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Area B: UCNt / UCNA / nEDM
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Area B: UCNA
The “Nutrition Label”
U O N A M. P. Mendenhall et al., Phys. Rev. C 87,032501(R) (2013)

Hall Probe  Calibration Source ¥ 7 DLC-coated Systematic Corr. (%) Unc. (%)
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_______ Aungle —1.21 +0.30
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Area B: UCNT
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UCNT: Halbach Arrag
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UCNT: Halbach Arrag

Energg 5.960

fime: 0.01 s
B: 1.20T
Eavg: 28 neV
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UCNT: “Dagger” Detector

"Giant Cleaner”  “Active Cleaner”
Neutron Detector, a.k.a the "Dagger” ‘[H‘Dag
=

"Trap Door”




UCNT: “Dagger” Detector
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UCNT: Measurement Cgcle

Loading Spectrum (Relative to Beam Height)
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UCNT: Measurement Cgcle

Loading Spectrum (Relative to Beam Height)
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Measurement Cgcle
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UCNT: Measurement Cgcle

Measurement Spectrum (Relative to Bottom of Trap)
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Neutron Lifetime
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In reality it’s not quite this simple!
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UCNT: Sgstematic Etfects

Non B-decay losses must be well- AT, (T ATioss
measured or have a small loss rate. Tn J1oss  \ Tloss T\ Tioe
Effect Direction

Normalization
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Residual Gas Scattering
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UCNT: Sgstematic Etfects

Non B-decay losses must be well- AT, (T ATioss
measured or have a small loss rate. Tn J1oss  \ Tloss T\ Tioe
Effect Direction

Normalization

Uncleaned UCNSs —_—
Heated UCNSs -
Depolarization —_

Residual Gas Scattering —

Phase Space Evolution

Tn Ttrap Tnot BB



Normalization

 — The bottle technique is a relative
& Lung Hokdng T measurement, but normalization
o is necessary due to fluctuations
s in production.
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High-statistics monitor = High-pass monitor
... but that requires corrections for spectral variations.
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Sgstematic& Cleaning

2015-2016 Data BEFORE Large-Area Cleaner
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Heating
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UCN Events
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SgstcmatiCS: DePolarization

Effect Correction Uncertainty
UCN event definition e +0.13

ormalization wgiwhting ,, - :t906
Depolarization , e 4007 |

Uncleaned UCNs e +0.11
Heated UCNs e +0.08
Arpdstoel i Grernvenemmsivs s (g i
Residual gas scattering +0.11 +0.06

Uncorrelated sum 0.17102 s

Three things to check:
1. Where to assess spin flip probability.
2. Scaling behavior at low holding field.
3. Ideal vs. actual magnetic field.

Using Analytic Field Profile

10- o .
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A. STEYERL ET AL, PHYS REV C 95 (2017)



SgstematiCS: Del:)olarization

0.200 -
3D Spin Dynamics MC Simulation field repelled
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Dual Tracking Semiclassical Split Symplectic/ Unitary (space/spinor) with adaptive spin stepper:

* Initialize two spinors Xy and Xuss as spin up along local field direction.

* Xisis tracked using field-repelled component and X is tracked using the field-attracted component.

* Assume rapid decoherence of spatial entanglement. When the field-attracted spinor encounters the array, find
P+ = | <X+ | Xis> | 2and P- = | <X- | Xnts> | 2. Reset both spinors as spin up.

* Accrue the loss fraction for each reset over the course of the simulation.

* Average loss rate is determined by averaging loss per bounce and bounces per second over many simulations
with different initial conditions.

* For a single process with a 0.1 s time step, 1 simulation second ~ 400 wall clock seconds.




SgstcmatiCS: DePolarization

Ideal Fields plus Earth’s Field
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*Behavior at small holding fields affected by external fields.

* Details of the physical Halbach array (e.g. magnet coating or defects) affect the
measured behavior at larger fields.

* Understanding the cause will enhance the precision with which the depolarization
loss rate is determined.



SgstematiCS: Del:)olarization

Our ongoing mapping effort has recently characterized

trap defects after fixing a position calibration issue.

Aquadagq to reduce light background,
more loaded UCN, and a dedicated
port provide the possibility to
directly observe depolarization loss
in UCNT+.
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SHStCmatics: Phase SPace Evolution

Phase Space Evolution would alter the

shape of the arrival time distribution...
Short and Long Measurements
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Sgstematics: Observing Phase SPace Evolution
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e Lifetimes extracted from
individual segments are
significantly different.

® This seems to demonstrates
“horizontal” evolution of the
UCN phase space.

e In reality the effect seems to
be dominated by a vertical
shift in the UCN centroid.

e These kind of changes cause
a systematic effect when
coupled to inhomogeneities
in the dagger efficiency.

SHStCmatics: Phase SPace Evolution
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Sgstematics: Residual Gas 5cattering

Residual Gas: Measured the UCN upsacttering cross sections in residual gasses.

Allowable pressures for (AT“)I <1x10~4

n

Gas Max. Pressure [Torr]
RGA and continuous vacuum monitoring. Ne 2.0 10‘2
Currently achievable pressure ~5e-8 Torr. Ar L8107

CF, 1.6x107°

D, 1.5x 1076

Xe 6.5x 1077

H, 2.9x1077
a3 Typical UCNT RGA spectrum Water 26x%x10"7
0.6 . C4Hjo 7.1x1078
05 SHe 3.0x 1079
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S.J. Seestrom et al., Phys. Rev. C 95 015501 (2017)
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The Neutron Lifetime Puzzle

Historical Plot of Free Neutron Lifetime Values
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The Neutron Lifetime Puzzle

Cold
Neutron
Beam

e Neutron Fluence

e Beam Halo
e Trap non-linearity
e Statistics!

Ultracold
Neutron
Bottle

¢ Cleaning

¢ Heating

e Phase Space Effects
e Detector Effects

]
Depolarization

e Normalization and
Statistics!

1 1 1

Tn Ttrap Tnot B

alpha, triton

detector
. o .
. precision _ proton
B=46T
aperture 7 detector
Xy s ||| | e
W W W § neutron beam
6Li / J J J )
deposit mirror trap electrodes door open
‘ P (800 vy (ground)

J.S. Nico et al., Phys. Rev. C 71,055502 (2005)
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A.T.Yue et al., Phys. Rev. Lett. 111, 222501 (2013)
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The Neutron Lifetime Puzzle

Beam Lifetime 2 (57, ~s)  Beam Lifetime 3 (57, <0.3 g)

10 cm dia. segmented
Si detector (Nab, UCNB)
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e Larger proton detector (x30) and
position sensitivity

¢ Better, and controllable, field
uniformity (<0.01%)

e Beam Fluence: alpha-gamma
device

e Beam Halo: runs with larger

p detector
e Trap Non-Linearity: shorter e Precision neutron spectral flux
traps measurement
e Statistics: NG-C, NCNR e improved use of alpha-gamma
source upgrade geometry and independent flux
calibrations
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UCNT+
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But it it wasn’t sgstematics. .

A, Vud, Tn, and Unitarity

0.9755

0.9750 A

0-97451 Unitarit
(\/1 — |Vus|2)

0.9740 A
3
>
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0.9720 - .
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The Neutron Litetime Puzzle: BSM - Dark Decag

Search for BSM n — x 4+« Decay Mode
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Constrained theoretically by:
e Stability of nuclei

® neutron star stability

e stability of H atom

B. Fornal and B. Grinstein, Dark Matter Interpretation of the Neutron
Decay Anomaly, Phys. Rev. Lett. 120, 191801 (2018)

Z. Tang et al, Search for the Neutron Decay n 2 X + y where X
is a dark matter particle, Phys. Rev. Lett. 121, 022505 (2018)

A. Czarnecki, W. Marciano, and A. Sirlin, The Neutron Lifetime and Axial
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The Neutron Lifetime Puzzle: BSM - DM Blobs

AT S. Rajendran and H. Ramani, Phys. Rev. D, 103, 035014 (2021)
Tn =
N~ In Ny Could DM scattering be responsible?
20, 000 x e~ 1550/878 — 3499
1550 s DM must have mass similar to n.
[n(20000) — In(3422) 87793 5 There must be a significant density of DM in the trap.
1 : : : :
00 =877.79s  (Galactic DM doesn’t fit these criteria

In(20000) — In(3421)

l
Composite DM: Blobs

* dark parton (f) blob: large dark charge, ~ um range 5th force

* blobs can be captured in the earth —> self-scattering leads to more capture

e Distribution of blob masses —> significant lighter blob density at earth’s surface
* Long range and thermalization suppresses signals from standard DM detectors
* Couples with strength gr via a neutron dark electric dipole moment.
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blobs sink leaving low surface density => larger required coupling as mass increases



The Neutron Lifetime Puzzle: BSM - Excited Neutrons

B. Koch and F. Hummel, arXiv:2403.00914v3 [hep-ph] 15 May 2024

What if... neutron has excited states inaccessible while bound in a nucleus:

ground state ¢, with S-decay lifetime 7,

excited state ¢, with 8-decay lifetime 7,

7',7 Tg
Suppose . — ¢, + v with decay time 7. : 1 1
Ne = —MNgeT. — NeT,
v e
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The Neutron Lifetime Puzzle: BSM -

=wcited Neutrons

B. Koch and F. Hummel, arXiv:2403.00914v3 [hep-ph] 15 May 2024

What if... neutron has excited states inaccessible while bound in a nucleus:

AE [eV]

ground state ¢, with S-decay lifetime 7,

excited state ¢, with 8-decay lifetime 7,

Suppose . — ¢, + v with decay time 7.

AE nuclear

(m, — m,)c*

108

3
- ' SIIITESETIIICE bound
> 10 Te==---_TIC
<
L Magnetic/Gravitational Traps
I5 Allowed
S
£ 100
Theam ~ 25-107%s Toortle = 8785
visible light ponte % 3008
0.001 0.010 0.100 1 10 100

Measurement Time [s]

7',7 Tg
. 1 1
Ne —MeTo, ~ — NeTe
Ny = +NeT. P —ngT, *

g — el g'g

If the the « is unobserved n,, = ng, + n,

If theam <K Ty < Thottle < Tg < Te
~ 25 ms > 300 s

7, [s]

890 production

H aus X

I beam
880 | experiment e

875 | "'i m

t[s]

bottle
870 experiment
tbeam
T 7
865 | . Y bottle
25ms > 100s
0.001 0.010 0.100 1 10 100

Excluded by UCNz data with holding times varying from 300 s to 2000 s



Nab (Oak Riclge National Lab)

oot L Low
g Field
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NE Field
superconducting 5 Maximum
o o o
Kinematics of Unpolarized =i+ ..
R 1 Im flight path (skipped) Volume
Neutron f-Decay = el
e For UnpOIOrized neutrons: Neutron Decay Product Phasespace
—y j— E. (MeV)
_ dl—-3 < 1 + ngl 2 COS(eeV) + b % 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 vYield (arb.)
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« Relativistic kinematics: -
— Relativistic Energy (fori € {n,p*,e~,v}): - e | L
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Thanks to Frank Gonzalez for this slide!



New physics is expected, but elusive. The field of fundamental neutron physics is
characterized by an exciting assortment of experiments and techniques.

https://www.jigidi.com/user/okieclem/

Slow Neutrons Decay Experiments

Ultracold Neutrons Non-Decay Experiments



Matter/Antimatter Asymmetry

How do we know there is an asymmetry?

No X-ray and y-ray signals observed.
Cosmic rays don’t contain much antimatter.
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i.e. q¢ — X and gg — X will cancel a generated asymmetry.



Matter/Antimatter Asymmetry

How do we know there is an asymmetry?
No X-ray and y-ray signals observed.

Cosmic rays don’t contain much antimatter.
How could this happen®? —> Sakharov Conditions

Baryon Number Violation B = %(nq — ng)

Buniverse — () - antimatter asymmetry — B}miverse # 0.

CP & C Violation =>T violation assuming CPT symmetry
C

I'x;,—aqraqr < FYL — Ry, HERES SM
CP — QCD (“strong CP problem”)
CKM matrix has P-violating phase
FXR_>quR < FYR—WLGR Not enough!

A deviation from thermal equilibrium

(B) = 0 in thermal equilibirum

i.e. q¢ — X and gg — X will cancel a generated asymmetry.



Search for a neutron Electric DiPole Moment (nEDM)
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Search for a neutron Electric Dil:)ole Moment (nEDM)

theoretical expectation
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S. Sidhu, Improving the statistical sensitivity reach of the TUCAN neutron electric dipole moment experiment, M.Sc. Simon Frasier University, 2023



»

NnEDM: “Ramseg Separatecl Osci”ating Fields

Highest precision measurements currently use UCN
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NnEDM at LANL

Parameter Symbol Units Values
Electric field E kV/cm 12

UCN per chamber N 39,000
Free Precession Time T'tree S 180
Cycle Time Teycle S 300
Polarization Product o = AP, 0.8
Magnetic gradient VB (nT/m) 0.3
Magnetic stability AB (fT/500 s) 50

3-axis B-field
cancellation coils

h I 1 1 1
ody, =

Zﬁ.AP.E.Tfree.\/N

1

B, x |U x E|
+
“geometric phase”



Mang More Non»-Decag fixperiments!

netic SM input guide (125 cm) [BARC] non-magnetic SM output guide (200 cm) [BARC]
B, BV

e Exotic spin-dependent force from vector boson exchange |

1% 20 (0 A)<1+1> e HETIYe
AA X gA o-(vXxXr 3 = ionization chamber "9 i _—
AT r . -y -
e Hadronic Weak Interactions C. Haddock, et al., Physics Letters B 783 (2018) 227-233

ionization chamber

Probe low-energy QCD with Weak Interaction ., mesemess & % .,,

f ( ) fea+ [ PV( n ”) Parity Violating Spin Rotation

W.M. Snow, et al., Rev. Sci. Instrum., 86, 055101 (2015)

4 polarization analyzer

Cold and ultracold neutrons

Solving Multiple Problem:s: ngh ﬂUX neutron sources

- Miror composite particles (p',n’)

[ )
[ )
Introducing the Mirror Model ° Optical Potential }

. . o0 —_— ) . NR QM
Mirror Neutrons s | DD Ce® e Neutron “spin gymnastics” Q
Dark Matter, B-violation, Lifetim}@uzzle « WAt coyrobt. m e m ° Systematics'

D | e “Simple” detector systems
[ )

Also epithermal neutrons... which means resonances!

- Oscillations between n — ' (A5 = 1)

F. Gonzalez, et al., arXiv:2402.15981v1 [hep-ex] 25 Feb 2024

e NOPTREX: Neuton Optical Parity and Time-Reversal EXperiment

P-odd/T-even, P-odd/T-odd, P-even/T-odd nucleon-nucleon interactions in polarized neutron optics
Enhancement from compound p-wave nuclear resonances in polarized heavy nuclei with polarized epithermal neutrons

W. M. Snow, C. Haddock, and B. Heacock, Searches for Exotic Interaction Using
Neutrons, invited paper, Special Issue: The Neutron Physics - Dark Matter Connection:
Bridge Through the Baryon Symimetry Violation, Symmetry 14, 10 (2021)

4 S-wave resonance

Cross section

p-wave resonance

ES Ep Neutron energy
Preliminary Limits Thesis, B. Heacock
Yukawa Potential ms, [eV]
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e Short Range Forces: Neutron Interferometry "
Yukawa-Modified Gravity (R0 pm - 10 nm) o

B. Heacock et al., Science, 373(6560), 1239-1243 o N
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