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95% confidence level exclusion plot  
for interactions coupled to B-L 

                Yukawa attractor integral based on: 
0.5m<λ<5m            lab building and its major contents 
1m< λ<50km          topography  
5km< λ<1000km         USGS subsurface density model 
1000km< λ<10000km       PREM earth model 

T. A. Wagner et al., Class. Quant. Grav. 29, 184002 (2012) 
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We use data from our recent search for violations of the gravitational inverse-square law to constrain
dilaton, radion, and chameleon exchange forces as well as arbitrary vector or scalar Yukawa interactions.
We test the interpretation of the PVLAS Collaboration effect and a conjectured ‘‘fat-graviton’’ scenario
and constrain the !5 couplings of pseuodscalar bosons and arbitrary power-law interactions.
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In a recent Letter [1], we reported a sensitive torsion-
balance search for Yukawa violations of the gravitational
inverse-square law (ISL) of the form

 Vab!r" # $"G
MaMb

r
exp!$r=#": (1)

However, space limitations prevented us from discussing
some implications of that result and constraining other
forms of possible breakdowns of the ISL. In this Letter
we use the data from Ref. [1] to obtain upper bounds on
several interesting exotic interactions.

Yukawa interactions from generic scalar or vector boson
exchange.—Exchange of scalar or vector bosons $ with
mass m between two nonrelativisitic fermions generically
produces a potential

 Vab!r" # %
gaS;Vg

b
S;V

4%r
exp!$r=#"; (2)

where the $ and & signs refer to scalar and vector inter-
actions, respectively, and # # @=mc. For arbitrary vector
interactions between electrically neutral atoms with proton
and neutron numbers Z and N, we have

 gV # g0
V!Z cos ~ & N sin ~ "; (3)

where

 

~ ' arctan
~qnV

~qpV & ~qeV
: (4)

~ is an angle that, in principle, could have any value
between $%=2 and %=2, and the ~qV’s are vector
‘‘charges.’’ Equations (3) and (4) can also be applied to
scalar interactions, even though they are not exact because
scalar charges are not conserved and binding energy can
carry a charge.

Expressing Eq. (2) in terms of Eq. (1), we have
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where & # M=uwith M and u being the atomic mass and
atomic mass unit, respectively, and
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The molybdenum pendulum and attractor used in Ref. [1]
have (Z=&) # 0:437 813 4 and (N=&) # 0:563 168 6.
Figure 1 illustrates the upper limits implied by the results
of Ref. [1] on vector interactions coupled to B-L where B
and L are baryon and lepton numbers, respectively.
Figure 2 shows how the upper limits on g2

S;V depend on
the parameter ~ that specifies the charge ~q.

Yukawa interactions from radion and dilaton ex-
change.—In string theories, the geometry of spacetime is
expected to be dynamical with the radii of new dimensions

 

FIG. 1 (color online). 95% confidence constraints on scalar or
vector Yukawa interactions. Left vertical scale: vector interac-
tions coupled to B-L (i.e., ~ # %=2); right vertical scale: scalar
$!! couplings inferred as discussed below.
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MAGIS-100 detector at Fermilab

• MINOS, MINERνA and NOνA experiments use the 
NuMI beam

• 88 m at Fermilab, permitting a 100 m-scale baseline 
atom interferometry

• Intermediate step to full-scale detector for GWs
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Light Pulse Atom Interferometry

Increase acceleration sensitivity:

• Long duration

• Large wavepacket separation8.7 m at Stanford supporting the 
present 10 m-scale experiment
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MAGIS Collaboration

Part of the proposed Fermilab Quantum Initiative:
http://www.fnal.gov/pub/science/particle-detectors-computing/quantum.html#magis
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Current generation: Stanford 10-meter scale

10-meter tall Rb atomic fountain
54 cm

World record wavepacket
separation due to multiple 
laser pulses of momentum

Milestones
• Record matter wave interferometer duration (>2 s)
• Record wavepacket separation (>0.5 meter)
• Record effective temperature (< 50 pK)
• First observation of phase shift due to space-time 
curvature across a single particle’s wavefunction
• Large momentum transfer 90 ћk
• Record accelerometer scale factor
• Dual species (85Rb / 87Rb) gradiometer
• First demonstration of phase shear readout and point 
source interferometry techniques
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Projected sensitivity to dark matter

Sensitivity to ultralight scalar dark matter

Sensitivity to B-L coupled new force

~ 1 year data taking
1015 dropped atoms, assuming 
shot-noise limited phase resolution

Arvanitaki et al., PRD 97, 075020 (2018).Graham et al. PRD 93, 075029 (2016).
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Differential atom interferometer response

Two ways for phase to vary:

Gravitational wave

Dark matter

Each interferometer measures 

the change over time T

Laser noise is common-mode 

suppressed in the gradiometer

Excited state phase evolution:

Graham et al., PRL 110, 171102 (2013).

Arvanitaki et al., arXiv:1606.04541 (2016).
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Via coupling to the electron mass

• Sensitivity to ultralight dark matter field coupling to the electron mass 
• with strength dme , 

• shown as a function of the mass of the scalar field m
• (or alternatively the frequency of the field - top scale)

red curve:
• 1015 dropped atoms
• shot-noise limited phase resolution
• corresponds to 1 year of data taking 
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Sensitivity development plan (part of GBMF grant)

Phase noise improvements:
• 10x from higher flux
• 10x from squeezing

Atom source scaling: ~

MAGIS-km additional factor of 
3x improvement in phase noise 
from flux + quantum 
entanglement (spin squeezing)
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Dark SRF near-term progress (potentially in run1)

�19

If cross-talk can be eliminated in run1, powerful new limits can be set. 
Thermal noise, at 1.4 Kelvin,  will dominate (or a signal :-). Bellow reaches 
are shown for running one coherence time (1 sec!) and for a day.
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FIG. 4. The physics reach in the m�-✏ plane for millicharged particles achievable by the ArgoNeuT experiment with existing
data with 1020 POT. The reach of a single-hit analysis is shown in blue and that of a double-hit analysis, requiring that the two
hits line up with the target, is shown in red. Existing limits from other experiments, including SLAC MilliQ [16] and collider
experiments [26–29], are shown in grey.

have zero hits with the remaining frames containing one or, in rare cases, more hits. Here a hit corresponds to an
energy deposition above the detector threshold around MeV. For our background estimates we will thus assume an
average number of hits of phit ' 0.128 per frame5. Since this number is smaller than unity, it can also be interpreted
approximately as the probability for a hit per frame per ArgoNeuT-sized volume. With this assumption the fraction
of n-hit frames is (pnhit/n!) following from Poisson statistics.

With these assumptions the number of single-hit events in the ArgoNeuT dataset is

N1 hit = Nframes ⇥
X

n

n⇥ exp(�phit)
pnhit
n!

= 4.2 ⇥ 105 . (16)

The number of double-hit events will be a factor of phit/2 smaller. However most double hit events can be rejected due
to mis alignment with the target. Considering the first hit in a double hit event, only a small fraction of the detector
volume, of order (�x �y/�x�y), will be appropriately aligned. Assuming both hits are randomly distributed in the
detector volume the number of the number of double hit events that are aligned with the target will approximately

N2 hit = Nframes ⇥
X

n

✓
n

2

◆
⇥ exp(�phit)

pnhit
n!

= 2.7 ⇥ 104 , (17)

amongst which the number of doublet background aligned to the target are,

Naligned
2 hit = N2 hit ⇥

✓
�x

�x

�y

�y

◆
= 0.24. (18)

To summarize, in going from single to double hit events the signal rate for the ✏ = 3⇥ 10�3 benchmark has decreased
by a factor of L/� ⇠ 10�4 while the background rate has dropped by ⇠ 10�6, mostly due to the high spatial resolution
in liquid argon.

To estimate the sensitivity of this search strategy we plot in Figure 4 the expected limit ArgoNeuT can place
on the mCP parameter space. We consider both single and double-hit limits. For the single-hit limit (blue), we
require that the number of signal events does not exceed the number of single-hit events seen by ArgoNeuT, shown

5 Assuming the background hits are independent, the average number of hit follows a Poisson distribution. Given that 88% of empty
frames has zero hits, phit = � log(0.88) ' 0.128. The probability for these empty frames to have one, two or three hits are hence, 11.2%,
0.7%, 0.03%, which can be used to validate if the background assumption in a calibration process.

8



101 102 103 104 105
10-4

10-3

10-2

10-1

mχ (MeV)
ϵ

DUNE ND 2 hit
Systematic
Statistic
Timed

Arg
oNe

uT
2 hi
t

Arg
oN
eu
T 1
hit

MilliQ@SLAC
Colliders

milliQan

FIG. 5. The reach in the m�-✏ plane for millicharged particles for various analyses in the DUNE ND with our projection for
3 ⇥ 1022 POT. For every analysis a band is shown which spans our two benchmark assumptions for the backgrounds: scaling
only with detector volume of scaling (low BG) also with beam intensity (high BG). Top: the sensitivity of a systematically
limited single-hit analysis is shown in blue. Bottom: The sensitivity of double-hit analyses, requiring the two hits align with
the target. A systematically limited search is shown in orange. A statistically limited search (making use of the angular
distribution) is shown in purple. A statistically limited search with the occupancy reduced by light collection and timing is
shown in red. Existing limits from other experiments, including SLAC MilliQ [16] and collider experiments [26–29], are shown
in grey for both panels. The projections of 95% C.L. exclusion limit from the proposed milliQan experiment at the LHC with
3000 fb�1 of integrated luminosity is shown in gray dashed curve [17]. a

a The milliQan experimental results might be further improved by the inclusion of the QCD production of the millicharged particles,
which are the dominant production modes for low mCP masses.

nanosecond [20]. If every soft hit can be associated with a particular time, it is possible to reduce backgrounds
further by requiring the two hits to be nearly simultaneous. This method e↵ectively amounts to increasing the
e↵ective number of frames into which the events are distributed, and thus the corresponding occupancy is lower.
In the solid red band in Figure 5 we show the sensitivity assuming the e↵ective number of frames is a factor of
100 larger by associated the precision timing information of the hits. Here we also assume the limit is set by
statistical uncertainties using angular sidebands as in the previous case.

The inputs that go into our sensitivity bands are listed in Table II for the ArgoNeuT reference and the DUNE
ND background benchmarks, as well as for the various analyses. To summarize the prospects for DUNE ND, the
double-hit signal has significant potential to go beyond the expected ArgoNeuT limit. The double hit background can
be reduced and modeled using a data-driven method by studying the sideband, improving the results significantly,
as shown in the purple band of Figure 5. Furthermore, as discussed above, the inclusion of the timing information
can further improve the results as shown in the red band. Up the lower edge of the red band, the timed double hit
background is of order 10 events, almost reaching a background-free search. We conclude that larger LAr detectors,
particularly the DUNE ND, have a bright prospect of further searching for mCPs beyond the ArgoNeuT search.
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