horizontally separated Als. After that,
we compute the proposed constraints on five DM coupling parameters and compare
with the MICROSCOPE space mission.

This paper is organized as follows. We first introduce the popular ultralight
scalar DM model and give the DM-induced phase shift for a single AT in Sec.[2 In
Sec. Bl we introduce the ZAIGA proposal and its technical parameters for detecting
the ultralight scalar DM. The DM-induced differential phases for two separated Als
are also calculated. Then we discuss the possible constraints on five coupling param-
eters by ZAIGA in Sec.[d Finally, conclusion and discussion are made in Sec.

2. The Ultralight Scalar DM Model

In this section, we will briefly introduce the ultralight scalar DM modeP#39 and the
result of DM-induced phase shift for a single Al calculated in our previous paper 40

2.1. The model

For the linear coupling DM model, the action and the interaction Lagrangian den-
sity at the microscopic level are the following;:

S = /d‘%%[}% — 2" 0,00, — V(p)] + /d4$\/—_9[£SM(9Wa¢i)
+£int<gﬂl’a§07wi)]a (1)
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and
d v d /63 A A
Ling = ®w éF;wFM - ;?FAWF wy . Z (dml +'Ym1 )mﬂ/)ﬂ/h y (2)
i=e,u,d
where k = 8¢ guv is the spacetime metric, and ¢ denotes the dimensionless scalar

DM field. 35 is the beta function for g3, where gz is the QCD gauge coupling. v,
is the anomalous dimension from the energy running of the quark masses, d., d,
and d,,, are the coupling parameters between DM and the electromagnetic field,
the gluonic field as well as the masses of the electron and quarks. For convenience,
we write the symmetrical and antisymmetric form for the coupling parameters of
up and down quarks as

mudmu + mddmd mddmd - mudmu

dsm = . 3
My, + My ’ 0 Mg — My, ( )
To describe the behavior of the DM field near the Earth, the following phenomeno-

logical action is derived from the microscopic action Eq. (I):

5= [ae S tim-20"0,00,0 - V(o) - & [oplo)VTade (@)

dyp =

3MEe(p) -
IR is the

average density of the Earth. We can do the Taylor expansion for the Earth’s mass
Mp(p) = Mg[l + ape + dee® + O(%)). (5)
Here, ap = 0.92d, + 0.08d,;, + 2.35 X 10™°dgy, +2.71 x 1074d,,, +1.71 x 1073d, is
the DM charge for the Earth and o = d2H0
From Eq. @), one can get the solution of ¢ near the Earth

E GME e_ﬁ
) EEe 0

2 2
where V(p) = 2C;;“° ¢? is the quadratic scalar potential, pp =

gpz(pocos(kg,r—wt—i—é)—a};[(

Aeff c r
where ¢ = M is the amplitude, k, = m,vvi /I is the wave vector where
vyir = 107 3¢, w2 = myct/h? + k:2 2. the § is the initial phase of the DM field and
the effective wavelength is Aog = B with
g MegsC
47rGh2

mlg = mi + PEOE = m + (14 x 107 eV)?ap. (7)

One can see that the solutlon to the DM field is a sum of the background harmonic
oscillation term and the local exponential fluctuation term. The latter term comes
from the effect of the Earth.

2.2. The DM signal in single AI

Here, we consider the §—7—3 Raman ATHAIHE2 Ty the terrestrial Al experiments, the
DM could change the atomic mass and the Earth’s gravitational acceleration g. The
DM also causes a modification of the electronic transition energy due to changes
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in the electronic mass m, and the electromagnetic fine structure constant «. The
modification of the atomic mass is

ma(p) = mo(l +aap), (8)

where a4 is the DM charge for the atom as defined and calculated in Refs. [38 and
The modification of the gravitational acceleration is

9(¢) = GME(9)/r* = go[1 + app + O(g5) + O(d7)]. 9)
The change in the electronic transition energy is

wA((P) = WA[l + (dme + €de)§0]- (10)
For the 3"Rb atom, & &~ 2.34 is the relativistic correction factor®® and

agr = 9.1556685 x 10~ 1d, + 8.3945 x 10~ 2dy, + 2.54 x 10~ *ds,,
+2.339 x 10~*d,y,, + 2.869 x 10~3d.. (11)

These modifications will be reflected in the Al’s phase shift. The result for a single
Al is calculated to be

2
c“kooapo

¢ = —goT ke — kesr 5

w

X [sin(kyr — 2wT + 6) — 2sin(kyr — T 4 0) + sin(kyr + 0)]

2gokegT
aAgoiengo[sin(kwr —wT' 4 90) —sin(kyr — 2wT 4 90)] + (g + 204)
w
gOkcH
X wolcos(k,r + 6) — 2 cos(kyr — wT 4 6) + cos(kyr — 2wT + 0)]

w2

7 2

—goT — (2’UL +UR)T R .

T2k | 8 . N <1+ /\T ) I(}\_E) Joaaage” Mo
eff eff eff

(12)

3. The Ultralight Scalar DM Detection with ZAIGA
3.1. The ZAIGA proposal

ZAIGA is a proposed underground long-baseline Al facility3Z It includes a pair of
10-m Als vertically separated by 300 m and a pair of 5-m Als horizontally separated
by kilometers (see Fig.[). The spatially separated Als are controlled by the same
laser. An important advantage is that common-mode noises from laser phase fluc-
tuations and platform vibrations can be cancelled out by taking differential phase
measurements. The atomic shot noise could be suppressed by improving the atomic
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Fig. 1. (a) The schematic diagram of ZAIGA. (b) The spacetime diagram of Als. First, the
atomic beam is prepared in the ground state |g) and launched upwards with a velocity vy. The
%—pulse coherently splits the atom beam into a superposition of ground and excited states (]g) and
le)) at the time ¢ = 0. The upper path will obtain a recoil momentum hkeg (i.e. a recoil velocity
vgr) compared with the lower path, where kog = ki1 — k2. Then a m-pulse is used to transform
the state |g) to |e) and the state |e) to |g) at the time ¢ = T'. Finally, a F-pulse is applied to
recombine the two paths. The phase shift can be measured by detecting the number of atoms in
ground or excited states.

flux density. For the state-of-the-art technology of 10® atoms/s, the phase sensitiv-
ity is 10~ *rad/ vHz™ With the improvement of technology, the phase sensitivity
could be improved by increasing flux density or adopting squeezed atomic states 45

The facility sensitivity is also associated with the baseline length L and the
number of large momentum transfer (LMT) n. So, it is possible to improve the
sensitivity by adopting longer baseline and larger LMT. The LMT with 102 hk has
been demonstrated and 1000 ik or larger is also possible in the future 2847 The main
technical parameters for ZAIGA are listed in Table [ for the vertical configuration

and Table 2] for the horizontal configuration.

3.2. The DM signal in two separated Als

The DM signal is measured by taking the differential phase between two separated
Als.

Table 1. The technical parameters for a pair of vertically separated Als.

Free evolution Momentum  Integration time Arm-

time (T) Phase sensitivity  transfer (n) (tint) length (L)
Near term 1.4s 10~3rad/vHz 4 10%s 300 m
Future 1.4s 10~ *rad/vHz 104 1085 300 m
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Table 2.  The technical parameters for a pair of horizontally separated Als.

Free evolution Momentum  Integration time Arm-

time (7") Phase sensitivity  transfer (n) (tint) length (L)
Near term 1s 103 rad/VHz 4 10%s 1km
Future 1s 10~ 7 rad/vHz 103 108s 3km

First, we consider the case of two vertically separated Als. The phase shift of
the first Al is given by

2k
$1 = —1 T2kt — kcf}-c‘i}#[sin(k@RE — 20T + ) — 2sin(k, R — wT + 0)
291 ke T
+ sin(k,Re + 9)] + aAngengo

ke
x [sin(k,Rg —wT + ) —sin(k,Rp — 2wT + §)] + (ag + QOZA)QLQH %o

x [cos(kyRE + 6) — 2cos(k,RE — wT +0) + cos(ky, Rg — 2wT + 6)]

7 2
—q1T% — (2u, +vr)T R R R
— T2k | O X + (1 + 3 E) 1 (A—E) gioaogpe Rer ;
eff eff eff

(13)

where g; denotes the gravitational acceleration at z;. The phase shift of the second
Al located at z5 is calculated to be

2k
$s = —g2T kst — kcf}-c‘i}#[sin(k@RE — 20T + ) — 2sin(k, R — wT + 0)
2k T
+ sin(k,Rg + 9)] + QAWTEHSDO

ke
X [sin(k,Rp —wT 4 9) — sin(k,Rp — 2wT + 0)] + (g + QOZA)QQwQH %o

x [cos(kyRE + 0) — 2cos(k,RE — wT + 0) + cos(ky, Rg — 2wWT + 6)]

7 2
—q1T% — (2u, + vr)T R R R
— T2k | O X + (1 + 3 E) 1 (A E) g20aQpe Rer
eff eff eff

+ w% {sin [@RE —w <T+ %) n 5]

— sin [ky,RE —w (T— (n— 1)£) +(5} — sin [kaE _wnk —|—§]
c

C
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+ sin [k, Rp + 6] — sin |:kgaRE —w (2T - £) + 6}
&

+ sin {@RE —w <2T —(n— 1)%) + 5}

+ sin [I%RE —w <T+ @) +5] — sin [k, Rz wT+5]},
C
(14)

where g5 is the gravitational acceleration at zo.
So, the differential phase ®Y  for two vertically separated Als is ¢2 — ¢, which

sum
can be rewritten into the following form:

(I)Zum = 7(92 - gl)Tchff + (I)cxp + (bosc + (I)cngv (15)
with
7g T? — (2ug, +vR)T
=g11" — (2vr +vr R
Do = —T kg | 14 £
P off )\cﬁ' * ( * >\cff
R _Ep
x 1 ( E) (92 — g1)aaage *e]ff, (16)
>\cff
2(g92 — g1)kestT
Do = aAMgoo[sin(kvRE —wT' 4 0) —sin(k,Rg — 2wT + 0)]
w
(92 — g1)kest
+ (ap + 2aA)Tg00[cos(k‘¢RE +9) — 2cos(ky R — wT + 9)
+ cos(ky,Rp — 2wT +9)], (17)
and

Do = (dm, + §de)wa [sin [ky,RE —w <T+ £) + (5}
c

w
.| L

—sin |k, Rp —w (T— (n—l)z) +§]

T wnlL .

— sin |k, RE — — + 5} +sin[k,Rg + ]

L
—sin |k, RE — w <2T+ —) +5]
c

c

+ sin |k, Rg —w <2T (n— 1)£) +5]

+ sin [k:y,RE —w (T+ %) —|—§] —sin[k,Rp —wT+(5]]. (18)
c
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According to Egs. ) and (@), the atomic mass and the gravitational acceler-
ation are changed by the DM. ®,.. stands for the contribution due to changes in
the atomic mass and the gravitational acceleration caused by the oscillatory term
of the DM field. ®.y,, denotes the contribution due to changes in the atomic mass
and the gravitational acceleration caused by the exponential fluctuation term of
the DM field. They are both proportional to go — g1, and are functions of all the
five DM coupling parameters. Lastly, according to Eq. (I0), the electronic transition
energy is also influenced by the DM. Then, we use ®¢,, to denote the corresponding
contribution to the differential phase, which is surely independent of the gravita-
tional acceleration, and is a function of d. and d,,, . It has already been discussed
in Refs. [40] and [48|

Second, we consider the case of two horizontally separated Als. To be simple,
we ignore the horizontal gradient in the Earth’s gravity field. Doing the similar
calculation of phase shifts for the two Als as before, one can find that the phase
shifts are also given by Egs. (I3) and ([I4) except g1 = go. Thus, the differential
phase for two horizontally separated Als is found to be

(bgum = ¢2 - ¢1 = (I)cng~ (19)

In other words, the DM signal comes only from the modification of the electronic
transitional energy.

4. Constraints on the DM Coupling Parameters

We constrain only one parameter every time by setting the rest four parameters to
zero. This method has been used in many papers 104950

Let us first discuss the vertical configuration of ZAIGA, where a pair of 10-
m Als are vertically separated by 300m. The DM signal is given by Eq. (15,
which is a sum of ®exp, Posc and Peng. Since Posc and ey, are oscillatory in the
initial phase 0, it is helpful to use the corresponding signal amplitudes defined
by Posc = (2 foh ¢§56/27rd6)1/2, and Peng = (2 fo% B2, /2mdd) 2 As discussed
in Ref. 37, the sensitivity of ZAIGA is determined by the atomic shot noise and
the Newtonian gravity gradient noise (NN). The atomic shot noise is determined
by the technical parameters in Table [l The NN is a crucial background noise
for any terrestrial gravitational wave detector, which varies widely for different
experimental sites. Since we have not started any real-time NN measurement, here
we use the well-known new low noise model (NLNM 252 to estimate the NN, as
depicted in Fig.[2l On the other hand, according to Ref. [53] it is possible that the
NN could be mitigated by 50 times by using dedicated arrays of auxiliary sensors.
Then, constraints on dg, ds,, dsm, de and d,,, are depicted in Fig. Bl assuming
a 50-time mitigation in the NN. It is clear that curves for the near-term ZAIGA
are determined by the NN below 2 x 1073 Hz and by the shot noise above that
frequency. Curves for the future ZAIGA are determined by the NN below 0.1 Hz
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Fig. 2. (a) Seismic acceleration amplitude spectral density given by the NLNM 5152 (b) The

corresponding strain amplitude spectral density.

and by the shot noise above that frequency. The blue and black solid lines are
the overall constraints set by the near-term ZAIGA and the future ZAIGA. The
gray areas denote the parameter regions excluded by the MICROSCOPE space
mission 4254

In Fig. Bl in order to obtain the overall constraints in the full DM mass range,
we need to first find out the contributions to the overall constraint from @eng,
5. and ®eyp individually. The green lines are the constraints set by B, and
the orange lines are the constraints set by ®exp in all the five pictures. In the
pictures for d. and d,,,, the cyan lines denote the constraints set by @eng. Then,
by connecting the dominant constraint curves in different DM mass range, one
can get the overall constraint curves, which are denoted by blue and black solid
curves. For the near-term ZAIGA, constraints set by @y, are always the dominant
ones. For the future ZAIGA, constraints set by ®.xp are the dominant ones over
most DM mass ranges. Only in the pictures for d. and d,,,, in the DM mass range
10~ 1-10"' eV, the dominant constraints are set by @eng. In one word, the final
constraints for all five DM coupling parameters set by the near-term ZAIGA are
worse than the MICROSCOPE’s constraints by 1-2 orders of magnitude. However,
for the future ZAIGA, the final constraints are better than the MICROSCOPE’s
constraints by 1-2 orders of magnitude above the 1071%eV DM mass range.

Next, let us consider the horizontal configuration of ZAIGA, where a pair of
5-m Als are horizontally separated by 1000m. The DM signal is given by fi)cng.
Since écng depends on d. and d,,, , we could only constrain d. and d,,_, which
are shown in Fig. @] again assuming a 50-time mitigation in the NN. For the near-
term ZAIGA, curves are determined by the NN below 3 x 1073 Hz and by the shot
noise above that frequency. Curves for the future ZAIGA are determined by the
NN below 1.0Hz and by the shot noise above that frequency. It is clear that the

2250037-9



W. Zhao et al.

w/2r (Hz)

w/2r (Hz)

}0’4 10° 102 10" 10° 100 10 %0’4 10° 102 10" 10° 10" 10
10 ~T - T T T 10 ST T T T
BT ll’ ] s 5!’ ]
2 | . . | 3 ) . |
10 5% L G 10 SR ! i
~ ' ’ — ~ ) ’ 4
10°{ Excluded by ER Aests ¢ g 10! Excluded by ERQU'SES’I J
d. 1077 4. 107
g ]
1074 1074
1075 107°4
10784 107 1
107104 — - - - v T 9L - - - v T
10 18 10 17 10 16 10 15 10 14 10 13 10 12 10 18 10 17 10 16 10 15 10 14 10 13 10 12
mg, (eV) m, (eV)
o/2r (Hz) w/2r (Hz)
&0’4 10° 102 100" 10° 10" 10 ;0’4 10° 102 100" 10° 10" 10
0 NG CE 10 e -
\‘ e ges®®
N
10° Poxg
Excluded by\lﬂi tests
“\
103_
dJm 7
10° '\ e
1073_
10 61— T r r r T 107+ T r r r T
10 18 10 17 10 16 10 15 10 14 10 13 10 12 10 18 10 17 10 16 10 15 10 14 10 13 10 12
my, (€V) m, (eV)
w/2x (Hz)
10" 10% 102 100" 10° 10" 10%
—- AT —
1071 STt P :
S a 'l\ b
105_ -~ \\ "l. 4
Excluded by EP tests ,' 7
10° e i
A, 101
10*1 4
1073_
1075_
107

Fig. 3. (Color online) Constraints on DM coupling parameters by a pair of vertically separated
Als, assuming a 50-time mitigation in the NN. The blue and black solid lines are the overall con-
straints set by the near-term ZAIGA and the future ZAIGA. The gray areas denote the parameter
regions excluded by the MICROSCOPE space mission 354 Dotted lines and dashed lines denote
the various contributions to the corresponding overall constraints for the near-term ZAIGA and
the future ZAIGA, respectively. The green color is for éosc, the cyan color is for écng, and the

orange color is for ®exp.
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Fig. 4. (Color online) Constraints on DM coupling parameters by a pair of horizontally separated
Als, assuming a 50-time mitigation in NN. The blue and black solid lines are the overall constraints
set by the near-term ZAIGA and the future ZAIGA.

final constraints from the near-term ZAIGA are worse than the MICROSCOPE’s
constraints. On the other hand, for the future ZAIGA, the final constraints are
better than the MICROSCOPE’s constraints above the 10716 eV DM mass range.
Especially, in the DM mass range 10~ 15-10713 eV, the constraints can be improved
by more than three orders of magnitude.

5. Conclusion and Discussion

In this paper, we discuss the ultralight scalar DM detection with ZAIGA. According
to a popular scalar DM model, the DM field couples to the standard model matter
through five coupling parameters. We calculate the DM signals in ZAIGA, and give
the expected constraints for the five DM coupling parameters. It turns out that
our proposed constraints could be several orders of magnitude better than the ones
set by the MICROSCOPE space mission. For the vertical configuration of ZAIGA,
the advantage is that all the five DM coupling parameters can be constrained, and
the disadvantage is that the arm-length is not easy to extend. For the horizontal
configuration of ZAIGA, the advantage is that the arm-length is relatively easy
to extend, and the disadvantage is that only d. and d,,, can be constrained. In
summary, ZAIGA shows an impressive potential on the ultralight scalar DM detec-
tion over a wide mass range, and can join with other long-baseline atomic sensor
schemes to form a network of the ultralight scalar DM detection.
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