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 Searches for Exotic Interactions with 
Neutrons and Nuclei

0. (General) Motivations to search for weakly-coupled, long range interactions 
1.  Searches for exotic spin dependent interactions of neutrons and electrons 
2.  Proposed search for P-odd and T-odd interactions in polarized neutron 

optics 
3.  Constraining possible new short-range Yukawa interactions using neutron 

scattering from an ideal gas  
  
Thanks for slides to: H. Shimizu, G. Pignol, C. Haddock,…  



Searches for light, weakly interacting particles: 
complementary to LHC	


(Most) high energy physics explores: g~1, λ as small as possible

This work emphasizes a different regime: 

g small, λ “large” (millimeters-microns) but not infinite
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New	
   interac+ons	
  with	
   ranges	
   from	
  millimeters	
  
to	
  microns…	
  “Who	
  ordered	
  that?” 

1.  Weakly-coupled, long-range interactions are a generic 
consequence of spontaneously broken continuous 
symmetries (Goldstone theorem) 

   
2. Specific theoretical ideas (axions, extra dimensions 

from string theory,…) can produce new ultraweak 
interactions which act over ~mm-µm scales 

 
3. Dimensional analysis: dark energy->100 microns 
 
Experiments should look! 
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Spin-dependent macroscopic interactions 
meditated by light bosons: general classification	


§  16 independent scalars can be formed: 8 P-even, 8 P-odd
§  15/16 depend on spin
§  Traditional “fifth force” searches constrain O1 

B. Dobrescu and I. Mocioiu, J. High Energy Phys. 11,005 (2006)
 



Long-Range Interactions from Sub-GeV Dark Matter

S. Fichet, PRL, 120, 131801 
(2018)



Why	
  use	
  slow	
  neutrons	
  to	
  search?	

1.  Zero electric charge, small magnetic moment, very small 

electric polarizability->low ”background” from Standard Model 
interactions 

  
2.  Deep penetration distance into macroscopic amounts of matter 
   
3.  Coherent interactions with matter->phase sensitive 
measurements possible 
 
4.  High neutron polarization (>~99%) routine for slow neutrons 
->important in searching for spin-dependent interactions 

4.  A broad set of facilities for experimental work is available 

J. Nico and W. M. Snow, Annual Reviews of Nuclear and Particle Science 55, 27-69 (2005).
H. Abele, Progress in Particle and Nuclear Physics 60, 1-81 (2008). 
D. Dubbers and M. Schmidt, Reviews of Modern Physics (2011). 



“Slow” Neutrons: MeV to neV
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Neutron Energy, Momentum, and 
Wavelength 



Poten#al	
  step	
  -­‐>	
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  index	
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  refrac#on	
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           n = 1− V0

En Neutron kinetic energy 
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            V0 =
2π a2n0

mn

If a > 0, total external reflection 

θ

1nout =

E
V1n 0

in −=

<Vstrong>=2πh2ρbs/m, ~+/- 100 neV 
<Vmag>=µB, ~+/- 60 neV/Tesla 
<Vgrav>=mgz~100 neV/m 
<Vweak>=[2πh2ρbw/m]s·k/|k|~10-7<Vstrong> 

All forces contribute to
the neutron optical
potential: 



What methods are used to polarize neutrons?

B

B gradients (Stern-Gerlach,
sextupole magnets)
electromagnetic
F=(µ•∇)B

Reflection from magnetic
mirror: electromagnetic+
strong
f±=a(strong)  +/-  a(EM) 
with | a(strong)|=| a(EM)|
⇒f+=2a, f-=0 

B

ρ

Transmission through
polarized nuclei: strong
σ+≠ σ- ⇒ T+ ≠ T-
Spin Filter:T±=exp[-ρσ±L]

L
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♦  Analogous to optical rotation in an 
“handed” medium. 

♦  Transversely-polarized neutrons 
corkscrew from any parity-odd 
interaction 

♦  PV Spin Angle is independent of 
incident neutron energy in cold 
neutron regime,  

♦  dφPV/dx ~ 10-6 rad/m sensitivity 
achieved so far
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Example	
  of	
  a	
  nonstandard	
  P-­‐odd	
  interac4on	
  from	
  
spin	
  1	
  boson	
  exchange:	
  	
  	
  	
  
[Dobrescu/Mocioiu	
  06,	
  general	
  construc#on	
  of	
  interac#on	
  
between	
  nonrela#vis#c	
  fermions	
  ]	
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§  Induces	
  an	
  interac4on	
  between	
  polarized	
  and	
  unpolarized	
  ma>er	
  
§  Violates	
  P	
  symmetry	
  
§  Not	
  very	
  well	
  constrained	
  over	
  “mesoscopic”	
  ranges(millimeters	
  to	
  microns)	
  
§  Best	
  inves4gated	
  using	
  a	
  beam	
  of	
  polarized	
  par4cles	
  

€ 

gV γ 5gA



Parity-­‐odd	
  interac+on	
  	
  gives	
  helicity-­‐dependent	
  
phase	
  shig	
  and	
  therefore	
  rota+on	
  of	
  plane	
  of	
  

polariza+on	
  vector	
  

Parity-­‐odd	
  interac4on	
  of	
  neutron	
  with	
  ma>er	
  will	
  
produce	
  neutron	
  spin	
  rota4on:	
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cold	
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fP −odd = gAgVλ
2

Forward	
  sca>ering	
  amplitude	
  of	
  neutron	
  in	
  
ma>er	
  sensi4ve	
  to	
  all	
  neutron-­‐ma>er	
  
interac4ons	
  

An	
  upper	
  bound	
  on	
  fP-­‐odd	
  places	
  a	
  constraint	
  on	
  possible	
  
new	
  P-­‐odd	
  interac4ons	
  between	
  neutrons	
  and	
  ma>er	
  
over	
  a	
  broad	
  set	
  of	
  distance	
  scales	
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Neutron	
  Spin	
  Rota4on	
  in	
  Liquid	
  Helium	
  

supermirror	
  
polarizer	
  

room-­‐temperature	
  
magne4c	
  shields	
  

input	
  coil	
  

input	
  guides	
  

mo4on-­‐control	
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Apparatus measures the horizontal component of neutron spin generated 
in the liquid target starting from a vertically-polarized beam 



• 	
  Nonmagne4c	
  movement	
  of	
  liquid	
  helium.	
  
• Cryogenic	
  target	
  of	
  4K	
  helium,	
  volume~10	
  liters	
  
	
  

C.	
  D.	
  Bass	
  et	
  al,	
  Nucl.	
  Inst.	
  Meth.	
  A612,	
  69-­‐82	
  (2009). 
	
  

Liquid	
  Helium	
  Cryostat	
  and	
  Mo4on	
  Control	
  

Stepper	
  motor	
  
turns	
  centrifugal	
  

pump	
  

Pneuma4c	
  
actuators	
  (x4)	
  
raise/lower	
  
drainpipes	
   LHe	
  port	
  for	
  

filling	
  target	
  
helium	
  bath	
  



	
  
ϕPNC=	
  [+1.7	
  ±	
  9.1	
  (stat)	
  ±1.4	
  (sys)]	
  x	
  10-­‐7	
  rad/m	
  
	
  
W.	
  M.	
  Snow	
  et	
  al.,	
  Phys.	
  Rev.	
  C83,	
  022501(R)	
  (2011).	
  
	
  
	
  

	
  	
  Neutron	
  Spin	
  Rota4on	
  in	
  n+4He	
  

Result analyzed to constrain short-range gravitational 
torsion: R. Lehnert, H. Yan, W. M. Snow, Phys. Lett B730, 
353  (2014), B744, 415 (2015), arXiv:1311.0467  



Constraints	
  on	
  exo+c	
  V-­‐A	
  interac+ons	
  

H.	
  Yan,	
  and	
  W.	
  M.	
  Snow,	
  PRL	
  110,	
  082003	
  (2013).	
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 Search for exotic parity-odd interactions of electrons

Polarized electron transmission asymmetry measurement in argon gas at 
8eV and 14 eV, performed at U Nebraska   

Search for parity-odd electron transmission asymmetry Δσ/σ consistent with 
zero at 1E-5 level.	
  

J. Dreiling, T. Gay,  W. M. Snow, in progress  



A Spin-1 Axial Boson Coupling Search 

F. Piegsa and G. Pignol placed a first upper bound on the axial coupling constant 
for a beyond-the-Standard-Model light spin-1 boson in the millimeter range by 
passing polarized neutrons near one side of a non-magnetic mass and looking 
for an induced rotation of the polarization direction. 

F. Piegsa and G. Pignol, PRL 108, 181801 (2012) 

neutron velocity is directed along x, and the pseudomag-
netic field would be directed along z. If the neutron beam is
initially polarized in the x-y plane, the pseudomagnetic
field will induce a spin precession around the z axis of

’ ¼ l
g2A
4
N

@c
mnc

2 !ce
"!y=!c ; (3)

where !y > 0 is the distance between the neutron beam
and the sample surface, l is the length of the sample in the x
direction, N is the nucleon number density of the sample,
and mn is the neutron mass. A very accurate method to
measure such a neutron spin precession is Ramsey’s tech-
nique of separated oscillating fields [10]. In Fig. 1, a
schematic drawing of the utilized Ramsey setup is de-
picted, which was installed at the polarized neutron reflec-
tometer Narziss at the spallation source SINQ at the Paul
Scherrer Institute. The neutron beam with a de Broglie
wavelength of 0.5 nm and a velocity spread of 1.5%
(FWHM) is polarized in the z direction. It is shaped and
separated by means of the apertures A1 and A2 into two
beams each with a height of 10 mm. The distance in the z
direction between the beams is 20 mm from center to
center. The width of the upper beam was measured to be
ð0:46$ 0:02Þ mm (FWHM). It passes by the sample in a
distance !y, and the lower beam, passing at a distance
much larger than !y, serves as a reference (two-beam
method). Along the beam path, two phase-locked radio
frequency (rf) "=2 spin-flip coils, with a thickness of
10 mm and a distance to each other of 570 mm, are placed
in a magnet which provides a static field B0 of approxi-
mately 3 mT in the z direction. The field is continuously
monitored by using a 3D Hall probe, which is installed
outside of the homogeneous field region in the vicinity of
the magnet in a field of 2.3 mT. The investigated sample is
placed between the two "=2 spin-flip coils, which produce
linear oscillating fields in the y direction. The spins of the
neutrons are analyzed by using a polarizing supermirror

and are finally detected by using two 3He gas detectors.
The number of detected neutrons is normalized by means
of a fission chamber monitor detector placed in the incident
neutron beam. The additional apertures behind the sample
(A3 and A4) avoid detecting neutrons which are acciden-
tally scattered in the air or on the sample surface. A so-
called Ramsey pattern is obtained by measuring the detec-
tor count rate as a function of the spin-flipper frequency
close to the neutron Larmor resonance, as presented in
Fig. 2(a) [11–13]. Any additional precession of the neutron
spins due to the sample will cause a corresponding phase
shift of the Ramsey pattern of the sample beam, while the
phase of the Ramsey pattern of the reference beam will
stay unchanged. Instead of measuring a complete Ramsey
pattern, only a set of 21 data points is taken to reduce
measuring time, as shown in Fig. 2(b). The sinusoidal fit to
the data points provides a fit accuracy of the phase of about
$1:4&. The same fit yields a Ramsey oscillation frequency
!f ¼ ð1353$ 12Þ Hz, which is in good agreement with
the expected theoretical value of 1358 Hz determined by
using Eq. (4) in Ref. [11]. The stability of the apparatus
was tested by repeatedly performing Ramsey scans for
almost 10 hours without a sample. The result is presented
in Fig. 3 and demonstrates that, although the phases of the
individual beams might drift slightly (probably due to
magnetic field and thermal drifts), the phase difference
remains constant and scatters purely statistically. This
important advantage of the two beam method, i.e., allow-
ing us to compensate for inadvertent drifts, is mandatory to
perform a high-accuracy measurement and was already
demonstrated previously in Refs. [11,14].
As a sample, a 19 mm thick and 480 mm long copper

plate was used (nucleon number density: N ' 5:3(
1024 cm"3). The copper plate surfaces were machined to
achieve a roughness and error in parallelism of less than
50 #m, and the sample was aligned parallel with respect to
the neutron beam with an accuracy of better than 0.007&.

FIG. 1. Schematic of the experimental setup to probe the axial interaction between polarized neutrons and a macroscopic sample
plate as a function of the distance !y. The polarized neutron beam is separated into two beams by several apertures A1–4. The sample
is located between the two "=2 spin flippers where the neutron spins precess in the x-y plane perpendicular to the static magnetic
field B0.
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F. Piegsa and G. Pignol, PRL 108, 181801 (2012)

[16]. Since in the here presented experiment the neutrons
do not penetrate the sample, the phase precession is much
smaller and we can neglect this effect. (iii) The sample
could influence the resonance condition of the !=2 spin-
flip coils, which might produce a deviation of the relative
phase of the locked rf signals. From off-line tests in which
the rf signals of the spin flippers were recorded with and
without a sample using two pickup coils, an upper limit of
0.1! can be stated. (iv) The largest field in the experimental
area is produced by the sample magnet. All other sources
of magnetic fields are further away and smaller. Hence, if

B0 drifts, it could cause a change of the field gradient,
which could yield a relative phase shift between the two
beams. This effect is enormously suppressed due to the
two-beam method and is smaller than 0.1! for a field drift
of 4 "T, which is large considering the excellent stability
of B0 presented in Fig. 3(a). In summary, these possible
sources for systematic errors are much smaller than the
obtained statistical accuracy of about "0:75! [compare
Fig. 4(a)] and, thus, can be neglected. However, if one
increases the measuring time up to a week, chooses a
broader neutron velocity spectrum of about 10%, and
performs the experiment at a more intense neutron source
(assuming a neutron flux increase by 10–100), the statisti-
cal precision could be improved with moderate effort by a
factor of 10–30.
In conclusion, the search for a new spin-dependent

fundamental interaction acting on nucleons has recently
attracted increasing interest of a growing community of
researchers. The case of a scalar (spin 0) boson mediating
an axionlike interaction is actively investigated by using
atoms [17], ultracold neutrons [18–20], and polarized 3He
[21]. We have presented a neutron Ramsey experiment to
probe for the first time the case of a vector (spin 1) boson.
This experiment yields an upper limit of g2A < 6# 10$13

for the axial-axial coupling at #c ¼ 1 mm and represents,
to our knowledge, so far the best method to probe spin-
velocity interactions in the millimeter range.
We gratefully acknowledge the help by the Laboratory

for Developments and Methods of the Paul Scherrer
Institute (B. van den Brandt, P. Hautle, P. Schurter, M.
Könnecke, and U. Filges) and the ‘‘D-PHYS
Zentralwerkstatt’’ of ETH Zürich. Furthermore, we thank
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FIG. 4 (color online). (a) Phase shift due to the sample as a
function of the distance !y. The data have been corrected for
possible drifts by using the reference beam. Two exponential fits
to the data points with fixed #c are presented. (b) Exclusion plot
for the axial-axial coupling g2A (95% C.L.) as a function of the
interaction range #c and the mass M of a new boson, respec-
tively. The almost vertical dashed line represents the border of
the exclusion region deduced from the experimental results by
the Princeton group [8].
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We recently improved on this limit by a few 
orders of magnitude at Los Alamos. 
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Application of a horizontal B-field gradient 
causes output guide field to rotate by ±90° 
before reaching the vertical analyzer field. 

The Experimental Concept 
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By using a series of non-magnetic plates 
with increasing or decreasing nucleon 
number density we can extract a signal from 
a large fraction of the neutron flux. 

B-field establishes initial neutron spin 
direction and adiabatically transports neutron 
spin into target region 



Results of Axial Coupling Measurement at Los Alamos 

2-3 orders of magnitude 
improvement on g2

A 
compared to previous 
work from cm to micron 
scales 

We can improve by 
another 2-3 orders of 
magnitude  on g2

A at NIST 
C. Haddock et al., A Search for Possible Long Range 
Spin Dependent Interactions of the Neutron From Exotic  
Vector Boson Exchange, Phys. Lett. B 783, 227 (2018).   
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Parity	
  Viola+on	
  in	
  n+	
  139La	
  at	
  0.734	
  eV	
  	
  Δσ/σ=10%	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
Standard	
  Model	
  P	
  Viola+on	
  Amplified	
  by	
  ~106	
  !	
  

How? (1) Admixture of (large) s-wave amplitude into (small) p-wave ~1/kR~1000 
(2) Weak amplitude dispersion for 106 Fock space components ~sqrt(106)=1000 
 
Idea is to use the observed enhancement of PV to search for a TRIV asymmetry. 

Nucleus Resonance 
Energy

PV 
asymmetry

131Xe 3.2 eV 0.043
139La 0.748 eV 0.096
81Br 0.88 eV 0.02



“Time Reversal” -> Motion Reversal 



The enhancement of P-odd/T-odd amplitude on p-wave resonance (σ.[K X I]) is 
(almost) the same as for P-odd amplitude (σ.K). 
 
Experimental observable: ratio of P-odd/T-odd to P-odd amplitudes  
                               
 λ can be measured  with a statistical uncertainty of ~1 10-5 in 107 sec at MW-
class spallation neutron sources. Ratio (T-odd amplitude in nucleon/strong 
amplitude)~10-12. Statistical sensitivity comparable to neutron EDM goals. 
 
Forward scattering neutron optics limit is null test for T (no final state effects) 

�PT =
��PT

��P

⇥�n · ( ⇥kn � ⇥I)



EDITORS’ SUGGESTION Phys. Rev. C (2015)
Search for time reversal invariance violation in neutron transmission

J. David Bowman and Vladimir Gudkov

Bowman/Gudkov,  
arXiv:1407.7004 

  f3<<f1, f2 

NOPTREX
Collaboration
(Japan/US)

See J. Curole, 
D. Schaper talks
Saturday C6



Searches for new Yukawa interactions from mm to nm

Neutron measurements are 
the most sensitive from 
atomic to subnuclear 
scales)1()( /21 λα re

r
mmGrV −⋅+
⋅

=



Neutron-­‐Xenon	
  Gas	
  Sca>ering	
  Search	
  for	
  Yukawa	
  Interac4on	
  at	
  J-­‐PARC	
  Spalla4on	
  
Neutron	
  Source	
  H. M. Shimizu, K. Hirota, M. Kitaguchi, C. Haddock,W. M. 
Snow, K. Mishima, T. Yoshioka, T. Ino, S. Matsumoto, T. Shima	
  	
  

Uses	
  angular	
  distribu4on	
  on	
  n-­‐Xe	
  sca>ering	
  to	
  search	
  for	
  exo4c	
  Yukawa	
  
interac4ons	
  at	
  very	
  short	
  ranges	
  at	
  JPARC	
  



Idea and Experimental Layout
Look at angular 
distribution of neutron 
scattering from 
an ideal gas

)1()( /21 λα re
r
mmGrV −⋅+
⋅

=



31

Setup / devices at BL05 at JPARC 



best 
neutron
limit for 
at a range
of 10-11 m

ongoing
work will
improve itC. Haddock et al., A search for 

deviations from the inverse 
square law of gravity at nm 
range using a pulsed neutron 
beam, Phys. Rev. D 97, 062002 
(2018). 



 Conclusions

Experimental searches for weakly-coupled interactions with 
ranges from the millimeter to the atomic scale are actively pursued 
experimentally and appear in various theoretical scenarios 

The properties of slow neutrons are well-suited to search for new 
interactions in this regime 

Rapid experimental progress has occurred over the last few years, 
with the first measurements for certain spin-dependent  
interactions over sub-millimeter ever conducted and improved 
constraints on short-range Yukawas.

Measurements are not yet limited by systematic errors 
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 Torsion: A Geometric Property

and         is the curvature tensor. The difference 
                      defines the torsion tensor 

In a geometry with zero torsion: 
the parallelogram closes, and

So far: only geometry, no physics

Γµν
α

Sµν
α ≡1/ 2[Γµν

α −Γνµ
α ]= 0

ΔAσ ≡1/ 2AνRβµν
σ ζ µ∫ dxβ

Parallel transport one small vector along the direction of  
another small vector in both orders in a (curved) space  
according to the connection 
 
 
If it closes, you can define an area 
	
  

Rβµν
σ

Cα = 2Sµν
α ζ µχν Sµν

α ≡1/ 2[Γµν
α −Γνµ

α ]



 Torsion: Particle States and Geometries
States of a free point particle are labeled by two independent properties: mass 
and spin (Wigner, a long time ago) 

Geometries with metrics are characterized by two independent quantities: 
curvature and torsion (Cartan, also a long time ago)

We have a theory, GR, which relates curvature to mass density “Space tells 
matter how to move, matter tells space how to curve” (Einstein, a really long 
time ago)

If you like theories which geometrize the physical effects of particle properties, 
why not relate the spin density to the torsion.

And since this is a fundamental theory, it should use the simplest nonzero spin 
objects (spin ½) as the torsion source 



 Torsion: Experimental Constraints from SME Analysis
Lagrangian of a fermion coupled to vector
fields involving the torsion tensor   

Idea: treat torsion as a long-
range background field, then 
apply existing SME constraints. 
Works to tightly constrain 19/24 
torsion components 



 Parity-odd Torsion in Matter: Constraints from neutrons

Lagrangian of a fermion coupled to vector
fields involving the isotopic parts of the 
torsion tensor   

Aker	
  taking	
  the	
  nonrela4vis4c	
  limit	
  	
  
(-­‐>	
  only	
  4me	
  components	
  important),	
  	
  
and	
  no4ng	
  that	
  4He	
  will	
  only	
  generate	
  
	
  isotopic	
  torsion	
  fields	
  

Picking	
  out	
  the	
  parity-­‐odd	
  term,	
  	
  
the	
  interac4on	
  term	
  with	
  the	
  neutron	
  spin	
  is	
  

Whose	
  form	
  is	
  the	
  same	
  as	
  before,	
  	
  
so	
  it	
  also	
  rotates	
  the	
  neutron	
  plane	
  of	
  polariza4on	
  

dφP−odd
dL

= 2ζ

Our	
  limit:	
   R. Lehnert, H. Yan, W. M. Snow, Phys. Lett B730, 353 
(2014), B744, 415 (2015), arXiv:1311.0467  

|ζ |≤ 9×10−23eV



 Nonmetricity: Another Possible Affine 
Connection Component

Sµν
α ≡1/ 2[Γµν

α −Γνµ
α ]

Nonmetricity formulation of general 
relativity and its scalar-tensor extension

Laur Järv, Mihkel Rünkla, Margus Saal, 
and Ott Vilson
Phys. Rev. D 97, 124025 (2018)



 Nonmetricity: Constraints from SME analysis

Lagrangian of a fermion coupled to 
fields involving the nonmetricity tensor   

J. Foster, A. 
Kostelecky, R. Xu, 
Phys. Rev. D 95, 
084033 (2017)

“normal” gravity
~10-27 GeV-1

34 of the 40 
independent 
nonmetricity 
components 
constrained for 
the first time



 Parity-odd Nonmetricity in Matter: Constraints from neutrons

Assume	
  that	
  ma>er	
  sources	
  nonmetricity.	
  Take	
  the	
  nonrela4vis4c	
  limit	
  and	
  note	
  	
  that	
  
4He	
  would	
  only	
  generate	
   isotopic	
  nonmetricity	
  components.	
  This	
  gives	
  a	
   low	
  energy	
  
effec4ve	
  Hamiltonian	
  whose	
  spin-­‐dependent	
  term	
  is:	
  	
  

The	
  parity-­‐odd	
  term	
  rotates	
  the	
  
neutron	
   plane	
   of	
   polariza4on	
  
by	
  an	
  amount	
  

Our	
  limits	
  on	
  in-­‐ma>er	
  nonmetricity.	
  
First	
  limit	
  on	
  

R. Lehnert, W. M. Snow, Z. Xiao, and R. Xu. 
Phys. Lett B772, 865 (2017)  



P-ODD AND T-ODD SPIN-DEPENDENT INTERACTIONS 

mf σ 
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+= − σ

λπ
λ! Non-Relativistic Limit,  

position space
J. E. Moody, F. Wilczek, 
Phys . Rev. D, 30, 130 (1984))

Induces an interaction between polarized and unpolarized matter 
 
Violates both P and T symmetry 
 
Poorly constrained over “mesoscopic” ranges(millimeters to microns) 
From axions or “axion-like particles” 



SIMPLE MEASUREMENT CONCEPT  

•  Use a sensitive NMR magnetometer consisting of spin polarized nuclei 
•  Oscillate a low magnetic susceptibility, unpolarized mass near and far 

from the ensemble 

•  Look for changes in the NMR frequency of the magnetometer induced by 
the change in the potential energy 

•  Any magnetic effects from the oscillating mass would appear as a 
systematic error 
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SCALAR-PSEUDOSCALAR INTERACTION USING 

DUAL-SPECIES NMR WITH POLARIZED 129XE AND 
131XE GAS  

PHYS. REV. LETT. 111, 102001 (2013) 
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Experimental 
Setup  

The experimental system 
uses a 
 85Rb-129Xe-131Xe  
co-magnetometer  
configuration with a zirconia 
rod as the unpolarized 
source  
 
The Rb magnetometer  
measures the Free Induction 
Decay (FID) of the two xenon 
isotopes as an amplitude 
modulation of the Rb spin 
projection.  
 
This signal is read by optical 
Faraday rotation and  
demodulated to give the sum 
of the two Xe Larmour  
precession signals 



Results from Northrop/Grumman 

€ 

δΩ129 +
γ129
γ131

δΩ131 = −8 ± 23×10−6Hz

Frequency shift zero at 2E-5 Hz level in ~3-day experiment on their “test” apparatus 
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Constraints on 
Monopole-Dipole 
Interactions of
Polarized
Nucleons

Constraints on  
general P-odd  
T-odd interactions in 
mm range and below 

From: M. Guigue et al,  
PRD 92, 114001 (2015)  

Most experiments use 
Polarized noble gases! 



The	
  Axion	
  Resonant	
  InterAc4on	
  Detec4oN	
  Experiment	
  
(ARIADNE) 

A.	
  Arvanitaki	
  and	
  A.	
  Geraci,	
   
Phys.	
  Rev.	
  Le>.	
  113,161801	
  (2014). 

ARIADNE	
  Collabora4on: 
 

Asimina	
  Arvanitaki	
  (Perimeter) 
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  Kapitulnik	
  (Stanford) 
Eli	
  Levenson-­‐Falk	
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Josh	
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  Liu	
  (Indiana) 
Mike	
  Snow	
  (Indiana) 
Erick	
  Smith	
  (Indiana)	
  
Jus4n	
  Shor4no	
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Yunchang	
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  (UNR) 
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  Koyu	
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Jordan	
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  (UNR) 

NSF	
  PHY-­‐1306942	
   



Concept for ARIADNE
unpolarized tungsten segmented cylinder sources axion/ALP Beff 
oscillated at Larmour frequency of polarized 3He 

Laser Polarized 3He gas 
senses Beff (Indiana U)

squid pickup loop (CAPP)

Superconducting shielding 
(Stanford)

Applied Bias field Bext

!
ext2 BN ⋅=

µ
ω

A. Arvanitaki and A. Geraci, Phys. Rev. Lett. 113, 
161801 (2014).

Limit: Transverse spin projection noise



MEOP (Metastability Exchange Optical Pumping) Works on 
Arbitrary 3He/4He Mixtures 

RF discharge 1083 nm 

σ+ 

mF = -1/2 mF= + 1/2 

23P0 

23S1 

1083 nm σ+ 

electron spin 

nuclear spin  

polarized  
metastable 
3He atom 

polarized  
ground state 
3He atom 

ground state 
3He atom 

metastable 
3He atom 

•  RF discharge excites 
metastable 

•  1083 nm light pumps 
metastable 

•  Hyperfine interaction 
polarizes nucleus 

METASTABILITY 
EXCHANGE 
 Excitation exchanged in fast collision 
    Nuclear spins unperturbed 

OPTICAL PUMPING 

of METASTABLE 3He 

pure 3He or 3He-4He Mixtures 



ARIADNE SCIENTIFIC REACH FOR ALPS 



λ =
1
µ

Limits on ultra-light 
bosons from laboratory 
experiments

VS−P =
gSgP
8πm ( !σ ⋅ r̂ ) 1

λr +
1
r 2

⎛

⎝
⎜

⎞

⎠
⎟e−r/λ



Reviews of Modern Physics, 90, 025008 
(2018). 



Reviews of Modern Physics, 90, 025008 
(2018). 



Standard Model extensions possess spontaneously broken continuous symmetries 
producing Weakly Interacting Sub-eV Particles (WISPs) such as axions, arions, 
familons, Majorons, etc.

pf
1 ,σ f

1

pi
1,σ i

1
pi
2,σ i

2

pf
2,σ f

2 The two-body interaction in coordinate space

V (r 2 ,P 2 , !r • !P )= Oi
e−µr
4πri=1

16

∑

B. Dobrescu and I. Mocioiu J. High Energy Phys. 11 (2006) 005.

Oi = f1 ,  f2  !σ1 •
!
σ 2 ,  f3  !σ1 •∇ !σ 2•∇,  f4,5  ( !σ1 ±

!
σ 2)•P ×∇,

f6  !σ1 •P  !σ 2•∇,  f7  !σ1 •P  !σ 2•P ,......,  f16  !σ1 •(P ×∇) !σ 2•P
f : a dimensionless constant α g2

Motivation for New Long-Range Interactions

ü Scalar 
ü Pseudoscalar 
ü Vector 
ü Axial-vector  

Laboratory experiments provide very sensitive and model-independent probes of 
such particles [See Rev. of Mod. Phys. 90, 025008 (2018)].  



supermirror 
Polarizer  

 

magnetic shields 

input coil 
non-magnetic SM (m=2) input guide (125 cm) 

Segmented 3He 
ionization chamber 

non-magnetic SM  (m=2) output guide (200 cm) 

supermirror 
polarization analyzer 

 

AFP spin 
flipper 

output coil 

pi/2 turner 

Spin-1 Boson Axial Coupling Search at LANSCE

target (50 cm) 

See	
  C.	
  Haddock	
  poster	
  

Geneva 
Mechanism:
Rotate the target by 
increments of 90° 

Plates of different nucleon density N 
are assembled so that the polarized 
neutrons traveling between the gaps 
will always see a density gradient. 

View inside FP12 cave showing 
input/output supermirror guides 
and coils and target vacuum 
chamber. Neutron supermirror 
polarizer/analyzer, ion chamber,  
magnetic shielding not shown. 



Constraints on new Yukawa interactions are Fantastic: What 
else can we do with them?

VS .V =−
g 2
S ,V

4πr e
−r/λ



Consider the effect of Yukawa-like 
term in neutron scattering amplitude



More	
  Constraints	
  on	
  exo+c	
  V-­‐A	
  interac+ons	
  

H.	
  Yan	
  and	
  W.	
  M.	
  Snow,	
  PRL	
  110,	
  
082003	
  (2013)	
  
	
  	
  
E.	
  G.	
  Adelberger	
  and	
  T.	
  A.	
  Wagner,	
  
PRD	
  88,	
  031101	
  (2013)	
  	
  

This led to more work to 
constrain parity-odd
interactions of the neutron



Day of publication on PRD : 
APS Highlighted Article(March 22, 2018)
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32π 3r 2
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Example:Spin-Independent Effects from Two-Boson Exchange 
with Spin-Dependent Couplings 

V3 =−
3g 4

A
2π 2r

e−µrK 0(µr )⎡
⎣ −K 0(2µr )⎤⎦

S.Aldaihan, D. Krause, J. Long, and W. M. Snow, arXiv:1611.01580 [hep-ph] (sub. to Phys. Rev. D)

See S. Aldaihan 
talk Sunday J2



 Y. Kamiya et al., Phys. Rev. Lett. (2015)      Done at HANARO (Korea) 


