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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, A as small as possible
This work emphasizes a different regime:

g small, A “large” (millimeters-microns) but not infinite



New interactions 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-um scales

3. Dimensional analysis: dark energy->100 microns

Experiments should look!

Antionadis et al, Comptes Rendus Physique 12, 755-778 (2011)
J. Jaeckel and A. Ringwald,



Spin-dependent macroscopic

interactions

meditated by light bosons: general classification
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= 16 independent scalars can be formed: 8 P-even, 8 P-odd

= 15/16 depend on spin

» Traditional “fifth force” searches constrain O,

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



Long-Range Interactions from Sub-GeV Dark Matter

@gz%,w,z, v g S. Fichet, PRL, 120, 131801
N (2018)
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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 Patrticle 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
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with

All forces contribute to
the neutron optical
potential:
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En‘ ~Neutron kinetic energy
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nods are used to polarize neutrons?

llll

B gradients (Stern-Gerlach,
sextupole magnets)
electromagnetic

F=(u*V)B

Reflection from magnetic

mirror: electromagnetic+
strong

fx=a(strong) +/- a(EM)

with | a(strong)l=I a(EM)|
=f+=2a, f-=0

Transmission through
polarized nuclei: strong

o+t o- = T+ # T-
Spin Filter:T ,=exp[-po,L]



Neutron Spin Rotation (NSR) Collaboration
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‘ Parity-odd Neutron Spin Rotation
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Refractive index dependent
on neutron helicity

¢ Analogous to optical rotation in an

“handed” medium. 1
(e—i(¢Pc+¢PV) Z>+e—i(¢Pc—¢PV) —Z>)
¢ Transversely-polarized neutrons \/5
corkscrew from any parity-odd
interaction

Qpy =@, —¢_ =20,, =41lpof,,

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

¢ d¢p,/dx ~ 10°° rad/m sensitivity
acﬁleved so far



Example of a nonstandard P-odd interaction from
spin 1 boson exchange:

[Dobrescu/Mocioiu 06, general construction of interaction
between nonrelativistic fermions |
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Induces an interaction between polarized and unpolarized matter

Violates P symmetry

Not very well constrained over “mesoscopic ” ranges(millimeters to microns)
Best investigated using a beam of polarized particles



+Z

Parity-odd interaction of neutron with matter will
produce neutron spin rotation:

neutrons

f (O) — f ) + fP » (5— . 1‘5) Forward scattering amplitude of neutron in
strong -0

I ot = gAgv)"2
¢: = ¢strong + ¢P—0dd

d¢P —odd
dL

= 4gAng)\'2

matter sensitive to all neutron-matter
interactions

Parity-odd interaction gives helicity-dependent
phase shift and therefore rotation of plane of
polarization vector

An upper bound on f, ., places a constraint on possible
new P-odd interactions between neutrons and matter
over a broad set of distance scales



Neutron Spin Rotation in Liquid Helium

Apparatus measures the horizontal component of neutron spin generated
in the liquid target starting from a vertically-polarized beam
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Liquid Helium Cryostat and Motion Control

Stepper motor
turns centrifugal

pump

Pneumatic

actuators (x4)

raise/lower
\__drainpipes

&7

- .
A
o -
£

LHe port for
S filling target
« Nonmagnetic movement of liquid helium. helium bath
*Cryogenic target of 4K helium, volume~10 liters

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



Neutron Spin Rotation in n+4He
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W. M. Snow et al., Phys. Rev. C83, 022501(R) (2011).

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 exotic V-A interactions
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Search for exotic parity-odd interactions of electrons

30 cm

5
==

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

Search for parity-odd electron transmission asymmetry Ao/c 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)
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We recently improved on this limit by a few ™. 10° 107

orders of magnitude at Los Alamos. 20 A tm]



The Experimental Concept

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.

‘ Segmented
magnetic shields target (70 cm) 3He ionization
_ | . chamber
AFP spin (transverse
flipper segmentation
matches

supermirror
polarizer (45 cm)
input guide (125 cm)

input coil

~100 uG

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

pi/2 turner

supermirror

. polarization
output guide (200 cm)  apalyzer (45 cm)
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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.

output coil
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Results of Axial Coupling Measurement at Los Alamos
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C. Haddock et al., A Search for Possible Long Range

maghnitude on ng at NIST Spin Dependent Interactions of the Neutron From Exotic
Vector Boson Exchange, Phys. Lett. B 783, 227 (2018).
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Parity Violation in n+ $3°La at 0.734 eV Ao/o=10%
Standard Model P Violation Amplified by ~10° !

700 S-wave ‘ ‘
resonance
£~ 600 P-violation is enhanced in
= p-wave resonance
) 500
=z
£ 400
‘ -
5 pP)
& 300
P Nucleus Resonance PV
E 200} 3' Energy asymmetry
8 0.734
eV
O 100} (139) 131Xe 3.2eV 0.043
— . 1 1 139
05 = <5 s i La 0.748 eV 0.096
TIME CHANNELS (4 us) 81By 0.88 eV 0.02

How? (1) Admixture of (large) s-wave amplitude into (small) p-wave ~1/kR~1000
(2) Weak amplitude dispersion for 10° Fock space components ~sqrt(10°)=1000

Idea is to use the observed enhancement of PV to search for a TRIV asymmetry.



“Time Reversal” -> Motion Reversal

V2(t=1)
i -V2(t=0)
V3(t=1)
D ——

Is the final state of the motion with time-reversed final conditions
V3(t=1) the same as the time-reversed initial condition -V1(t=0)?

This is an experimental question Gotta reverse the spins too



Forward Scattering Ampliltude
f=A"+Bo- I+C'a k+ Do -(Ixk)
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Spin Independent Spin D

T-violation
P-odd T-odd
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The enhancement of P-odd/T-odd amplitude on p-wave resonance (o.[K X []) is
(almost) the same as for P-odd amplitude (o.K).

5JPT

Experimental observable: ratio of P-odd/T-odd to P-odd amplitudes Apr = 5o p

A can be measured with a statistical uncertainty of ~1 10° in 10” sec at MW-
class spallation neutron sources. Ratio (T-odd amplitude in nucleon/strong
amplitude)~10-2. Statistical sensitivity comparable to neutron EDM goals.

Forward scattering neutron optics limit is null test for T (no final state effects)




EDITORS’ SUGGESTION Phys. Rev. C (2015)
Search for time reversal invariance violation in neutron transmission
J. David Bowman and Vladimir Gudkov

unpolarized guide
source field, Bg

polarization
insensitive
detector

target
polarization, |
field, Bt

larizer
I anaivzer I NOPTREX
Collimator Collimator CO/laboratiOn
Bowman/Gudkov, 1 2 (Japan/US)
arXiv:1407.7004
target guide
%2:3"’22”“ B feld. “"'I See J. Curole

D 1.;—”) D. Schaper talks
I I Saturday C6
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The authors analyze a novel null test to search for time reversal invariance in a model neutron
transmission experiment. The proposed experimental procedure involves nuclear reactions and is

sensitive to the neutron-nucleus interactions. The approach could significantly increase the discovery
potential compared to the limits of present experiments.



Searches for new Yukawa interactions from mm to nm
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Neutron-Xenon Gas Scattering Search for Yukawa Interaction at J-PARC Spallation
Neutron Source H. M. Shimizu, K. Hirota, M. Kitaguchi, C. Haddock, W. M.
Snow, K. Mishima, T. Yoshioka, T. Ino, S. Matsumoto, T. Shima

| Pressure meter \ Position sensitive neutron detectors

Gas cells

— B Vacum chamber
‘ 0 kPa
W
Vacuum window 0“

Positioning stage

Pump

Figure.4. Experimental apparatus.

Uses angular distribution on n-Xe scattering to search for exotic Yukawa
interactions at very short ranges at JPARC



Idea and Experimental Layout
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Synopsis: Neutron Test for Newton’s
Gravity

Experiments with neutrons search for vislations of gravity’s inverse square Liw at subnanometer distances,

C. 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).
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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

l" . (xkpg /
“ Parallel transport one small vector along the direction of
another small vector in both orders in a (curved) space
\Y” T aguy according to the connection o
[
uv

If it closes, you can define an area
L,, G AA” =1/2A"R;, & dx!

Figure 1. The infinitesimal vector ¢{# is parallel transported along x#, and vice versa. The
non-closure is proportional to the torsion.

and Ry, is the curvature tensor. The difference
C =287 5"y defines the torsion tensor S, =1/2[T", -T ]

In a geometry with zero torsion: .
the parallelogram closes, and Sw=1/211, -1, 1=0

So far: only geometry, no physics



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 geometlrize 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 ¥2) as the torsion source



Torsion: Experimental Constraints from SME Analysis

Ln = 3i02"Gu —mpy Lagrangian of a fermion coupled to vector
+ [T + &80 A ]y Y fields involving the torsion tensor

(4) (4) -
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+ L[ 1 £ A* %y 90

+ Li[eDT, + €9 A )T 5,9
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Idea: treat torsion as a long-

TABLE I: Examples of recently obtained sensitivity levels for  1@119€ background field, then
torsion searches. Note that all these searches assume that tor- app/y e xisting SME constraints.

sion extends outside the matter sourcing it Works to tightly constrain 19/24
Source Probe Sensitivity (GeV) Refs. torsion components

cosmological Xe /He maser 10727 —1073"  [4,5]

cosmological Torsion pendulum  107* —107%"  [4, 6]

Sun Xe/He maser 10— [4, 5]

[4] V.A. Kostelecky, N. Russell, and J.D. Tasson, Phys. Rev.
Sun Torsion pendulum 1072 — 107 [4, 6] Lett. 100, 111102 (2008).

[5] E Cane e al., Phys. Rev. Lett. 93, 230801 (2004).
Earth Torsion pendulum 10~% [4,6] [6] BR Heckel et al, Phys. Rev. Lett. 97, 021603 (2006);
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Parity-odd Torsion in Matter: Constraints from neutrons
Lo = 302 9,0 — mby
+ [T, + ¢80 APy y
+ [ﬁéd)T# + fsgd)A#]$757'“¢
+ HIEOT + 60 2155,0

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

_ — 1_apy |
+ L[0T + £ A% 8,0 Ty = g Tapy il _EEQ&ET"‘?"'
LiTe®I 1 ¢B) 4 1Bk 54
+ 3i[&g Ty + & A o™ autb
' 5 5 — B 72 -
+ Tiem MY (€85, + €57 A )0 x, 8,9 - H — ‘)p; +8b-F
FALL
After taking the nonrelativistic limit . L . p
(-> only time components important), 0b = +[M—(]+[Cop+ M|~
and noting that “He will only generate
B o— [9me)_ @) a8 p(4)
isotopic torsion fields ¢F = 2m&T - &T|T + [2mg” — 7] A
Picking out the parity-odd term, ({/m)d -p.
the interaction term with the neutron spin is
Whose form is the same as before, M =2
so it also rotates the neutron plane of polarization dL
our limit: 1E1€9x10> eV R. Lehnert, H. Yan, W. M. Snow, Phys. Lett B730, 353

(2014), B744, 415 (2015), arXiv:1311.0467



Nonmetricity: Another Possible Affine
Connection Component

As known from differential geometry (see, e.g., [25, 33]),
generic affine connection can be decomposed into three

parts Riemann
’ Riemann-Cartan 3ppv=0, torsion free
ch _
PI\I"’ = {AFV} + K,\IIV + LI\I‘V ) (2) R | T pe=0 T4y =0
viz., the Levi-Civita connection of the metric gu, Minkowski
= h symmetric
A 1 A8 W?:tzenbock teleparallel
{ d - §g (8#951, + 6Vgﬁ# - aBg’.HI) (3) '?mw=o’ sH’"puv=(:|.
R puu=0 : 5'-1.-_'.&“"=0
contortion
1 teleparallel
A A A o
K”,. 29 B (Tugy + Topp + Taw) = —Kup™,  (4) R =0

and disformation
FIG. 1. Subclasses of metric-affine geometry, depending on
L/\pu = A8 ( Qp 8y — Qu B + QBW) — L/\V# ) (5) the properties of connection.
Nonmetricity formulation of general

{he lask bwo quankities are defined via forsion relativity and its scalar-tensor extension

T, =T, - T, (6)
Laur Jarv, Mihkel Rtinkla, Margus Saal,
and nonmetricity and Ott Vilson

Phys. Rev. D 97, 124025 (2018
Qppv =V pgu = Opgpw — Pprgﬁv - Pﬂpvgﬂﬁ . (7 y ( )



5)
Ly =

Nonmetricity: Constraints from SME analysis
LY = {9 Ny + 80 (N Uysy*y

+80 (N2 Uy + 2P (Vo) Urysy*v,

— L (N O - 14‘5’ NV Bys O
LD Ny i - 30D NaY Uys o
~Li® M, g 0
528 ey M G0 B0
+Lid® (N, Bt o + LiE® (No), o B,
~ 5 PN G Oy
—Lig RPN, T B

Lﬁ) ) —i{(f) S Wy 00,4 + h.c.

1498 " Uysy 9,04 + h.c.

Lagrangian of a fermion coupled to
fields involving the nonmetricity tensor

Ny

aff —

18 (5N1.905 — N1a9su — N159ua
—2N3u 905 + 4N2agpu + 4N28Gu0)

+Suaﬁ + Muaﬁ )

‘normal” gravity
~10%7 GeV'

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

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

TABLE 1. Laboratory constraints on nonmetricity.
Quantity  Constraint Quantity  Constraint
Nr 107 Gev (INp 1077
Nix 1078 Gev  (PINyx 1073
¢;4>le 103 Gev  ¢(INyy 10738
N1z 1002 Gev  (PINiz 10720
Ny 107 Gev BNy 1077
CYN,x 10738 GeV c )N2X 10-33

(4)N2y 1033 GeV 4(3)N2y 10-33

? Ny 1072 Gev gi?NzZ 10-2
C( )Mrx x P Mrxx 1072
O Mrxy 1072 O Mrxy 1077
O Mryy ¢ Mryy 10
C? Mryz 10733 C{’)MTYZ 10-%7

? )Mrzx 10733 C? Mrzx 107%

? )Mxrr 1027 C? )Mxrr 103

‘Mxry 1072 )Mxry 10727
C Myyy 10727 C ) Myyy
Cs(,s)Mxyz 10-%6 Cés)Mxyz
¢ )MYTT ¢ Myrr 1033
? Myxx 10726 ?)Myxx
MZTT 1026 )MZTT 10—29

? MZTX 10—33 ? )MZTX 10—27
C ‘Mzry 10733 ? O Mgy 1077
PIMyxx 1072 C( )My xx
PIMyxy 1077 C((,-s)szy
O8rrr 1073 GVt (VSrrr
(1(6)ST-T X CZG)STTX 10726 Gev—!
9srry Sy 1072 Gev!
¢Osrrz 8rrz 1072 Gev~!
C](G)SXXX C% )Sxxx 10-2 GeV—!
Osxxy 9yxy 1072 Gev—!
gl‘ﬁ)sxxz % O9yxz 1072 Gev~!
Ci(G)SXYY % Osxyy 1072 Gev-!
C(G)SYYY c( )SYYY 10—23 GeV‘l
(Syyz Syyz 1073 Gev!




Parity-odd Nonmetricity in Matter: Constraints from neutrons

Assume that matter sources nonmetricity. Take the nonrelativistic limit and note that
“He would only generate isotopic nonmetricity components. This gives a low energy
effective Hamiltonian whose spin-dependent term is:

(Shs — [({;4) —m (5))(N )] ({(4) 4(5))(N2)j] O'j

+[({'(34) —m d)S))(N 1o + (54(14) —m gﬁ)))(Nz)o] ﬁm&
] p*pPol

+%[{§5)Mjaﬁ + 2 (( )M jop + M {(6)5103
(14 . &
+1008 00 & pfnﬁ :

d¢Pv
dL

Our limits on in-matter nonm%tricitv.
First limit on 7S 000
N Dol < 1002 GeV, [P (N2)ol < 1072 GeV
KO Nl < 1072, |ZD(N2)ol < 10722,
15”8 000l < 1072 GeV™".

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

= 2(&" —m )N +2(40 — m &) Na)o

+m2{§6)S 000 »

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



P-ODD AND T-ODD SPIN-DEPENDENT INTERACTIONS

) X

Amplitude For Monopole-Dipole Interaction:

Zl (P3) V1 (pl)ZQ (pPa) 1512 (p2)
Es8p T

72 i i Non-Relativistic Limit,

U(r) = &55, +— e-”ﬂa((}.f) N position space
8am, \rA, 1 J. E. Moody, F. Wilczek,

Phys . Rev. D, 30, 130 (

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




LABORATORY SEARCH FOR A LONG-RANGE,
SCALAR-PSEUDOSCALAR INTERACTION USING
DUAL-SPECIES NMR WITH POLARIZED "»XE AND
131XE GAS

M. Bulatowicz, R. Griffith, M. Larsen, J. Mirijanian, and J. Pavell
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C.B. Fu, E. Smith, W. M. Snow, and H. Yan
Indiana University, Bloomington, Indiana 47408, USA and

Center for Exploration of Energy and Matter, Indiana University,
Bloomington, IN 47408

T. G. Walker
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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

FID Amplitude
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Results from Northrop/Grumman

0Q , + 1280 = _8+23x10°Hz
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Rod in
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Frequency shift zero at 2E-5 Hz level in ~3-day experiment on their “test” apparatus



Constraints on
Monopole-Dipol
Interactions of
Polarized
Nucleons

Constraints on
general P-odd

T-odd interactions in
mm range and below

Most experiments use
Polarized noble gases!

—.1 0-14 =
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The Axion Resonant InterAction DetectioN Experiment
(ARIADNE)

PN

Shielding

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

unpolarized tungsten segmented cylinder sources axion/ALP B_g
oscillated at Larmour frequency of polarized 3He 24, B
W = N

ext

h
\ BNl /\oplied Bias field B,

Laser Polarized 3He gas
senses B_; (Indiana U)

squid pickup loop (CAPP)

/‘ Limit: Transverse spin projection noise
- ‘Al Buin ~ | —2 10
Superconducting shielding | == P N\ eV VHz
(Stanford) 1) (1 em®\"? (102 em=2\"? /1000 sec /2
;) Vv n. ) ( 15 )

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



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

pure 3He or 3He-*He Mixtures
+ e —- 2P,

1083 nm RF discharge 1083 nm .7

'
~

OPTICAL PUMPING : L2,
of METASTABLE 3He mo=-12  m=+172

RF discharge excites T electron spi ‘
metastable 1‘ nuclear Spi% polarized
1083 nm light pumps ground st

metastable polarized He atom
NHFAeS B¢ R idcfiqny metastable
EXCHANCES

ground state metastable
3”0 Vo2 72y 27 ) 3”/) Py N




ARIADNE SCIENTIFIC REACH FOR ALPS

PQ Axion f,in GeV
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This article reviews recent developments in tests of fundamental physics using atoms and molecules,
including the subjects of parity violation, searches for permanent electric dipole moments, tests of the
CPT theorem and Lorentz symmetry, searches for spatiotemporal variation of fundamental constants,
tests of quantum electrodynamics, tests of general relativity and the equivalence principle, searches
for dark matter, dark energy, and extra forces, and tests of the spin-statistics theorem. Key results are
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in other fields. Ongoing and future experiments of the next decade are discussed.
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Motivation for New Long-Range Interactions

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

P},U} p;,o]% The two-body interaction in coordinate space
----------- V(r? P? ieP)= EO
4mr
g _
Pi»0; i, 0.=f,f 66, f G *VG,°V,f_ (6+5,)PxV
v Scalar f 6,*Po,*V,f,G,*°PG,*P,.., [, G *(PxV)o,*P
v P seudoscalar [ : a dimensionless constant o. g°

v Vector
v’ Axial-vector

Laboratory experiments provide very sensitive and model-independent probes of

such particles [See Rev. of Mod. Phys. 90, 025008 (2018)].
B. Dobrescu and 1. Mocioiu J. High Energy Phys. 11 (2006) 005.



Spin-1 Boson Axial Coupling Search at LANSCE

Geneva. View inside FP12 cave showing
Mechanism: input/output supermirror guides
Rotate the target by and coils and target vacuum
incremeértsora6-— chamber. Neutron supermirror

polarizer/analyzer, ion chamber,
magnetic shielding not shown.

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

Segmented *He

A]Ic;/;; 5 rm ionization chamber
supermirror supermirror
Polarizer polarization analyzer
input coil output coil

non-magnetic SM (m=2) input guide (125 cm) non-magnetic SM (m=2) output guide (200 cm)

pi/2 turner

See C. Haddock poster



Constraints on new Yukawa interactions are Fantastic: What

else can we do with them?

105t

Casimir
(Yale 2011)

e S~

dilaton

Excluded

Micro-cantilever Region
(Stanford 2003-08)

IU 2012

This technique
(2002)

1 0-39 | 2 Compact
Dimensions

\\ Pendulums
(Eot-Wash 2007)

Radius
Modulus
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Consider the effect of Yukawa-like

term In neutron scattering amplitude
V(r)= _Glemg (1 + aexp (_f» S

A

In the Born Approximation, scattering amplitude is proportional to the
Fourier transform of the potential:

frle) ~ / V()T

Inserting constants, integrating gives amplitude “b_Y":
2G Nm% M A 1

by(q) = 0‘( P ) e

r




More Constraints on exotic V-A interactions

Searching for New Spin-Velocity Dependent Interactions by Spin Relaxation of
Polarized *He Gas

Y.Zhang,»2 G.A.Sun,! S.M.Peng,®> C.Fu,* Hao Guo,” B.Q.Liu,! and H.Y.Yan!: *

!Key Laboratory of Neutron Physics, Institute of Nuclear Physics and Chemistry, CAEP, Mianyang, Sichuan, 621900,China
2School of Nuclear Science and Technology, University of Science and Tecknology of China, Hefei, 230026, China
? Institute of Nuclear Physics and Chemistry, CAEP, Mianyany, Sichuan, 621900,China
4 Department of Physics, Shanghai Jiaotong University, Shanghai, 200240, China
? Department of Physics, Southeast University, Nanjing, 211189, China
(Dated: August 12, 2015)
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Day of publication on PRD :
APS Highlighted Article(March 22, 2018)

Physics

Synopsis: Neutron Test for Newton’s
Gravity

Narch 22, 2018

Experiments with neutrons search for violations of gravity's inverse square Law at subnanometer distances,

Mgl N K Lvavy

Newton's law of niversal pravitation predicts that the gravitational force between two cbjects i proportional to the
objects’ masses and inversely proportional 8 the squace of the distance between them, The law, which applies to
woably interacting cbjects traveling at speeds much slower than that of Bght, has survived test ster test, However,
S0Mme quantum gravity theories anticipate that the b might break dewn at small distances. Now, through
cxperiments with a pulsed aewtron beam, Christopher Haddock of Nagoya Usiversity, Japan, and colleagues have
checked Newton's law on subnanometer scales. So far, the team has Sound no deviations from Newtorian
predctions.

The team fired pelses of neutrons at a chamber Slled with ether hebum or xendn gas and monieeed both the traved
time of the newtrons through the gas and the neutrons’ scattering angles. From these measwrements, they
reconstructed the scattening process with the ald of simulations. They found that the scatterng angle datrbution
fit the predictions - based cnly on known Laws of physics—for neutrons bouncing off gas nuchel, This result indicates
that, within the sensitivity of the experiment, no unexplained force—be it modified gravity oe another type of
interaction—acts on length scales below 0.1 ne. However, the researchers were only able 1o determine an
extremely Large upper bmit on the streegth of such a force: 10* imes that of fravity. Sl this is the strictest it set
by any experiment on these spatial scales. The team is currently upgradieg the setup to reduce sources of novse and
enviskons achieving order-of magnitude sensithvity Improvements in the near future




Example:Spin-Independent Effects from Two-Boson Exchange

---------------

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



Kop Yamada, Kenta Uchida, Yoshihiro Sasayamz, K
lVIlsato Tani, Sachio Komamiya, and Guinyun Kim
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Y. Kamiya et al., Phys. Rev. Lett. (2015)  Done at HANARO (Korea)



