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 Searches for Exotic Interactions with 
Slow Neutrons

0. (General) Motivations to search for weakly-coupled, long range interactions 
1. Searches for new Yukawa interactions at the nanometer scale 
2. Searches for dark energy using neutron interferometry 
3. Searches for exotic spin dependent interactions of the neutron 
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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 

for gravity) imply new interactions at ~mm-µm scales 
 
3. Dimensional analysis: dark energy->100 microns 
 
Experiments should look! 
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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). 



Searches for new Yukawa interactions Neutron measurements are 
the most sensitive from atomic 
to subnuclear scales

Continued work at atomic 
scales important to probe the 
idea of extra spacetime 
dimensions (Murata/Tanaka 
arXiv:1408.3588)

Recent theory to explain 
muon g-2 and p radius puzzle
gives new Yukawa interaction
with a boson mass as low as 
100 keV (Liu/Miller PRL))1()( /21 λα re

r
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 Y. Kamiya et al., Phys. Rev. Lett.      Done at HANARO (Korea) see Kamiya talk 



Neutron-­‐Xenon	
  Gas	
  Sca0ering	
  Search	
  for	
  Yukawa	
  Interac9on	
  at	
  J-­‐PARC	
  Spalla9on	
  
Neutron	
  Source	
  H. M. Shimizu, K. Hirota, M. Kitaguchi, C. Haddock,W. M. 
Snow, K. Mishima, T. Yoshioka, T. Ino, S. Matsumoto, T. Shima	
  	
  

Use	
   angular	
   distribu9on	
  on	
  n-­‐Xe	
   sca0ering	
   to	
   search	
   for	
   Yukawa	
   Interac9on	
  at	
   very	
  
short	
  ranges	
  Experiment	
  in	
  progress	
  at	
  JPARC	
  



Chameleon scalar field
One proposed form of Dark 
Energy: a new scalar field 
(quintessence)

J. Khoury and A. Weltman, 
PRL 93, 044026 (2004)

Chameleon field is engineered to be:
•  Massless on cosmological scales
•  Massive field in laboratory

high matter-density
heavy field mass
short range force

low matter-density
light field mass
long range force



Chameleon field

Implemented by a
Ratra/Peebles 
potential  

Parameters: 

Ratio of pressure to 
energy density evolves
to w=-1 dynamically 

MPI = 2.44×10
18Gev

meV4.2=Λ



Chameleon field on neutron interferometer

Vary gas pressure to make
chameleon field appear
and disappear. A few mbar 
of helium is enough to 
kill the field 

Look for phase shift on the 
neutron. β is neutron-matter 
coupling, n is Ratra-Peebles index



INDEX Collaboration

K. Li, W. M. Snow, CEEM, Indiana University

M. Arif, M. G. Huber, NIST Center for Neutron Research

D. G. Cory, D. Pushin, Institute for Quantum Computing, 
University of Waterloo

R. Haun, C. B. Shahi, Tulane University

B. Heacock, V. Skavysh, A. R. Young, North Carolina State 
University

J. Nsofini, P. Saggu, D. Sarenac, University of Waterloo





Vacuum cell for Chameleon Experiment

Allows addition of gas at
 different pressures on 
each subbeam



Some Experimental Data from NIST
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Neutron interferometer experiment  at 
ILL

Physics Letters B 743 (2015)
See poster by T. Jenke



Other recent chameleon experiments:
Atom interferometer
(see H. Mueller talk)

Bouncing ultracold neutrons 

Gravitational spectroscopy
with ultracold neutrons
(see H. Abele talk, 
posters by T. Rechberger, 
M. Thalhammer )



arXiv: 1512.09134（2015）

Science 349.6250, 849 (2015)

PRD 93, 062001 (2016)

Physics Letters B 743 (2015)

Constraints in Chameleon-Matter coupling/  
Ratra-Peebles index space 



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)
 



Example	
  of	
  a	
  nonstandard	
  P-­‐odd	
  interac9on	
  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	
  interac9on	
  between	
  polarized	
  and	
  unpolarized	
  ma0er	
  
§  Violates	
  P	
  symmetry	
  
§  Not	
  very	
  well	
  constrained	
  over	
  “mesoscopic”	
  ranges(millimeters	
  to	
  microns)	
  
§  Best	
  inves9gated	
  using	
  a	
  beam	
  of	
  polarized	
  par9cles	
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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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Refractive index dependent 
on neutron helicity 



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

polariza+on	
  vector	
  

Parity-­‐odd	
  interac9on	
  of	
  neutron	
  with	
  ma0er	
  will	
  
produce	
  neutron	
  spin	
  rota9on:	
  

	
  +y	
  
+x	
  

+z	
  

target	
  

cold	
  
	
  

neutrons	
  

polariza9on	
  
vector	
  

€ 

fP −odd = gAgVλ
2

Forward	
  sca0ering	
  amplitude	
  of	
  neutron	
  in	
  
ma0er	
  sensi9ve	
  to	
  all	
  neutron-­‐ma0er	
  
interac9ons	
  

An	
  upper	
  bound	
  on	
  fP-­‐odd	
  places	
  a	
  constraint	
  on	
  possible	
  
new	
  P-­‐odd	
  interac9ons	
  between	
  neutrons	
  and	
  ma0er	
  
over	
  a	
  broad	
  set	
  of	
  distance	
  scales	
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Neutron	
  Spin	
  Rota9on	
  in	
  Liquid	
  Helium	
  

supermirror	
  
polarizer	
  

room-­‐temperature	
  
magne9c	
  shields	
  

input	
  coil	
  

input	
  guides	
  

mo9on-­‐control	
  
system	
  

supermirror	
  
polariza9on	
  
analyzer	
  

3He	
  ioniza9on	
  
chamber	
  

output	
  guide	
  

output	
  
coil	
  

cryogenic	
  
magne9c	
  shield	
  

cryostat	
  

pi-­‐coil	
  

liquid	
  helium	
  targets	
  

+y	
  

+x	
  

+z	
  

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



• 	
  Nonmagne9c	
  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	
  Mo9on	
  Control	
  

Stepper	
  motor	
  
turns	
  centrifugal	
  

pump	
  

Pneuma9c	
  
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	
  Rota9on	
  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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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



A Spin-1 Boson Axial 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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Measurement performed at PSI



Neutron Spin Rotation (NSR) Collaboration
W.M. Snow1,  E. Anderson1,  L. Barron-Palos2,  C.D. Bass3,  B.E. 

Crawford4,  C. Crawford5 , W. Fox1,  J. Fry1,  C. Haddock1,  B.R. 
Heckel6,  M. Maldonado-Velazquez2,  H.P. Mumm7,  J.S. Nico7,  

C. Paudel8, S. Penn 9,  M.G. Sarsour8,  S. van Sciver10,  H.E. 
Swanson 6 , J. Vanderwerp 1

 
Indiana University / CEEM 1

Universidad Nacional Autonoma de Mexico 2
LeMoyne College 3

Gettysburg College 4
University of Kentucky 5

University of Washington6

National Institute of Standards and Technology 7

Georgia State University 8
Hobart and William Smith College 9

Florida State University10

 
Support: NSF, NIST, DOE, CONACYT, LANL/LANSCE



A search for very light 
exotic vector bosons 
using slow neutrons

Goal for fall 2016: complete 
experiment, improve 
previous search by ~3 
orders of magnitude 
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Rotates neutron spin
forward by an angle



supermirror 
polarizer (45 cm) 

 

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 

 (45 cm) 
 

AFP spin 
flipper 

output coil 

pi/2 turner 

Neutron Polarimetry Apparatus on FP12 at LANSCE

target (50 cm) 

30	
  

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. 



 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.

New results and ongoing experiments have appeared at several 
neutron facilities throughout the world 


